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ΠΕΡΙΛΗΨΗ 

Η Κύπρος είναι γνωστή για τα πλούσια κοιτάσµατα χαλκού. Αυτός ο ορυκτός 

πλούτος επέτρεψε στο νησί να αποκτήσει κυρίαρχη θέση στο εµπόριο µετάλλων σε 

µακρινές αποστάσεις στην Ανατολικής Μεσογείου την Ύστερη εποχή του Χαλκού. Για 

πολλές δεκαετίες, το µεγαλύτερο µέρος της επιστηµονικής έρευνας επικεντρώθηκε τόσο 

στη µελέτη της Ύστερης Εποχής του Χαλκού στην Κύπρο όσο και στην προέλευση των 

‘oxhide ingots’, η πλειοψηφία των οποίων προέρχεται από τα µεταλλεία της Σολέας στους 

βορειοδυτικούς πρόποδες του Τροόδους. Είναι κοινός τόπος ότι από το 13ο αιώνα π.Χ. 

(LCIIC), η οικονοµική και κοινωνικό-οικονοµική οργάνωση στο νησί αποτελείτο από 

πολιτείες-βασίλεια, αλληλεπιδρόµενα σε ένα περιφερειακό δίκτυο υπό τον έλεγχο µίας 

τοπικής αριστοκρατίας. Αυτά τα περιφερειακά δίκτυα είχαν αναπτυχθεί ώστε να 

οργανώσουν τη µεταφορά του χαλκού από τους οικισµούς της εξόρυξης και της 

εκκαµίνευσής του, που βρίσκονταν στους πρόποδες της οροσειράς του Τροόδους, προς τα 

αστικά παράκτια ή λιµενικά κέντρα από όπου θα εξαγόταν. Τα δίκτυα, εποµένως, φαίνεται 

ότι σχετίζονται µε την ‘chaîne opératoire’ της παραγωγής του χαλκού και της διαδικασίας 

πολλαπλών σταδίων εκκαµίνευσης των µεταλλευµάτων θειούχου χαλκού, όπως για 

παράδειγµα του χαλκοπυρίτη (CuFeS2) ενός από τα βασικά διαθέσιµα είδη µεταλλεύµατος 

στην Κύπρο.  

Ωστόσο, η βασική τεχνολογική µεταλλουργική διαδικασία, η οποία σχετίζεται µε 

την παραγωγή του χαλκού και την οργάνωση µεταλλουργικών εγκαταστάσεων εντός του 

νησιού, παραµένει ελάχιστα κατανοητή. Ευρήµατα για τη συστηµατική και µεγάλη 

κλίµακα παραγωγής και εξαγωγής χαλκού στην Ανατολική Μεσόγειο είναι γνωστά µόνο 

από την Έγκωµη, ενώ µέχρι σήµερα η αρχαιολογική έρευνα εντόπισε στη θέση Πολιτικό-

Φοράδες το µοναδικό εργαστήριο παραγωγής χαλκού και στη θέση Απλίκι-Καραµάλλος το 

µοναδικό οικισµό µεταλλωρύχων. Ωστόσο, µικρής κλίµακας κατάλοιπα της παραγωγής 

µετάλλων εντοπίστηκαν στο µεγαλύτερο µέρος των ανεσκαµµένων θέσεων της Ύστερης 

Χαλκοκρατίας στην Κύπρο. Μια συγκριτική και διεπιστηµονική µελέτη του 

συγκεκριµένου υλικού µέσω ενός ευρύ φάσµατος αναλυτικών τεχνικών έχει ως στόχο να 

οδηγήσει στην καλύτερη κατανόηση της παραγωγής και του εµπορίου του Κυπριακού 

χαλκού. Παράλληλα θα συµβάλει σηµαντικά στην ερµηνεία των κοινωνικών-πολιτικών 

και οικονοµικών δοµών της αρχαίας κυπριακής οικονοµίας.  
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Η συστηµατική µελέτη µεταλλευτικών καταλοίπων, που δεν έχουν τύχει την 

προσοχή της έρευνας µέχρι σήµερα, από σηµαντικές LCIIC θέσεις κατά µήκος των νότιων 

κοιλάδων, δηλαδή Μαρώνι-Τσάρουκας, Καλαβασσός-Άγιος Δηµήτριος και Άλασσα, και 

από αγροτικές θέσεις της ενδοχώρας Αρεδιού-Βούππες, σε σύγκριση µε δηµοσιευµένο 

υλικό από άλλες σύγχρονές τους θέσεις, οδήγησε στο συµπέρασµα ότι η τεχνολογία της 

µεταλλευτικής παραγωγής του χαλκού δεν ήταν απολύτως οµοιόµορφη. Επιπλέον, τα 

ευρήµατα δεν υποστηρίζουν την υπόθεση ότι η τοπική παραγωγή χαλκού είναι ζωτικής 

σηµασίας για την οικονοµία κάθε περιοχής. Εποµένως, µπορούµε να υποθέσουµε ότι τον 

13ο αιώνα π.Χ. η παραγωγή και η εξαγωγή του Κυπριακού χαλκού πραγµατοποιήθηκε σε 

δύο επίπεδα: 1) στη µεγάλη κλίµακα παραγωγής των ‘oxhide ingots’ (και ‘bun ingots’) 

υπό τον έλεγχο του ‘βασιλιά’ της Αλασίας σε ακόµη άγνωστες στην έρευνα θέσεις εντός 

της περιοχής των µεταλλείων της Σολέας για την εξαγωγή φορτίου µεταλλεύµατος µέσω 

ενός κρατικά ελεγχόµενου θαλάσσιου εµπορικού συστήµατος, 2) στη τοπική µικρής 

κλίµακας παραγωγής χαλκού σε θέσεις παράκτιες και θέσεις της ενδοχώρας για τοπική 

εκµετάλλευση και εξαγωγή από την περιφερειακή αρχή εντός ιδιωτικές επαφές 

ανταλλαγής. 

Η προτεινόµενη µεταβολή των εµπορικών συστηµάτων της Ύστερης Εποχής του 

Χαλκού στην Ανατολική Μεσόγειο προς µία αύξηση του ιδιωτικού εµπορίου µετàλλων 

και αχρήστων µετάλλων (metal scrap) έχουν περαιτέρω εξεταστεί και επιβεβαιωθεί από τη 

µακροσκοπική εξέταση από θραύσµατα ταλάντων χαλκού από το γνωστό ναυάγιο ‘Cape 

Gelidonya’ του ύστερου 13ου αιώνα π.Χ. 
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ABSTRACT 

Cyprus is well-known for its abundant copper ore deposits. This mineral wealth 

enabled the island to acquire a dominant position in the long-distance metal’s trade of the 

East Mediterranean during the Late Bronze Age. For many decades the provenance of the 

copper oxhide ingots, the majority of which is sourced to the mines of the Solea axis in the 

north-western foothills of the Troodos Mountains, and hence the Cypriot Late Bronze Age 

received extensive scholarly attention. It is commonly suggested that by the 13th century 

BC (LCIIC) the economic and socio-political organisation of the island consisted of 

several polities within which various types of sites interacted in a regional network under 

control of a local elite. These regional networks had developed to organize the 

transhipment of copper from the mining and smelting settlements located in the foothills of 

the Troodos Mountains towards the urban coastal or port centres from where the copper 

was exported. The networks are therefore commonly related to the chaîne opératoire of 

copper production and the multi-phase process of the smelting of copper sulphide ores, i.e. 

chalcopyrite (CuFeS2), the main ore type available on Cyprus. 

However, the actual technological process related to the production of copper and 

its spatial organisation within the island remain poorly understood. Evidence of large-scale 

metallurgical workshops to be expected for a major copper-producing and -exporting agent 

in the eastern Mediterranean are known only from Enkomi while to date only one primary 

smelting workshop, that of Politiko-Phorades, and one mining settlement, namely Apliki-

Karamallos, have been excavated. Nevertheless, small numbers of metallurgical remains 

have been found in practically all excavated Late Cypriote sites. A comparative and 

multidisciplinary study of this material by means of a variety of analytical techniques can 

lead to a better perception of the production and exchange of Cypriot copper. 

Consequently it can also contribute greatly to the further understanding of the socio-

political and economical organisation of the ancient Cypriot society.  

The systematic study of the uninvestigated metallurgical remains from a number of 

important LCIIC sites located along the much-discussed southern river valleys, namely 

Maroni-Tsaroukkas, Kalavasos-Ayios Dhimitrios and Alassa, and from the inland 

agricultural site of Arediou-Vouppes, in comparison to the published results from other 

contemporary sites, has led to the conclusion that the technology in the production of 
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copper was not absolutely uniform. Furthermore, the current evidence does not support the 

assumption that copper production is of primary importance in the economy of every 

region. Therefore we may assume that by the 13th century BC the production and export of 

Cypriot copper took place at two levels: 1) the large-scale and highly specialised 

production of oxhide (and bun) ingots under control of the ‘king’ of Alashiya, who may 

possibly have resided at Enkomi, at yet unidentified sites located within the mining region 

of the Solea axis for the export of bulk metal within a state-controlled maritime trading 

system; and 2) the regional small-scale production of copper at both coastal and inland 

sites for local use, and export by the regional ruling authorities within private exchange 

contacts. 

The proposed alteration of the trading systems of the Late Bronze Age Eastern 

Mediterranean towards an increase in the private trade of metals and metal scrap was 

further explored and confirmed by the macroscopic study of the rediscovered copper ingot 

fragments from the eminent late 13th century BC Cape Gelidonya shipwreck. 
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Figure 4.33: Photomicrographs (mag. 100x) of samples K-AD M0005-07 (A), K-AD 

M0005-05 (B), K-AD M0003-02 (C) and K-AD M0002-01 (D) showing iron-copper-
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Figure 4.34: Photomicrographs (mag. 200x) of samples K-AD M0010-08 (A and B) and 

K-AD M0005-10 (C) showing suphide prills surrounded by a ring of iron oxides	

Figure 4.35: Photomicrograph (mag. 100x) of sample K-AD M0005-10 showing the larger 
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Figure 4.39: SEM-micrographs of samples K-AD M0037-01 (A, mag. 100x & B, mag. 

200x), K-AD M0001-01 (C, mag. 400x) and K-AD M0001-05 (D, mag. 400x) 

showing the microscopic texture of an irregular sulphide prill (A) and shiny/metallic 
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Figure 4.40: Photomicrograph (mag. 400x) of samples K-AD M0001-05 and K-AD 
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Figure 4.41: Scatter plot of general chemical composition data of K-AD Tap Slag samples 

determined by SEM-EDS: sulphur versus copper oxide.	
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Figure 4.42: Kalavasos –Ayios Dhimitrios tap slag samples represented on the SiO2-FeO-

Al2O3 ternary phase diagram (adapted from Maldonado and Rehren 2007: Fig. 8, after 

Muan 1957: Fig. 10).	

Figure 4.43: Cross section of Exp. 3, showing the result and the formation of a silver-

coloured band between the crucible and slag.	

Figure 4.44: Micrographs of samples Exp. 7 (A, mag. 50x) and Exp. 3 (A, mag. 50x, and 

B, mag. 500x) showing the general microstructural composition of the slag layer (A & 

B) and the sulphide/metallic particles (C) embedded.	

Figure 4.45: Micrographs (mag. 50x) of samples Exp. 1 (A) and Exp. 2 (B) showing the 

microstructural composition of the metallic phases in the glassy slag, which are 

composed of metallic iron (white) and copper-iron sulphides (dirty brown-yellow).	

Figure 4.46: Micrographs (mag. 200x and 500x) of sample Exp. 3 showing the 

microstructural composition of the sulphides in the metallic phases, which are 

composed of iron-rich (yellowish) and copper-rich (bluish) sulphides. Possibly also 

metallic copper (orange) was occasionally formed.	

Figure 4.47: SEM-micrographs (mag. 100x) of samples K-AD M0043-01 SLAG 1 (row A) 

and K-AD M0043-01 SLAG 2 (row B) showing the differences in the microstructures 

of multiple samples taken from a single lump as indicated by the variation in 

frequency and form of iron silicates (medium grey), the glassy matrix (black), the 

magnetite-wustite (light grey rounded particles), hercynite (dark grey angular 

particles) and sulphides (white-light grey).	

Figure 4.48: SEM-micrographs (mag. 50x) of samples K-AD U0005-01 SLAG 4 and K-

AD U0042-01 SLAG 3 showing clusters of iron-oxides (light grey globules) in the 

silicate phase which is composed of iron silicates (dark grey) and glassy matrix (dark 

grey-black), and accompanied by sulphide prills (light grey-white).	

Figure 4.49: Photomicrographs (mag. 50x) of samples K-AD M0017-01 SLAG 2, K-AD 

U0042-01 SLAG 1, K-AD M0043-01 SLAG 2, K-AD U0042-01 SLAG 2, K-AD 

M0077-01 SLAG 3 and K-AD M0017-01 SLAG 4 showing the sulphide phases with 

variable compositions ‘penetrating’ the silicate phases of the samples.	

Figure 4.50: Photomicrographs (mag. 100x) of samples K-AD M0056-01 SLAG 1 and K-

AD U0042-01 SLAG 1 showing sulphide phases (yellow) with particles of metallic 

iron (white) containing respectively 7.4% and 4.5% copper. Inclusion of charcoal 

visible left in micrograph B.	
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Figure 4.51: Photomicrographs (mag. 50x) of samples K-AD U0005-01 SLAG 3 and K-

AD M0043-01 SLAG 2 showing a single and multiple rounded ore remnants 

consisting of sulphides, iron oxides and corrosion.	

Figure 4.52: SEM-micrographs of samples K-AD M0057-01 SLAG 1 (A, mag. 2500x) and 

K-AD U0005-01 SLAG 4 (B, mag. 25x) showing inclusions of metallic copper 

(white) surrounded by bornite (Cu5FeS4) (A, light grey) or copper chloride (B, light 

grey) with small areas of cuprite (Cu2O) (B, light grey-white).	

Figure 4.53: Photomicrographs (mag. 100x) of samples K-AD M0077-01 SLAG 1, 2 and 3 

showing the general silicate phase with glassy matrix (dark), fayalite laths (medium) 

and sulphides (yellow and blue).	

Figure 4.54: SEM-micrograph (mag. 300x) of sample K-AD M0077-01 SLAG 1 showing 

the silicate phase with iron silicates (medium grey), matrix (dark grey background), 

sulphides (white), angular particles high in alumina (indicated by ‘Al’; black) and 

very fine snowflake-shaped iron-oxides rich in titanium (indicated by ‘Ti’; light grey).	

Figure 4.55: SEM-micrographs (mag. 100x) of sample K-AD M0017-01 SLAG 4 showing 

the areas analysed for the determination of the general composition of the iron-silicate 

phases, excluding (row A) and including (row B) the sulphide phases (Im. width: 1.2 

cm).	

Figure 4.56: Scatter plots of general chemical composition data of K-AD Furnace Slag 

lumps determined by SEM-EDS: sulphur versus copper oxide, and sulphur versus 

iron oxide.	

Figure 4.57: Kalavasos –Ayios Dhimitrios furnace slag samples represented on the SiO2-

FeO-Al2O3 ternary phase diagram (adapted from Maldonado and Rehren 2007: Fig. 8, 

after Muan 1957: Fig. 10).	

Figure 4.58: The measured general compositions of sample K-AD M0017-01 SLAG 4 

represented on the SiO2-FeO-Al2O3 ternary phase diagram, including (blue) and 

excluding (red) the sulphidic phases (adapted from Maldonado and Rehren 2007: Fig. 

8, after Muan 1957: Fig. 10).	

Figure 4.59: Results of Exp. 4. Upper (A) and lower (B) surface of the reacted cake with 

copper prills attached to the bottom surface. Cross section (C) within which copper 

prills are visible.	

Figure 4.60: Cross sections of Exp. 5 (A) and Exp. 6 (B) showing the different results and 

hence reaction, with the formation of a silver-coloured band between the crucible and 

slag in Exp. 6.	
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Figure 4.61: Micrographs of sample Exp. 4 showing the general microstructure of the areas 

rich in iron-oxides (A, mag, 50x, & B, mag. 200x) and poor in iron-oxides (C, mag. 

50x, & D, mag. 100x).	

Figure 4.62: Micrograph of sample Exp. 4 (mag. 100x) showing the clear separation 

between the area rich in iron-oxides and sulphides, and poor in iron-oxides and 

sulphides.	

Figure 4.63: Micrographs (mag. 500x) of sample Exp. 4 showing the prills of metallic 

copper and copper-rich sulphides appearing together with iron-oxides.	

Figure 4.64: Micrographs (mag. 50x) of sample Exp. 5 showing the general microstructure 

of the areas rich in iron-oxides, often occurring as clusters, (A) and poor in iron-

oxides (B).	

Figure 4.65: Micrograph (mag. 500x) of sample Exp. 5 showing a cluster of iron-oxides 

(medium grey) and sulphide particles (yellow-pink-blue) and the sulphide-rich centre 

of some of the angular iron-oxide particles (indicated by white arrow).	

Figure 4.66: Micrograph (mag. 50x) of sample Exp. 5 showing a part of a large angular 

copper-sulphide (blue) inclusion with small prills of copper (pale orange) at the edges 

and in the fissures.	

Figure 4.67: Micrographs (mag. 50x) of sample Exp. 6 showing the general microstructure 

of the iron-silicate phase, with the frequent occurrence of clusters of iron-oxides (A & 

C) and occasionally sulphide prills (A).	

Figure 4.68: Micrographs (mag. 500x) of sample Exp. 6 showing the zoning in the iron-

oxides (A) and occurring as clusters (B), and the consistent presence of tiny sulphide 

prills (blue and yellow) embedded in the iron silicate phase.	

Figure 4.69: Micrographs (mag. 100x & 50x) of sample Exp. 6 showing copper-sulphide 

(blue) prills with small particles of copper (pale orange).	

Figure 4.70: Micrograph (mag. 200x) of sample Exp. 6 showing metallic iron (white) with 

very few copper-iron sulphides (dull yellow-brown).	

Figure 4.71: SEM-micrograph (mag. 100x) of samples K-AD M0086 and photomicrograph 

(mag. 100x) of sample M0093-03 showing the iron-silicate phase with very fine iron-

silicate laths (medium grey) embedded in a glassy matrix (dark grey) and iron oxides 

(light grey) shaped as dendrites, angular particles or forming bands of magnetite.	

Figure 4.72: Photomicrograph (mag. 200x) of sample K-AD M0093-03 showing iron-

silicate phase with fine fayalite laths (medium grey) embedded in glassy matrix (dark 

grey), iron oxides (light grey) and prills of possibly copper (shiny rounded particles).	
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Figure 4.73: Photomicrographs (mag. 40x and 200x) of sample K-AD M0038-01 showing 

the metallic-sulphidic phases embedded in the iron-silicate phase, and composed of a 

copper-iron sulphide background (dirty purple-grey), metallic copper (bright orange) 

and metallic iron (silver-blue).	

Figure 4.74: SEM-micrographs (mag. 400x) of sample K-AD M0038-01 showing the 

microstructure of the metallic-sulphidic phases and indicating the analysed areas, the 

results of which are given in Table 4.12.	

Figure 4.75: Lead isotope compositions of tap and furnace slags from the LBA site of 

Kalavasos-Ayios Dhimitrios and the post-Bronze Age sites of Kalavasos-Skouries, 

Kalavasos-Petra and Kalavasos-Platies. The analyses for Ayios Dhimitrios and 

Skouries were conducted by the Geo-Institute of KU Leuven. The analyses for Petra 

(i.e. Skouries) and Platies were conducted by the Oxford Isotrace Laboratory.	

Figure 4.76: Lead isotope analyses of Late Bronze Age Kalavasos-Ayios Dhimitrios slags 

(red triangles) and metal objects (yellow diamonds), and post-Bronze Age Kalavasos 

valley slags (blue triangles) compared with the isotopic analyses of ores from the 

Kalavasos mines (dark turquoise dots) and some other major Cypriot ore sources.	

Figure 4.77: Lead isotope analyses of Late Bronze Age Kalavasos-Ayios Dhimitrios tap 

slag (red triangles) and furnace slag (blue triangles) compared with the isotopic 

analyses of ores from mines located in the southern part of the island and some major 

copper sources.	

Figure 4.78: Tap slags (red) and furnace slags (blue) represented on the SiO2-FeO-Al2O3 

ternary phase diagram (adapted from Maldonado and Rehren 2007: Fig. 8, after Muan 

1957: Fig. 10).	
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Figure 4.80: Photographs of crucible or furnace fragments (Left: K-AD M0405; Right: K-
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Figure 4.81: Photographs of crucible or furnace fragments (Left: K-AD M0407; Right: K-

AD U0007) classified as Ceramic Group 2 showing the inner surfaces (upper row) 

and profiles (bottom row).	

Figure 4.82: Photographs of crucible or furnace fragment U0006 showing the inner surface 

(left) and profile (right).	
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Figure 4.83: Photographs of tuyère fragment (K-AD M0403) showing the length (upper 

row), a fractured end with perforation filled with slag (down, left) and the partially 

fractured tip (down, right).	

Figure 4.84: Photographs of tuyère fragment (K-AD M0410) showing the inner (left) and 
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Figure 4.85: Photographs of handle fragment (K-AD M0406) showing the slagged upper 
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in the low fired (1) and high fired (2) areas.	
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Figure 4.92: Photomicrographs (Mag. 40x, XP) of sample K-AD M0410 showing the 

microstructural composition in different areas.	

Figure 4.93: Photomicrographs (Mag. 40x, XP) of sample K-AD U0006 showing the 

microstructural composition in different areas.	

Figure 4.94: SEM-micrographs (mag. 300x) of sample K-AD U0006, showing slag 

inclusion in ceramic with iron silicates (medium grey), iron oxides (light grey) and 

copper-iron sulphides (whitish) embedded in a silicate matrix (dark grey).	

Figure 4.95: Photomicrographs (Mag. 40x, XP) of sample K-AD M0406 showing the 

microstructural composition in different areas.	
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Figure 4.96: General chemical composition of the fabric of the Kalavasos –Ayios 

Dhimitrios technical ceramic samples represented on the SiO2-CaO-Al2O3 ternary 

phase diagram.	

Figure 4.97: Scatter plot comparing the refractoriness of the various fabric groups and sole 

samples by plotting selected oxides from their chemical analysis (Based on Martinón-

Torres and Rehren 2014: Fig. 6.15).	

Figure 4.98: Scatter plot comparing the refractoriness of the clay matrix of the various 

fabric groups and sole samples by plotting selected oxides from their chemical 

analysis (Based on Martinón-Torres and Rehren 2014: Fig. 6.15)	

Figure 4.99: SEM-micrographs (mag. 100x) of samples K-AD M0405 and M0404 showing 

general microstructural composition of the slag layers: iron silicates (medium grey), 
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Figure 4.104: Photomicrograph (mag. 100x) and SEM-micrograph (mag. 100x) of sample 
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Figure 4.105: Photomicrograph (mag. 200x) of sample K-AD U0006 showing general 

microstructural composition of the slag layer: fayalite laths (medium grey) in glassy 
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matrix (dark grey), iron oxides (light grey angular particles and dendrites) and 

sulphides (light blue rounded phases).	

Figure 4.106: SEM-micrograph (mag. 200x) of sample K-AD U0009 showing general 

microstructural composition of the slag layer: fayalite crystals (medium grey) in 
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FeO-Al2O3 ternary phase diagram (adapted from Maldonado and Rehren 2007: Fig. 8, 

after Muan 1957: Fig. 10).	

Figure 4.110: Kalavasos –Ayios Dhimitrios tap slag (red) and furnace slag (blue) lumps 

and crucible slag (violet) samples represented on the SiO2-FeO-Al2O3 ternary phase 

diagram (adapted from Maldonado and Rehren 2007: Fig. 8, after Muan 1957: Fig. 
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Figure 4.111: Data of the lead isotope analyses conducted by the Oxford Isotrace 
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Figure 4.113: Histogram showing the Sn content of the analysed fragments.	

Figure 4.114: Histogram showing the Sn content of the analysed scrap.	

Figure 4.115: Histogram showing the Pb content of the analysed objects.	

Figure 4.116: Histogram showing the Pb content of the analysed fragments.	

Figure 4.117: Histogram showing the Pb content of the analysed scrap.	

Figure 5.1: Map of the Maroni valley showing the location of the cluster of LBA and other 

sites mentioned in this chapter (c.f. Cadogan et al. 2001: 75, Fig. 1).	

Figure 5.2: Area around Maroni-Vournes surveyed by MVASP and KAMBE projects 

showing the interpretations from the geophysical data overlaid on a GoogleEarth 
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image and the possible occurrence of architectural features between the LCIIC sites of 

Vournes and Tsaroukkas (c.f. Leon et al. in press: Fig. 9).	

Figure 5.3: General map of Maroni-Vournes showing the different architectural phases and 

the location of the metallurgical finds (c.f. Doonan et al. 2012: 50, Fig. 6.2).	

Figure 5.4: Map of Maroni-Tsaroukkas showing the location of the excavated areas 

(Building 1 and 2) and some of the architectural features detected by geophysical 

survey (c.f. Fisher et al. in press: Fig. 30).	

Figure 5.5: Examples of slag fragments from Maroni-Tsaroukkas (Lente Van Brempt).	

Figure 5.6: Slag fragment M-T #453-01 showing the upper surface (A), the lower surface 

(B) and the profile (C) (Lente Van Brempt).	

Figure 5.7: Photomicrographs (mag. 100x) of samples M-T #453-01 (1) and M-T #453-03 

(2) showing general microstructural composition and the variation in crystal growth 
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Figure 5.8: Photomicrographs (mag. 100x) of sample M-T #453-02 showing general 
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Figure 5.12: Photomicrographs (mag. 100x) of sample M-T #453-02, showing iron-copper-

sulphide concentrations, i.e. matte prills, occurring on a regular basis thorough the 

sample.	
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Figure 5.13: Photomicrographs (mag. 40x and 200x) of sample MT #453-03 showing 

occurrence and microscopic texture of the sulphide inclusions with a general 
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Figure 7.5: Picture of large fragment of tap slag showing a fragmented plano-convex 

profile with flat upper surface and rounded/convex lower surface.	

Le
nte

 Van
 Brem

pt



 
 

XXXIII 

Figure 7.6: Photomicrographs (mag. 100x) of samples AV06 75-02 (A), AV08 225-03 (B), 

AV08 225-02 (C) and AV06 108-01 (D) showing the minor difference in the general 

microstructures of various samples, with as major components iron silicates (medium 

grey) embedded in a glassy matrix (dark grey), iron oxides (light grey) and sulphides 

(yellow & blue), occurring in variable amounts and compositions.	

Figure 7.7: Photomicrographs of samples AV06 75-05 (A), AV06 75-06 (B), AV06 108-01 

(C) and AV06 75-02 showing prills embedded in the iron-silicate phase, consisting of 

iron- and copper-sulphides with variable compositions (i.e. matte) (A and B), 

sometimes comprising metallic copper (C), and a prills of copper metal (D).	

Figure 7.8: Scatter plot of general chemical composition data of Arediou-Vouppes slag 

samples determined by SEM-EDS: sulphur versus copper oxide.	

Figure 7.9: Slag samples from Arediou-Vouppes represented on the SiO2-FeO-Al2O3 

ternary phase diagram (adapted from Maldonado and Rehren 2007: Fig. 8, after Muan 

1957: Fig. 10).	

Figure 7.10: Picture of thick ceramic rim fragment AV08 137/0 (Building II, context 137).	

Figure 7.11: Picture of ring-shaped hammer stone (AV06-06-04, context 109) shown in 

profile and full view.	

Figure 7.12: Picture of pounder (AV06-05-01, context 104) shown from two sides.	

Figure 8.1: Location of Cape Gelidonya and the archaeological site of the shipwreck (c.f. 

Bass 1967: 16, Fig. 2).	

Figure 8.2: Distribution of the ingots on the seabed (c.f. Bass 1967: 44, Fig. 37).	

Figure 8.3: Oxhide ingot from Enkomi with T-shaped impressed sign (c.f. Karageorghis 

2002: 58, Fig. 117).	

Figure 8.4: Map of the Mediterranean showing the distribution of the copper oxhide ingots 

and the location of the Uluburun and Cape Gelidonya shipwrecks (after Kassianidou 

2012a: 10, Fig. 5; adapted by Lente Van Brempt).	

Figure 8.5: LBA mould for the casting of oxhide ingot found in Room 12 of the North 

Palace at Ras Ibi Hani, near Ras Shamra, Syria (c.f. Gale 1989: 257, Fig. 29.19).	

Figure 8.6: Graph showing the percentages by weight of the various ingot types identified 

amongst the complete copper ingot assemblage from the Cape Gelidonya shipwreck.	

Figure 8.7: Example of oxhide ingot fragment with marks of hammering and bending for 

breakage (Lente Van Brempt).	

Figure 8.8: Example of oxhide ingot fragment with marks of hammering near the edge 

(Lente Van Brempt).	

Le
nte

 Van
 Brem

pt



 
 

XXXIV 

Figure 8.9: Examples of heavily hammered irregular ingot fragments (Lente Van Brempt).	

Figure 8.10: Example of oxhide ingot fragment with possible chisel marks (Lente Van 

Brempt).	

Figure 8.11: Example of oxhide ingot fragment with smooth-cut edge (Lente Van Brempt).	

Figure 8.12: Examples of oxhide ingot fragments with layered structure visible in the 

edges or profiles (Lente Van Brempt).	

Figure 8.13: Oxhide ingot edge fragment (FRAG 19) with indicated possible incised T- or 

(upside-down) L-shape (Lente Van Brempt).	

Figure 8.14: Highly corroded oxhide ingot handle fragment (No. 60/13-5) with small bar of 

possibly lead attached (Lente Van Brempt).	

Le
nte

 Van
 Brem

pt



 
 

XXXV 

LIST OF TABLES 

Table 1.1: Approximate dates for the Cypriot Bronze Age and Early Iron Age (based on 

Crewe 2007; Knapp et al. 1994; Knapp 2013). They include both the traditional 

tripartite system and the revised terminological system that opposes the use of a single 

criterion (pottery seriation) to fabricate temporal units as in the traditional approach 

and which includes calibrated radiocarbon dating alongside the changes in material 

culture. Thereby the Bronze Age was divided in two main periods: the Prehistoric 

Bronze Age (PreBA) and the Protohistoric Bronze Age (ProBA) (Knapp 1994: 274-

275; 2013: 348; Knapp et al.1994: 380-382). This division is however not widely 

accepted and mainly used by Knapp. Therefore the traditional system is used within 

the present thesis.	

Table 4.1: Overview of fragments and lumps of tap slag, furnace slag, type X and 

miscellaneous slag selected for sampling and analysis by means of optical microscopy 

and/or SEM-EDS.	

Table 4.2: Overview of the general microstructural features of the samples of tap slag.	

Table 4.3: Chemical composition (weight %) of selected areas and spots within the matte 

inclusions as indicated on Figure 4.39, analysed by means of SEM-EDS.	

Table 4.4: Average chemical composition of the Fe-silicate phases of the samples of tap 

slag determined by SEM-EDS. All values are given in weight %. The average, 

standard deviation, inter-sample variation and mean intra-sample variation are 

calculated for the major and minor oxides.	

Table 4.5: Sample numbers, weight and general chemical composition of experimental 

samples of tap slag.	

Table 4.6: Overview of the microstructural characteristics of the samples of furnace slag	

Table 4.7: Average chemical composition of the Fe-silicate phases of the lumps of furnace 

slag determined by SEM-EDS. All values are given in weight %. The average, 

standard deviation, inter-lump variation and mean intra-lump variation are calculated 

for the major and minor oxides.	

Table 4.8: Average chemical composition of the Fe-silicate phases of the samples of 

furnace slag lumps with multiple samples determined by SEM-EDS. All values are 

given in weight %. The average, relative standard deviation, inter-lump variation and 

mean intra-sample variation are calculated for the major and minor oxides.	

Le
nte

 Van
 Brem

pt



 
 

XXXVI 

Table 4.9: Chemical compositions determined by SEM-EDS of the iron-silicate phases of 

the same sample, excluding and including the sulphide phases. All values are given in 

weight %. The average, relative standard deviation, inter-sample variation and mean 

intra-sample variation are calculated for the major and minor oxides.	

Table 4.10: Sample numbers, weight and general chemical composition of experimental 

samples of furnace slag.	

Table 4.11: Average chemical composition of sample K-AD M0086-02 determined by 

SEM-EDS. All values are given in weight %. The average, relative standard deviation 

and intra-sample variation are calculated for the major and minor oxides	

Table 4.12: Chemical composition (weight %) of selected areas within the metallic-

sulphidic phases of sample K-AD M0038-01 as indicated on Figure 4.74, analysed by 

means of SEM-EDS.	

Table 4.13: Lead Isotope Analysis of slag samples from the LCIIC site of Kalavasos-Ayios 

Dhimitrios (K-AD) and the slag heap from Kalavasos-Skouries (K-S) dated to 4th 

cent. BC - 1st cent. AD.	

Table 4.14: Overview of the macroscopic features of the fragments of technical ceramics 

from Kalavasos-Ayios Dhimitrios.	

Table 4.15: Overview of the general microstructural features of the fabric of the technical 

ceramic samples	

Table 4.16: Average chemical composition of the fabrics of the K-AD ceramic samples 

determined by SEM-EDS. All values are given in weight %. The averages and 

standard deviations are calculated for the major and minor oxides	

Table 4.17: Average chemical composition of the clay matrix of the fabrics of the K-AD 

ceramic samples determined by SEM-EDS. All values are given in weight %. The 

averages and standard deviations are calculated for the major and minor oxides.	

Table 4.18: Overview of the general microstructural features of the slag layers of the 

crucible and crucible/furnace samples.	

Table 4.19: Average chemical composition of the slag layers adhered to the K-AD ceramic 

samples determined by SEM-EDS. All values are given in weight %. The averages 

and standard deviations and coefficients of variation are calculated for the major and 

minor oxides.	

Table 4.20: Chemical composition of various selected areas in the glass phase or vitrified 

surface of sample K-AD M0407 determined by SEM-EDS. All values are given in 

Le
nte

 Van
 Brem

pt



 
 

XXXVII 

weight %. The average, relative standard deviation (STDEV) and coefficient of 

variation (CV) are calculated for the major and minor oxides.	

Table 4.21: Overview of the various types of metal objects found at Kalavasos-Ayios 

Dhimitrios.	

Table 4.22: Overview of the copper and copper-alloy objects and fragments from 

Kalavasos-Ayios Dhimitrios analysed by pXRF.	

Table 5.1 Overview of the general microstructural features of the slag samples from 

Maroni-Tsaroukkas. The major components of the microstructures of all samples of 

tap slag are iron silicates embedded in a glassy matrix, iron oxides and sulphides, 

occurring in variable amounts and compositions. Minor differences occur among the 

samples but these are probably not the result of different technologies. An overview 

of the general microstructure of every sample can be found in  Table 5.1.	

Table 5.2: Average chemical composition of the Fe-silicate phases of the slag samples 

determined by SEM-EDS. All values are given in weight %. The average, standard 

deviation, inter-sample coefficient of variation and mean intra-sample coefficient of 

variation are calculated for the major and minor oxides.	

Table 6.1: The catalogued and analysed bronze objects from Alassa-Pano Mandilaris and –

Paliotaverna.	

Table 6.2: Average chemical composition of the objects determined by pXRF, undertaken 

within the present study, and XRF, undertaken by Zwicker (Zwicker 1992: 166, Table 

2a ff 6-7). All values are given in weight %.	

Table 7.1: Overview of the general microstructural features of the slag samples from 

Arediou-Vouppes	

Table 7.2: Average chemical composition of the iron-silicate phases of the slag samples 

form Arediou-Vouppes determined by SEM-EDS. All values are given in weight %. 

The average, standard deviation, inter-sample coefficient of variation and mean intra-

sample coefficient of variation are calculated for the major and minor oxides.	

Table 7.3: Average chemical composition of the objects determined by pXRF. All values 

are given in weight %.	

Table 8.1: Comparison of the approximate quantities by count of complete and fragments 

of oxhide and bun ingots found aboard the late 14th cent. BC Uluburun and late 13th 

cent. BC Cape Gelidonya shipwrecks. The total weight of the fragments and complete 

ingots from the Uluburun shipwreck are not yet determined. Therefore the 

Le
nte

 Van
 Brem

pt



 
 

XXXVIII 

approximate quantities by weight cannot yet serve as a comparative between the two 

shipwrecks.	

Le
nte

 Van
 Brem

pt



 
 

1 

CHAPTER 1 -  INTRODUCTION 

1.1 Late Bronze Age Cyprus: an introduction to a period of change 

 

Figure 1.1: Map of the Eastern Mediterranean showing the location of Cyprus and the sites mentioned in the 
text (after Knapp 1986b: 36, Fig. 1; adapted by Lente Van Brempt). 

 

The island of Cyprus is situated about 70 km south of Turkey, 95 km west of Syria 

and 400 km north of Egypt (Figure 1.1). Without doubt its central location at the 

crossroads of the European, African and Asian continent and its coastline embracing 

several natural harbours must have facilitated the island to become a major actor in the 

long-distance trading networks of the East Mediterranean throughout its history (Knapp 

1994: 271; Steel 2004: 2). 
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Figure 1.2: Map of Cyprus showing the copper ore deposits in the pillow lavas and the location of the 
Bronze Age sites mentioned in the text. Digital geological data provided by the Cyprus Geological Survey. 

 

Cyprus is mostly known for its massive copper sulphide ore deposits within the 

geological formation of the pillow lavas located in the foothills of the Troodos Mountains 

(Figure 1.2). These make the island one of the richest countries in the world in copper per 

unit of surface area (Constantinou 2007: 337; 2012: 5). According to Constantinou (2012: 

7) the unique geology of the copper sulphide deposits “enabled the Cypriot miners to 

produce for the first time in the Eastern Mediterranean more copper than the local demand 

and to export the surplus to the surrounding countries” as soon as the complicated multi-

phase process of sulphide smelting was understood. Consequently, by the 13th century BC 

Cyprus had become a dominating producer and exporter of copper in the Mediterranean 

and Near East (Constantinou 2012: 7; Kassianidou 2013d: 133, 145).  
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Revised Traditional Approx. dates (BC) 

PreBA Philia facies - EC I 2400/2300-2150 

  EC II 2150-2100 

  EC III 2100-1950 

  MC I 1950-1850 

  MC II 1850-1750 

ProBA 1 MC III 1750/1700-1680/1650 

  LC IA 1680/1650-1550 

  LC IB 1550-1425 

ProBA 2 LC IIA 1425-1375 

  LC IIB 1375-1340/1315 

  LC IIC 1340/1315-1200 

ProBA 3 LC IIIA 1200-1100  

  LC IIIB 1100-1050 

  CG I 1050-1000 
 

Table 1.1: Approximate dates for the Cypriot Bronze Age and Early Iron Age (based on Crewe 2007; Knapp 
et al. 1994; Knapp 2013). They include both the traditional tripartite system and the revised terminological 
system that opposes the use of a single criterion (pottery seriation) to fabricate temporal units as in the 
traditional approach and which includes calibrated radiocarbon dating alongside the changes in material 
culture. Thereby the Bronze Age was divided in two main periods: the Prehistoric Bronze Age (PreBA) and 
the Protohistoric Bronze Age (ProBA) (Knapp 1994: 274-275; 2013: 348; Knapp et al.1994: 380-382). This 
division is however not widely accepted and mainly used by Knapp. Therefore the traditional system is used 
within the present thesis.  

 

The beginning of the Late Bronze Age (hereafter LBA) (Table 1.1) in Cyprus, also 

named the Late Cypriot period (hereafter LC), is characterized by major social, cultural 

and economic changes evolving into a transformation of the settlement pattern, material 

culture and interaction with the wider Eastern Mediterranean. These transformations 

include (1) the appearance of town centres with monumental architecture and (2) burial 

practices with clear distinctions in social status, (3) the development of writing, (4) the 

intensification of the production and trade of copper, (5) the increase of regional and 

interregional trade (especially with the Aegean and Levant), and (6) the rise of built 

fortifications and other evidence of warfare (Crewe 2007: 1; Keswani 1996: 219; Knapp 

1994: 282; 2008: 133; 2013: 348) 1. As suggested by Knapp (2008; 2013), during the LBA 

the Cypriot society thus evolved from egalitarian, isolated, cooperative and village-

oriented to somewhat socially stratified, international, competitive and town-centred 

(Knapp 2008: 133; 2013: 348).  

                                                
1 The changes appeared already by the end of the Middle Cypriot period (MC) and are therefore assigned by 
some to the transitional period of the Protohistoric Bronze Age (ProBA) (Keswani 1996: 219; Knapp 1994: 
276; 2008: 133; 2013: 348). 
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1.1.1 The Alashiya question 

It has been suggested that the whole or a part of BA Cyprus was once known as 

Alashiya. Alashiya is cited in the Egyptian Amarna letters2 of the 14th century BC, and 

other texts from various sites in the Near East such as Ugarit (Crewe 2007: 8; Hellbing 

1979: 1-2; Knapp 2011: 250). The earliest references to Alashiya appear in cuneiform texts 

from Mari, Alalakh and Babylonia (ca. 19th-17th cent. BC) and are contemporary with the 

earliest finds of Near Eastern imports in Cyprus. Most of these references discuss primarily 

copper, bronze or silver. The majority of the texts referring to Alashiya are of a LBA date 

and are concerned with economic or diplomatic transactions (Knapp 2011: 250). In sum, 

by the 14th century BC the written sources present Alashiya as an independent state with 

one prominent city or region from where a king ruled over the Kingdom of Alashiya and 

its centrally founded administrative centres. The king of Alashiya was considered as an 

equal to the pharaoh of Egypt and other powers of the Levant. The kingdom of Alashiya 

maintained close economic and political contact with Egypt and north Syria, played a 

central role in eastern Mediterranean diplomacy and trade and was a major producer and 

exporter of copper (Goren et al. 2003; Hellbing 1979: 74-75; Knapp 1986b: 35-37; Knapp 

2008: 316, 335; 2011: 250, 252; Steel 2004: 185).  

The archaeological evidence of Cyprus however does not particularly aid the 

assignment of Alashiya to a certain city. It therefore seems likely that the name may refer 

to a region or even the whole of the island (Crewe 2007: 8). Due to its dominant, unique 

and seemingly independent power Enkomi has frequently been proposed as the ‘capital’ of 

Cyprus with a resident king (Crewe 2007: 8; Manning and De Mita 1997: 110). However, 

petrographic and chemical analysis of four clay tablets from Amarna (14th cent. BC) and 

one from Ugarit (13th cent. BC) enabled the identification of the clay source to be 

consistent with the southeastern margins of the Troodos Mountains in Cyprus. They could 

possibly have been produced at one of the major urban centres within the area, namely 

Kalavasos-Ayios Dhimitrios or Alassa-Paliotaverna/Pano Mandilaris (Goren et al. 2003: 

248-249). The analytical study thus shows that the tablets came from Cyprus and therefore 

suggests that Alashiya should be identified with the island of Cyprus (Knapp 2011: 249-

250; Peltenburg 2012: 1), although not everybody is yet convinced (e.g. Merrillees 2005; 

                                                
2 The Amarna clay tablets are dated to the 14th century BC and were found in Tell el-Amarna (Egypt) and 
contain the correspondence between Egypt and other countries. Eight Amarna letters are known which have 
been sent from Alasia to Egypt (Hellbing 1979: 1-2). 
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2011).  

During the LBA the island of Cyprus is surrounded by areas that were characterised 

by complex societies (palace economies or state systems). The written sources present 

Cyprus/Alashiya as being fully integrated in the Eastern Mediterranean socio-political 

milieu, and therefore it has been suggested that also the island was prior to the 14tth century 

BC to a certain degree an economically and politically centrally controlled island-wide 

polity (Peltenburg 1996: 28; 2012: 4-5; Steel 2004: 181). Nowadays less certainty exists on 

this assumption (e.g. Webb and Frankel 2013b). The island lacks direct evidence for a 

comparable organisation as the Eastern Mediterranean powers, with as result that the 

Cypriot situation was initially presented as anomalous (Peltenburg and Iacovou 2012: 345-

346). However, recent studies increasingly question the ‘traditional Mesopotamian state 

model’ and it seems like a plural structure of governance was likely also known in those 

Levantine ‘states’ (Peltenburg and Iacovou 2012: 347-348).  

The archaeological evidence of the LCII period clearly suggests that Cyprus was 

during the 13th century BC organised as a ‘decentralised polity’. Therefore the ‘king’ of 

Alashiya may either have been a paramount king, or more likely served as the ‘primus 

inter pares’ of several competing regional polities under whose auspices the more or less 

independent commercial households of LBA Cyprus were able to engage in international 

trade (Knapp 2013: 438: Manning and De Mita 1997: 110; Peltenburg 2012: 15, 18). 

Based on textual evidence Peltenburg (Peltenburg and Iacovou 2012) alludes the possible 

presence of more junior governors on Alashiya. Therefore it seems not unlikely that a 

bureaucratic hierarchy existed on Cyprus for international correspondence and perhaps for 

the control of territory (Peltenburg and Iacovou 2012: 346).  

1.1.2 Cyprus prior to the 14th century: an island-wide polity? 

Despite the increasing doubts on this assumption, it may be that before the 

development of regional political hierarchies in the 14th century BC, Enkomi had the 

control over the copper industry of the entire island and therefore required a regional 

infrastructure and security network to guarantee stable mining and production in the 

copper-rich mining areas and the fluent transportation of the copper products to Enkomi 

for further refining and export. It has been suggested that many of the newly established 

forts north and east of the Troodos Mountains were integral parts of Enkomi’s 
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expansionary policy to maintain control over the production and distribution of the copper 

and the mobilisation of the agricultural surpluses to support the industrial sites near the ore 

sources, as well as to protect Enkomi against hostile elements from within and outside the 

island (Knapp 2013: 434; Knapp and Cherry 1994: 137; Muhly 1989b: 299; Peltenburg 

1996: 30-31). Initially the newly established towns on the south coast may also have 

served as subordinate administrative and processing centres in this centrally organized 

network, but they eventually evolved to become prominent urban centres with an 

independent local elite freely exploiting various mineral, material and symbolic resources 

in the 13th century BC (Keswani 1993: 74; Knapp and Cherry 1994: 138; Muhly 1989b: 

301). Because of the relatively large and resource-rich environment of Cyprus various 

areas have more or less equal access to the diversity of subsistence resources.  Therefore it 

has been suggested by Manning and De Mita (1997: 107) that “it would be extremely 

difficult to consolidate leadership under a single ruler since there is no single, essential, 

resource, or set of resources, to be controlled”. 

1.1.3 Cyprus in the LCIIB-IIC period (14th-13th cent. BC) 

In comparison to the previous period the material record of the 13th century BC is 

unmistakably richer and more diverse. Some of the most illustrative features of a 

decentralised organisation of LCIIC Cyprus are listed by Keswani (1993): (1) the apparent 

diversity in the major public architecture indicating independent local developments; (2) 

the absence of iconographic evidence of subordination to a common central authority or a 

coherent complex of administrative technology to maintain links between secondary and 

primary centres; (3) no indication for a centrally determined settlement hierarchy; and (4) 

the wide geographic distribution of the highest-order valuables found in the elite tombs at 

the coastal centres which implies they seem to have been independently acquired by local 

elites rather than by centralised distribution (Keswani 1993: 74-75). It is therefore 

commonly agreed that during the 13th century BC Cyprus was divided into various 

regional polities with administrative centres operating from urban settlements (Iacovou 

2007: 16; Keswani 1993: 75).  
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1.1.3.1 Copper, trade and urbanization 

The main factor stimulating the social and economical transformations on LBA 

Cyprus is the increasing participation of the Cypriots in the long-distance maritime trade of 

the Eastern Mediterranean. Possibly the most important stimulus for trade in the Bronze 

Age Mediterranean was the desire for socially significant goods. “Goods and materials 

obtained from afar, whether ‘luxury’ or ‘utilitarian’, may take on social and symbolic 

values that can be manipulated in various strategies of competition and power in their new 

context (Knapp 2013: 427)” (Keswani 1996: 238; Knapp & Cherry 1994: 155; Peltenburg 

2012: 13; Sherratt & Sherratt 1991: 256). The increasing trading activity of Cyprus was 

largely encouraged by the abundance of copper on the island and the growing demand for 

the metal overseas. In order to meet this new demand, the copper industry was taken to a 

higher level and subsequently all settlements of any kind were involved in one way or 

another in Cyprus’ copper industry. Furthermore, the population increased and the 

settlements expanded towards new areas. Urban centres were developed along the south 

coast (Muhly 1989b: 301; Negbi 2005: 13).  

The successful exploitation, production and trade of the copper and the generation 

of agricultural surpluses stimulated the emergence of an economic and socio-political élite 

that sought to anchor their authority by dominating the access to exotic goods and to 

establish control over the production and distribution of metals (Knapp 2013: 348-349; 

Knapp et al. 1994: 428). The dominance of Enkomi gradually gave way to individual élite 

or élite groups who responded to the new economic opportunities and took advantage of 

their position in the growing copper industry. During the 13th century BC the copper 

production and trade on Cyprus was thus organised into various regional entities controlled 

by the local authorities prominently present at both coastal and inland centres, which were 

operating as coordination centres in the transfer of copper and subsistence goods. Distinct 

monumental buildings were erected from ashlar masonry displaying the relative socio-

political status of the élite, as do the presence of imported prestige objects (Fisher 2009: 

184; Knapp 1994: 282; 1997a: 157; 2013: 435; Knapp et al. 1994: 428; (Muhly 1989b: 

303, 310; Webb & Frankel 1994: 5). The status and power of these élite groups on the 

island were thus closely linked to the overall production, transport and distribution of 

copper (Knapp 1994: 290).  

While the bulk trade in copper and other high-value goods by the ‘king of 

Alashiya’ was undertaken within the existing framework of the international elite gift 
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exchange system (Peltenburg 2012: 18; Sherratt 2000: 83), the merchants active in this 

‘state-controlled’ trading mechanism gradually found their own way into the maritime 

trading activities of the Eastern Mediterranea and by the end of the LCIIC period direct 

trading arrangements were established between the local authorities and the partly 

independent merchants (Knapp and Cherry 1994: 142; Liverani 1987: 69-70; Manning and 

De Mita 1997: 112; Sherratt 2000: 87). 

1.1.3.2 The socio-political organisation of Cyprus: regional polities 

Cyprus thus likely existed during the 13th century as a collection of largely 

independent settlements which did not function in full isolation but rather together in 

groups or pairs forming some kind of regional polities (Keswani 1993; Keswani 1996: 

234-235). As noted by Iacovou (2012: 59), the “segmented political geography of ancient 

Cyprus was determined by this one non-viable factor: the distribution of mineral wealth all 

around the mountain range” which was located centrally on the island. This segmented 

political geography would eventually evolve in the Iron Age kingdoms of Cyprus (e.g. 

Iacovou 2002; Herscher and Buitron (Eds.) 1997; Counts and Iacovou (Eds.) 2013) (Muhly 

1989b: 303). 

I. Settlement patterns and models of regional exchange in 13th century BC Cyprus 

For the last decades scholars have tried to order the settlements of LBA Cyprus 

according to their nature and role in the inter- and intra-settlement organisation. In 1962 

Catling suggested a tripartite framework (Catling 1962: 144-145): (1) rich coastal urban 

centres, mainly situated along the southern coast and involved in the international trade; 

(2) copper production centres, situated near the mining areas in the Troodos massif, and 

near cultivable lands of second or third scale; and (3) rural settlements concentrated near 

water-courses on readily cultivable soils and depended on stock rearing and agricultural 

production (Catling 1962: 144-145; Knapp 1996a: 58; Steel 2004: 156). In 1986 Negbi 

divided the settlements simply in 2 main groups: urban centres, usually located along the 

coast, and non-urban centres. The latter eventually encompasses three subtypes: (a) mining 

or agricultural villages; (b) rural sanctuary sites; and (c) fortified settlements located in 

naturally strategic places along the coast or farther inland (Negbi 1986: 98; 2005: 3-6). In 

1993 Keswani comes up with a settlement pattern in which she focuses on the complex 
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exchange relations between the different settlement types: (1) coastal urban centres 

involved in trade and production; (2) inland (sanctuary) centres responsible for transport of 

copper and the collection and redistribution of agricultural tribute; (3) mining villages; and 

(4) inland agricultural villages. As such, Cyprus likely consisted of a number of 

independent regional entities during the 13th century BC. Each one was headed by one 

(Enkomi, Maroni, Kalavasos-Ayios Dhimitrios, Kourion, Kouklia and Toumba tou 

Skourou) or two (Kition and/or Hala Sultan Tekke) primary coastal towns and had 

exchange relations with one or more secondary inland (sanctuary) centres, agricultural 

villages and mining sites (Keswani 1993: 78-79). The major connecting factor within a 

regional polity would probably have been the transhipment of the copper products from the 

mining villages and smelting sites located in the foothills of the Troodos Mountains to the 

primary coastal centres. All other exchanges seem to have endured to support the 

production and regional transfer of copper. Keswani (1993) developed therefore two intra-

regional exchange models for the 13th century on Cyprus. 

 

 
Figure 1.3: First intra-regional exchange model in which the primary coastal centre was far from the copper 
source (c.f. Keswani 1993: 78, Fig. 2). 

 

In case of a certain distance between the primary coastal centres and the copper 

mining settlements by which direct exchange did not seem to be convenient an inland 

centre was established to secure the transhipment of the semi processed copper from the 

mining villages to the coastal centres (Figure 1.3). At these inland centres sanctuaries may 

have been build to give an ideological basis to the mobilization of copper and subsistence 

goods and the “industrial” labour taking place at the site. The buildings brought along high 

status and ideological authorities that received ceremonial and prestige goods from the 

coastal sites. The (sanctuary) inland centres were also functioning as central points in the 

collection, storage and redistribution of (agricultural) subsistence goods which were 

coming from inland agricultural villages and were destined for the elite at the inland 
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centres, the occupants of the sanctuaries and the inhabitants of the mining village. It is 

possible that more than one settlement of any type was involved in a regional exchange 

network or that a settlement was entangled in the exchange network of more than one 

region (Keswani 1993: 78-79; Keswani 1996: 235). 

 

 
Figure 1.4: Second  intra-regional exchange model in which the primary coastal centre was close to the 
copper source (c.f. Keswani 1993: 79, Fig. 3). 

 

When the coastal centres and mining villages were located on a reasonable distance 

from each other to maintain direct exchange no (sanctuary) inland centres were needed 

(Figure 1.4). The local elite of the coastal centres themselves would have been able to 

supervise the extraction and processing of copper at the mining sites. They only had to 

maintain other exchange contacts with some agricultural villages to obtain subsistence 

goods to support their own inhabitants and those of the mining villages. In return they 

would provide the agricultural villages with olive oil and workshop products (Keswani 

1993: 79). Examples for this form of inter-regional exchange can possibly be found in the 

south-central regions of Alassa, Kalavasos and Maroni (Keswani 1993: 79; Knapp 1997b: 

61-62; 2013: 357). 

Knapp (1996a: 66; 1997a: 156; 1997b: 53-61; 2013: 355) eventually adapted 

Keswani’s pattern. He separated the inland centres that were involved in mainly production 

activities from all the other site types and grouped the ‘sanctuary’ sites as a separated 

category. The resulting four-tiered settlement hierarchy model reflects site size, location 

and function of the sites and includes: (1) primary coastal urban centres with commercial, 

ceremonial, administrative and production functions; (2) secondary inland towns or transit 
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points with administrative, transport and storage functions; (3) tertiary inland sanctuary 

sites with ceremonial, production, transport and storage functions; and (4) smaller 

agricultural support villages with production, storage and transport functions and mining 

sites and pottery production villages with both production functions. 

As the 13th century on Cyprus is regarded as a period of regional diversity it can be 

questioned if these models are suitable for such a variable landscape. By developing two 

different regional exchange models Keswani only confirms the supposition that variation 

in regional exchange organisation actually occurred. By changing Keswani’s settlement 

pattern slightly Knapp demonstrates that different opinions are present. It is more than 

likely that settlements placed in a specific category did not have all the ‘required’ 

architectural features or archaeological finds as given in the ‘checklist’ (e.g. Knapp 1997b: 

54, Table 2) or the location as prescribed by these models. For example, Kalavasos-Ayios 

Dhimitrios was likely equal in function to the primary coastal centres nonetheless it was 

located more inland, and the ‘defensive’ coastal sites of Maa-Palaeokastro and Pyla-

Kokkinokremos do not nestle well in the proposed settlement patterns (Knapp 1996a: 64; 

Knapp 1997b: 62).  

Furthermore, Iacovou (2007: 13) rightfully questions the use of settlement size 

estimates by Knapp and others as a criteria for ‘urbanity’ or as an indication for the site’s 

‘hierarchical position’. She is correct to argue that more attention should be paid to the 

settlements’ historical development and that we have to acknowledge the ‘spatial and/or 

temporal value’ of the listed characteristics that define a settlement to be urban or not 

(Iacovou 2007: 13). It is indeed important to at first differentiate between LC settlements 

with urban characteristic, and urban settlements that have functioned as state centres for a 

certain period of time during the LBA (Iacovou 2007: 15). This was also highlighted by 

Keswani (1996) in her discussion on the socio-political organisation of the regional 

polities. 

The variety of the regional polities and the extent of the exchange networks within 

were probably largely determined by the regional geographical and geological setting and 

especially the distance from the mines to the coastal towns (Knapp 1996a: 66; South 2002: 

66). Despite this diversity it is plausible that every settlement or regional exchange 

network does more or less correspond to one of the proposed settlement types of exchange 

models by which these can serve as a basic means in the study of the LBA settlement of 

Cyprus. 
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II. Economic inter-settlement organization: staple and wealth finance 

To clarify how subsistence goods, raw materials, and luxury items were produced, 

distributed, transported and administered within the LCIIC regional exchange patterns 

Keswani (1993) applied the redistribution models developed in 1985 by D’Altroy and 

Earle. She described the nature of the exchange relations between the various settlement 

types within a regional polity, which are defined by the differences in type of goods 

exchanges, transport and storage factors and the ideological relationship between trading 

partners or competing factions (Knapp 1997b: 49). Staple finance encompasses the 

centralised collection, storage and redistribution of subsistence and utilitarian goods by 

non-food producing members of the society. It involves thus primarily the trade of often 

bulk products such as agricultural produce, raw materials, plain-ware pottery and tools. 

Wealth finance, on the other hand, is more concerned with the redistribution of portable 

and convertible goods or valuables such as finished metal products, imported or fine-ware 

pottery, seals or ceremonial paraphernalia in exchange for raw or semi-processed copper 

ore. This system hence had a prominent ideological component: the exotica would have 

aided to legitimize the status of the local élites. The exchange between the primary coastal 

and secondary inland (sanctuary) centres would thereby be one of wealth finance, while 

the exchange between the inland (sanctuary) centres and the agricultural and mining 

villages was one of staple finance (Keswani 1993: 78-79; Knapp 1997b: 49-50; Webb and 

Frankel 1994: 5-6). 

III. Socio-political inter- and intra-settlement organisation: hierarchy and heterarchy  

The regional exchange models of Keswani seem to show a balanced cooperation 

between different settlement types that are all in some way dependent to one another. The 

settlement models of Keswani and Knapp create an image of a certain hierarchy3 of 

primary, secondary and tertiary centres. Anyhow, Keswani determined the socio-political 

organisation of 13th century Cyprus to be of a heterarchical4 nature at any level, namely the 

island as a whole, the regional entities, and the centres or villages themselves (Keswani 

1996: 239). 

                                                
3 A hierarchical polity presumably has a clearly definable administrative complex or centre of control by 
which it is pyramidal structured and highly centralized (Keswani 1996: 211, 217). 
4 A heterarchical polity presumably includes a multiplicity of institutions and élite groups and therefore 
consists of various heterogeneous and autonomous or semi-autonomous power groups and institutions 
(Keswani 1996: 211, 217). 
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As no site or region seems to have functioned as a paramount centre and every 

regional polity acted rather independently it is logical to consider the socio-political 

organisation of the island as a whole as heterarchical (Keswani 1993: 234). The presence 

of controlling elite groups at both the primary coastal and secondary inland centres and the 

fact that more than one of those primary and secondary centres could have been involved 

in the exchange networks of a regional polity indicates that the nature of the regional 

socio-political organisation seems to be of a heterarchical nature (Keswani 1993: 79). 

However, in case only one primary coastal and only one or even no secondary inland 

centre were existent, the socio-political organisation seems to be rather hierarchical since 

the primary coastal centres have the full control over the exchange of copper, subsistence 

and wealth goods (Keswani 1993: 79). 

Variable local histories and geographical circumstances contribute to the 

emergence of hierarchical and heterarchical social formations. The location of a settlement 

or centre possibly has a direct connection with the role it will play in the hierarchy within a 

regional polity. Also the potential for hierarchical centralization increases when the rise of 

the centres is a final outcome of a long sequence of local and gradual population growth. 

When the centres grow very rapidly the intention to centralization will be smaller 

(Keswani 1996: 211, 215; Negbi 2005: 3). Keswani (1996) therefore distinguished 2 

contrasting patterns of urbanisation in LBA Cyprus. The first group of settlements were 

newly formed by residents of other communities and regions coming together on locations 

near the coast, perfectly situated to exploit the possibilities of maritime trade. As such, in 

these towns an assembly of perhaps competing elite groups was present missing any sense 

of common identity. The other kind of settlements is mostly located in the south central 

and south-western valleys of Cyprus, closer to the copper mines. They knew already a long 

sequence of occupation before the actual establishment of the LBA towns. Although also 

here expressions of urban identity and intra-group competition were present, the political 

nature of these towns was more hierarchical with on top an economic, social and ritual 

controlling elite. Many of the sites that existed during LCIIC were newly established by 

which hierarchical structures had to be created from segmentary groups without a prior 

overarching authority (Keswani 1996: 236-237; Manning 1998: 41).  

Because of this pattern of variable regional urbanization and political development 

it seems indeed more appropriate to define the political organisation of LBA Cyprus 

generally as ‘heterarchical’ (Keswani 1996: 239). Anyhow, it is rather suggestive to 

characterize such a variable socio-political landscape in any way.  
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1.2 The production and trade of Cypriot copper in the Eastern Mediterranean during 

the Late Bronze Age: an introduction 

In the second millennium BC precious and base metals represented some sort of 

prime or convertible value within the exchange systems of the Eastern Mediterranean. Not 

only were they convertible in a technical economic sense, but also literally, i.e. they could 

be used, stored, recycled and redistributed in various forms and could be put to practical 

and symbolic use in the acquisition of power and influence (Sherratt 2000: 83). Bulk 

metals, in the form of standardized ingots, were often exchanged as royal ‘gifts’ and thus 

circulated at a tightly controlled high and official level (Liverani 1987: 67; Sherratt 2000: 

83). 

 

 
Figure 1.5: Oxhide ingot from Enkomi with T-shaped impressed sign (c.f. Karageorghis 2002: 58, Fig. 117). 

 

As discussed before, it is the abundance of copper ore deposits on Cyprus and the 

growing overseas demand for Cypriot copper that enabled the participation of the island in 

the international maritime trading networks of the Bronze Age Eastern Mediterranean and 

consequently stimulated the social and economical transformations of the LCII period. The 

importance of Cypriot copper is clearly illustrated by the wide distribution of complete and 

fragments of copper oxhide ingots in various areas of the East Mediterranean. Oxhide 

ingots (Figure 1.5) are commonly recognised as a standardised shape in which raw copper 

was traded during the LBA, of which the production and exchange would have been a 
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primary economic activity controlled by elite groups across the East Mediterranean and 

within which the Cypriots may have played a key role (Gale 1999: 110; Kassianidou 

2012a: 38; Knapp 2012: 23). Provenance studies by means of lead isotope analysis have 

indeed identified the copper used for the oxhide ingots of post 1400 BC date, and possibly 

even post mid-15th century BC, to be consistent with a Cypriot provenance5, and in 

particular with the Apliki mining region in the northern part of the island (Gale and Stos-

Gale 2012: 78-79; Stos 2009; Stos-Gale et al. 1997: 118). 

The largest assemblages of oxhide ingots were found aboard of the Uluburun (late 

14th cent. BC) and Cape Gelidonya (late 13th cent. BC) shipwreck found along the south 

coast of Turkey. In combination with bun-shaped ingots, also of Cypriot origin, they 

carried respectively ten and one ton of Cypriot copper (Bass 1967; Pulak 2000; 2008; Stos 

2009). Also the written sources indicate the export of great amounts of copper from 

Alashiya/Cyprus. The Amarna letters have recorded shipments of between 140 kg (ca. 5 

oxhide ingots) and 14000 kg (ca. 500 oxhide ingots). According to Knapp (2013) this 

means that over a period of about 50 years a total of at least 25000 kg of copper may have 

been traded from Cyprus to Egypt alone, which equals an average of about 500 kg per 

year, not even including the Cypriot copper exported to other areas in the East 

Mediterranean (Knapp 2013: 444).  

Both the archaeological and textual evidence are indicative for the extensive export 

of Cypriot copper which consequently implies a scale of metal production on LBA Cyprus 

that not only necessitates the mobilisation and control over a well-organised, full-time and 

specialised workforce (Knapp 2013: 444), but must also have created massive quantities of 

metallurgical debris such as smelting slags and remnants from furnaces or crucibles. 

Following Tylecote’s estimations, usually a ratio of 1:10 between metal and slag is 

suggested for LC copper production (e.g. Doonan et al. 2012: 55; Muhly et al. 1980: 89; 

Stech 1985). This would infer that the production of the copper ingots found aboard of 

both major shipwrecks alone would have resulted in about 110 tons of smelting slag. But, 

apart from the 3.5 tons of slag found at Politiko-Phorades (Knapp and Kassianidou 2008), 

these large amounts of slag have not (yet) been found in the LBA landscape of Cyprus. As 

the primary smelting of the sulphide ores was likely undertaken in close vicinity to the 

mines, the remains were probably simply removed by modern mining activities or covered 

by the tons of post-Bronze Age waste material (Kassianidou 2008: 255; Kassianidou 

2013b: 37). We must however also keep in mind that the smelting practices of the LBA 
                                                

5 See Chapter 8 for an overview on the origin of the copper used in the production of the oxhide ingots from 
diverse geographical and chronological contexts.  
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probably relied on richer ores with lower amounts of impurities and therefore may have 

produced less slag that in the smelting processes of the later periods (Bachmann 1982a: 

149; Hauptmann 2007: 14).  

Another major contradiction to the primary role of Cyprus in the copper production 

and trade in the LBA Eastern Mediterranean is the apparent scarcity of bronzes in the LC 

record as discussed in detail by Papasavvas (2012). In contrast to the previous Early and 

Middle Bronze Age period, from LCI onwards the preference for exotic luxury goods 

surpass the possession of bronze objects as a means to enhance power and to emphasize 

social inequality. Probably because copper was a local product in abundance bronze 

objects become less attractive to the LC population, which brings along a large diminution 

of bronzes in the archaeological records (Papasavvas 2012: 117-118). 

Approximately 350 LBA sites are identified on Cyprus, of which only about 20 

have been excavated (Kassianidou 2009: 59). Despite the fact that the LBA evidence for 

large-scale metal production to be expected of a major copper producer is largely missing 

from Cyprus - with the sole exception of the primary coastal site of Enkomi (Kassianidou 

2012b; Muhly 1989b: 299-301), the LCI primary smelting workshop at Politiko-Phorades 

(Knapp and Kassianidou 2008) and the LCIIC mining settlement of Apliki-Karamallos 

(Kling and Muhly 2007) -, the occurrence of primary or secondary smelting debris in 

nearly every single excavated LBA site is indicative of the fact that the production of 

copper was indeed a key aspect of the LC society and therefore could have indeed defined 

the economical and socio-political organisation of the island during the LBA (Muhly 

1989b: 301-302; Knapp 2013: 408).  
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Figure 1.6: Model of the archaeometallurgical, agricultural and social processes in the landscape of LBA 
Cyprus. The red arrows follow the course of copper as ore, metal or artefact (c.f. Given and Knapp 2003: 
317, Fig. 7.2; adapted by Lente Van Brempt). 

 

Through the studies on the metallurgical debris from various sites conducted 

heretofore it is concluded that copper sulphide ores, the main ore type available on Cyprus 

(Constantinou 1982; 2012), were smelted. The smelting of copper sulphide ores involves a 

multi-stage process (see Chapter 2). The organization of the production of copper on 

Cyprus is accordingly commonly related to the proposed settlement patterns: every stage in 

the metallurgical chain took place at a different settlement involved in the regional network 

(Figure 1.6). The earliest stages in the production process, i.e. ore beneficiation, roasting 

and primary smelting, would have been undertaken at the industrial sites (mining or 

smelting villages) located nearby the ore deposits in the foothills of the Troodos 

Mountains, where after the products were transported to the inland sanctuary or coastal 

urban centres for secondary or matte smelting, copper refining and the casting of ingots, 

and the alloying and casting of bronze artefacts (Given and Knapp 2003: 317; Hauptmann 

2011: 200; Knapp 1994: 287; Merrillees 1982: 375; Muhly 1989b: 302-304; Stech 1985: 

102-103). 
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1.2.1 A chronological overview of the copper production on Bronze Age Cyprus  

Despite the abundant presence of copper sulphide deposits in the geological 

formation of the pillow lavas within the foothills of the Troodos mountain range, the 

exploitation of the ore deposits in Cyprus started late in comparison to the neighbouring 

regions. This we can assign to the fact that the smelting of sulphide ores involves a much 

more complicated process than the smelting of oxide ores (Constantinou 2012: 5; 

Kassianidou and Knapp 2008: 220). The earliest metal objects date to the end of the 9th 

millennium BC and were found at Çayönü Tepesi, Anatolia. They were made of annealed 

native copper (Kassianidou 2013a: 231; Kassianidou and Knapp 2008: 216; Muhly 1989a: 

6-7; Stech 1999: 60). The earliest objects of smelted copper ores in the Mediterranean and 

Levant date to the mid-6th millennium, while the earliest evidence of the actual smelting 

activities only date to the early 3rd millennium, i.e. the beginning of the Bronze Age 

(Craddock 2000: 152-153; Kassianidou and Knapp 2008: 216-218). On Cyprus it is only 

by ca. 3500 BC (MChal) that the earliest copper artefacts appear, which were made of 

native copper (Peltenburg 2011: 3, 8). Probably copper was already smelted from its ores 

by the beginning of the Bronze Age (Kassianidou 2013a: 231-232), but it is only after 

about 1600 BC that the complicated technological process involved in the extraction of 

copper metal from sulphidic ores was fully optimized. Consequently Cyprus emerged as 

one of the most important sources of copper in the Mediterranean area (Constantinou 2012: 

5; Kassianidou and Knapp 2008: 217, 220; Muhly 1980: 45). 

Increasing evidence from recent fieldwork shows that the MBA was the period 

within which the foundations for the Cypriot copper industry were established 

(Kassianidou 2008: 256; Kassianidou 2013d: 133; See Chapter 2 for an overview of the 

MBA sites with metallurgical evidence). The earliest textual references to copper exported 

from Alashiya date to the 19th century BC (Knapp 2011: 250), and in the 17th-16th century 

unrefined copper from Ambelikou reached the site of Hazor in north Israel as ring- and bun 

ingots (Yahalom-Mack et al. 2014: 171, 173).  

In order to satisfy both local and external demands, an absolute intensification of 

the copper production occurred on Cyprus by the end of the MBA and beginning of the 

LBA.  This we can imply from the metallurgical remains at the sites of Enkomi and 

Politiko-Phorades as well as possibly Hala Sultan Tekke and Kalopsidha (Kassianidou 

2013d: 133-134; Knapp 2013: 406). By the LCII period Cypriot copper was widely 

distributed in the Eastern Mediterranean in the form of oxhide, and bun, ingots 
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(Kassianidou 2013d: 134-135, 142). The evidence for the copper smelting and/or working 

is represented in the archaeological records of nearly all sites in various areas of Cyprus 

such as the mining site of Apliki Karamallos, the primary (coastal) centres of Enkomi, 

Hala Sultan Tekke, Kition, Maroni, Kalavasos-Ayios Dhimitrios and Alassa and the 

agricultural site of Arediou or the rural sanctuary site of Athienou, as well as at the site of 

Pyla-Kokkinokremos (Kassianidou 2013d; Knapp 2013: 407-408; Muhly 1989b: 301-302; 

see Chapter 2 for a detailed overview). Alongside with the abandonment of many 

settlements and urban centres at the end of LCIIC, the metallurgical evidence on Cyprus 

largely decreases in the LCIIIA period but copper production was by that time a major 

activity at the sacred precinct of Kition and remains to be practiced at a smaller scale in 

various parts of Enkomi where the major copper workshops had been deserted 

(Kassianidou 2013d: 144-145). From the earliest phases of its occupation, i.e. MCIII-LCI, 

Enkomi becomes and remains a dominant site in the development of copper production in 

Cyprus (Knapp 2013: 407; Muhly 1989b: 299). Also the evidence for the export of Cypriot 

copper largely diminishes from the LCIIIA period onwards. 

Remnants from metallurgical practices dated to the 11th century BC are limited in 

Cyprus. It is commonly suggested that as a result of the events of the ‘crisis years’6 the 

external demand for Cypriot copper was largely reduced which caused a certain 

termination of the copper production on the island and a destabilization of the system of 

staple and wealth finance that interlinked the settlements of the hierarchical exchange 

networks. Consequently, by the end of the LBA and beginning of the Iron Age Faynan and 

Timna in the Arabah took over Cyprus’ role of major copper producer and exporter in the 

Eastern Mediterranean (Ben-Yosef et al. 2012: 64; Hauptmann 2007: 153; Knapp 1997b: 

68; Levy et al. 2004: 866; Yahalom-Mack et al. 2014: 174). However, as Kassianidou 

(2014) argues, the apparent decrease in copper production at Cyprus in the 11th century BC 

as implied from the archaeological evidence must not be taken as an indication for the end 

of the copper production on the island. It may as well be the outcome of the fact that the 

11th century BC on Cyprus holds a new beginning with the foundation of new Iron Age 

sites that will know a long occupation history (Iacovou 2002: 74). The earliest habitation 

levels with possible metallurgical evidence dated to the 11th century BC may thus be 

hidden below the historical layers of occupation (Kassianidou 2014: 265). Direct evidence 

                                                
6 By the end of the LBA most palatial complexes in the Aegean and many town centers in the Levant were 
destroyed and abandoned, which has led to a major collapse of the large-scale state-controlled Eastern 
Mediterranean trade. This may partly result from the growing decentralisation and privatisation of the trading 
activities by the end of the 13th century BC (Liverani 1987: 69-70; Sherratt and Sherratt 1991: 373; Voskos 
and Knapp 2008: 664; Ward and Joukowsky (Eds.) 1992). 
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for the continuation of Cypriot copper production and trade is found at the northern 

workshops of the temple complex at Kition that continued to be active in the 11th century 

BC (Muhly and Kassianidou 2012: 134), or in the slag heap at the open cast mine at 

Skouriotissa. Radiocarbon dating of two samples taken from the lower strata produced 

dates in the 11th and 10th century BC (Kassianidou 2014: 266). Indirect evidence is 

embodied in the wealth of the cemeteries throughout the island. The number of bronze and 

iron objects increases steadily from the 11th to the 8th century BC. These were likely made 

of fresh copper metal with rather high tin contents, indicating that both copper and tin were 

readily available on Cyprus in this period, either locally or as import product probably in 

exchange for local copper (Kassianidou 2014: 267; Muhly 1989b: 298-299; Muhly and 

Kassianidou 2012: 134). When the copper industry of the Arabah comes to an end in the 

last phase of the 9th century BC (Ben-Yosef et al. 2012: 65), metallurgical activities on 

Cyprus seem to intensify. From the 9th century BC the evidence for copper production 

becomes clearly visible again as slag heaps, wooden supports and other organic remains 

from the mines. Once again Cyprus had become a major exported of copper, which was 

possibly the foundation of the prosperity of the Iron Age kingdoms (Kassianidou 2014: 

267).  

1.2.2 Bronzes in Bronze Age Cyprus, tin in the Eastern Mediterranean 

Tin is generally added to copper to reduce the melting temperature and to improve 

the hardness and the corrosion resistance of an alloy. The standard binary bronzes typically 

contain about 10% tin, which is generally accepted to be an optimal tin concentration at 

which the hardness and brittleness are in balance (Charalambous et al. 2014: 210; 

Craddock 1980: 171; Hodges 1989: 64, 69).  

Bronzes made their first appearance on Cyprus in the transition between the Early 

and Middle Bronze Age, possibly as imported objects. The predominant alloy types 

produced on the island during the EBA and most of the MBA are arsenical copper and 

unalloyed copper. The majority of the first locally produced bronze objects were likely 

made of recycled bronze coming from imported finished objects, but the Lead Isotope 

Analysis by Webb et al. (2006) on objects from the various EBA sites has shown that by 

about 2400 BC bronzes were also made from local copper and imported tin (Kassianidou 

2003b: 109-110; Webb et al. 2006: 276). After a long period of the parallel occurrence of 
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bronze and arsenic-copper alloys, the use of bronze was fully established in Cyprus by the 

LBA (Kassianidou 2003b: 110). In contrast to copper, no tin deposits exist on Cyprus and 

the metal had to be imported. The establishment of bronze on the island can thus be 

coupled with the intensification of copper production and the increasing participation of 

Cyprus in the Eastern Mediterranean trade (Kassianidou 2003b: 111).  

Bronze was widely produced in the Bronze Age Eastern Mediterranean, but the 

provenance of the tin remains unknown. Possible tin-sources are located in Anatolia, Iran 

and Central Asia (Pigott 2011; 2012: 223; Weisgerber and Cierny 2002). Written sources 

from Mari describe the transport of tin as ingots over land from the Euphrates to Mari, 

where it was stored and further transhipped to well-known sites along the Syro-Palestinian 

coast (Kassianidou 2003b: 116; Muhly 1980: 37). There it was further distributed in the 

Mediterranean as far as the island of Crete (Muhly 1980: 38), possibly by similar trading 

mechanisms as copper was7. One ton of tin ingots found aboard of the Uluburun shipwreck 

alongside 10 tons of copper ingots (Pulak 2000) seems to justify the state-controlled trade 

of tin as bulk metal.  

The collapse of the official Eastern Mediterranean trading activities by the end of 

the LBA may have resulted in a general shortage of tin. The compositional study on bronze 

objects from the late 13th century BC Cape Gelidonya shipwreck (Stos 2009), LCIIC-IIIA 

Pyla Kokkinokremos (Charalambous and Kassianidou 2014), Early Iron Age Palaepaphos 

(Charalambous et al. 2014) and other examples (e.g. Pickles and Peltenburg 1998), 

however seems to show a certain continuity of the bronze industry and it can be concluded 

that there was no a shortage of tin that brought along the production of iron 

(Charalambous, in press; Charalambous et al. 2014: 214; Pickles and Peltenburg 1998: 80; 

Sherratt 1994), as was once argued by various scholars (e.g. Muhly 1980: 47; Snodgrass 

1980; 1982: 292). 

The written evidence and the markings of the tin ingots found aboard the Uluburun 

shipwreck and other terrestrial sites suggests that Cypriot merchants had an active role in 

the maritime trade of tin in the Mediterranean (Kassianidou 2003b: 116; Muhly 1980: 49). 

Once the eastern sources of tin were cut off because of the collapse of the palace societies 

by the end of the LBA, the Cypriots would have headed west (e.g. Sardinia) in the search 

for other tin sources (Kassianidou 2003b: 116). 

                                                
7 For a better understanding of the trading mechanisms existent during the LBA, see discussion Chapter 8. 
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1.2.3 Copper and religion 

 
Figure 1.7: Bronze statuette of the Ingot God found at Enkomi (height: 35 cm) (c.f. Karageorghis 2002: 96, 
Fig. 192). 

 

Early in the 60’s, at the excavations at Enkomi Ayios Iakovos on Cyprus, a bronze 

statuette was found which was attached to a base having the shape of an oxhide ingot 

(Figure 1.7). The human figurine was named the “Ingot God” and was interpreted as the 

protector of Cyprus’ copper mines. The existence of yet another small bronze figurine of a 

naked woman standing on an oxhide ingot and the discoveries of miniature ingots at 

Enkomi soon led to the assumption that copper production and consumption on Cyprus 

was under divine protection (Kassianidou 2005: 127-128; Knapp 1986a: 1, 3). The 

conviction of a religious domination over the copper production on LBA Cyprus is largely 

intensified by the close proximity between metallurgical remains and monumental 

structures at the urban centres of Enkomi, Kition, and Hala Sultan Tekke and the rural 
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sanctuary sites of Athienou and Myrthou-Pigadhes (Kassianidou 2005: 129; Knapp 1986a: 

1, 3).  

Nevertheless the fact that it is generally assumed that there existed a close 

connection between cult and metalworking in the Eastern Mediterranean, Knapp (1996b) 

has suggested that this seemingly religious domination over copper production in LBA 

Cyprus should be understood as a form of ideology rather than religious belief 

(Kassianidou 2005: 130; Knapp 1986a: 4; 1996b: 90-91). As the emerging elite had the 

control over the production, distribution and consumption of copper, their activities 

became more and more intertwined with ritual practices. Needing new types of insignia 

and ideology, they would, for example, relate themselves with the territorial entities of the 

inland sites located on the exchange route between the mining sites and the primary coastal 

consumption/distribution centres. The buildings at these sites possibly formed part of the 

elite’s ideology to facilitate the bringing together of the production-oriented periphery 

inland and the consumption/distribution oriented coastal centres (Cadogan 1996: 19-20; 

Knapp 1996b: 90).  

Therefore the wide array of archaeological features from LBA Cyprus may be seen 

as ideological (political and economic) rather than religious in nature. The major buildings 

and their contents, the statuettes and miniature ingots, as well as certain smelting practices 

as suggested by Doonan et al. (2012), hence possibly serve the needs and aims of a newly 

established secular elite that was attempting to secure, legitimize and maintain their control 

over the Cypriot copper industry. Therefore the production and distribution of copper 

might not have been related to religious activities and the assumption of a copper industry 

under religious control is to be questioned (Cadogan 1996: 19-20; Doonan et al. 2012: 55; 

Keswani 1993: 78-79; Kassianidou 2005: 130; Knapp 1996b: 92-92). 

1.2.4 Previous studies on LC metallurgy 

Archaeometallurgical studies in relation to LBA Cyprus have been dominated by 

the investigation of the trade of Cypriot copper whereby many have sought to identify the 

provenance of the oxhide copper ingots. However, as emphasised by Manning and Hulin 

(2008), provenance studies are almost irrelevant to a social archaeology of material 

culture. They highlight patterns of production and distribution, and not of consumption 

(Manning and Hulin 2008: 271). On the other hand, the many typological studies on metal 
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artefacts (e.g. Catling 1964; Matthäus 1982) mainly involve the understanding of the dual 

dimension that is related to the consumption of the objects: either the instrumental feature 

connected to the artefact’s function, or the social meaning and symbolism of the artefact 

symbolic aspects of consumption. As stressed by Pfaffenberger (1992), alleged functions 

related to an artefact do not provide a clear image of the human needs or the challenges he 

has faced as the function of an artefact is highly subject to cultural definition 

(Pfaffenberger 1992: 496, 503).  It is therefore technology, in combination with the social 

coordination of labour, which illustrates the human capacity to adapt to its environment 

and to satisfy his needs (Pfaffenberger 1992: 497). Technology is nowadays usually 

defined as “a social process which involves people’s daily practices and abilities, their 

beliefs, and their capacity to negotiate complex spatial, economic and political 

relationships” (Kassianidou and Knapp 2008: 232). The awareness that technology does 

not only involve material matters but also human actions, which in turn affect the social 

organization (Kassianidou and Knapp 2008: 232), brings along the general desire to 

unravel the technological process in the production of metal artefacts. 

By the end of the 1970’s and early 1980’s the archaeometallurgical studies for LBA 

Cyprus were characterised by an increase in the investigation of metallurgical debris with 

the aim to unravel the technological process (e.g. Bachman 1982a; 1982b; Koucky and 

Steinberg 1982; Stech 1982; 1985; Stech et al. 1985; Steinberg and Koucky 1974; Tylecote 

1982; Zwicker et al. 1972; 1977). Nevertheless, these early attempts sank into oblivion 

during the 1990’s by the fierce lead isotope analysis discussion (see discussion in Journal 

of Mediterranean Archaeology 8:1, 1995) and a thorough comprehension of the 

technological aspects of the copper production process and its spatial and social 

organization on LBA Cyprus remains restricted.  

Stech emphasised already in 1982 the variable and confusing evidence published 

on Cypriot smelting because of the lack of a comprehensive program of analysis of the 

remains: the characterisation of the smelting industry have been made on the basis of only 

a few slag without a clear correlation with the archaeology of the site and often through 

observation of slag heaps and mines of which the date is not certain. Also are the quantities 

of slag present at the sites frequently absent from the excavation reports and published 

analytical studies and therefore difficulties arise to assess the scale of metallurgical 

activities at the sites (Stech 1982: 105). In addition, often a highly diverse analytical 

methodology is applied and publications frequently comprise rather poor discussions of the 

results (see Chapter 2 for an overview). Recent studies and publications on the 
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metallurgical remains from various LBA sites such as Politiko-Phorades (Knapp and 

Kassianidou 2008) have largely improved, but the largest and most important evidence 

from the sites of Enkomi, Kition and Hala Sultan Tekke demand a renewed and 

comprehensive program of analysis of the smelting slags and other metallurgical remains 

that can contribute to some of the earliest metallurgical studies ever conducted on Cypriot 

material. 

With the continuation of excavations of LBA sites the metallurgical evidence may 

be expanded, but currently there is even larger need for a detailed, coherent and 

comparative study of all collected remains within which a uniform terminology and 

methodology is applied and sufficient samples are investigated to guide us towards reliable 

results representative for the complete assemblage of every Bronze Age site.  

Even though the metallurgical evidence for LBA Cyprus is not extensive, they do 

conceal the wide range of technological choices made by the ancient craftsmen during the 

production process of copper metal. Through their study we may be able to reconstruct not 

only the technological processes but also its social and spatial organisation (Kassianidou 

and Knapp 2008: 233). Therefore, a comparative study of the metallurgical remains from 

all LC sites can give us the opportunity to characterize the internal copper industry of LBA 

Cyprus, which will hopefully contribute to a better understanding of the Cypriot society 

during one of the most important periods of the island’s history. 

1.3 Archaeometallurgy as a means to study economic and socio-political interaction: 

theory and approach 

Metals are perceived to play a fundamental role in the social, economic and 

technological fabric of most post-Neolithic societies (Rehren and Pernicka 2008: 240). The 

production and use of metals involves a series of diverse human activities that are related 

to chemical and physical transformations of materials; namely from the change of the ore 

into metal. Hauptmann (2007) summarizes these interactions in a ‘metallurgical chain’ that 

includes various technological steps such as mining, smelting and further processing that 

are controlled by different factors. These factors can be technical but as well culturally or 

socially constructed (Hauptmann 2007: 7-8).  
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Within this present project the archaeometallurgical evidence is used to investigate 

the technological behaviour. The aim is to combine social and physical science within the 

interpretative framework of the anthropology of technology.  

Hauptmann (2007)’s ‘metallurgical chain’ parallels the approach of the chaîne 

opératoire. The basis of this approach lies in M. Mauss (1872-1950)’ consideration of 

technology as a “total social phenomenon” whereby technological activity is established 

within an influent social and historical context. When a human being creates and 

transforms, he simultaneously creates and transforms himself (Martinón-Torres 2002: 30). 

The term of technology has been given various meanings, leading to many different 

perspectives in the study of ancient technology (Miller 2007:4). Miller (2007) broadly 

thinks of technology in a context of “an outwardly expanding, nested set of actions and 

relationships: from production itself, to the organization of the production process, to the 

entire cultural system of processes and practices associated with production and 

consumption (Miller 2007: 4)”. Technology hereby refers to the active system of 

interconnections between people and objects during the creation, distribution, the use and 

disposal of the object (Miller 2007: 5). Technologies are at any place and at all times 

socially formed, and are embedded in social and material transformation, each necessarily 

instantiating the other (Dobres 2000: 96). Technology is therefore to be perceived as “a 

process of combined social and material engagement situated within and structured by the 

interactions of technical agents with each other and their material world in historical 

contexts of time, space and culture (Dobres 2000: 125)”. Consequently, every stage of a 

technical action can provide information not only about the subject of that action, but also 

about the society within which the given action is inscribed (Martinón-Torres 2002: 30). A. 

Leroi-Gourhan (1911-1986) suggests that through the examination of the “enchained” 

operational cycle of every technical activity we can assess the dynamic and contextually 

determined relationship between the human being and materials (Martinón-Torres 2002: 

30-31). 

In its strict sense the term of chaîne opératoire refers to the sequence of actions 

involved in the production of an artefact. In its broader sense the term alludes to a 

succession of actions within which material, humans, gestures and knowledge interact 

(Martinón-Torres 2002: 33). As this conceptual chain commences with the raw material 

and ends with the final abandonment of the manufactured product after use and even re-

use, it underlines the study of the artefact’s entire life-history. The comprehensive 
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reconstruction of the operational sequence can be achieved by the application of a wide 

range of analytical techniques (Martinón-Torres 2002: 33). 

Nowadays the chaîne opératoire is used as an approach in the study of technology 

that deals with another dimension of the object of study, i.e. the operational sequence as a 

socially embedded reality (Martinón-Torres 2002: 33-34). Every stage of the technological 

activity is defined by the human choice. Evidently technological practices are constrained 

by the laws of physics and chemistry and by their geological, ecological and historical 

settings, but within these constraints there is usually more than one technology that can be 

used in the accomplishment of a given task. The choice, whether conscious or 

unconscious, of a certain technology over other functionally equivalent options is largely 

outlined by the beliefs, social structure and prior choices of the society or group under 

study (Killick 2004: 571-572; Lemonnier 1993: 5-6; Martinón-Torres 2002: 34-35; 

Martinón-Torres and Killick, in press; Sillar and Tite 2000: 8). Technology therefore 

embodies the dynamic relation between the individual and the context, i.e. the socio-

economical imperatives, the cultural conditions and the inherited technological knowledge 

that guide the personal choice (Martinón-Torres 2002: 35). This technological choice can 

be either unconscious or conscious. In the case of the latter the technological activity is a 

means to respond to the established habitus or to define both homogeneity and diversity 

within a particular group (Martinón-Torres 2002: 36). In order to fully understand the 

technological choices made in the past, there is a need to consider the complete trajectory 

of the chaîne opératoire for the production of an object within its overall life cycle (Sillar 

and Tite 2000: 16).  

Materials sciences are most suitable to provide an explanation for technological 

choice based on material or functional factors, and may form the baseline against which 

the role of the cultural factors can be measured (Sillar and Tite 2000: 17). The field of 

archaeometry nowadays successfully aims to combine specialised applications of science-

based approaches to address archaeological and historical questions (Rehren and Pernicka 

2008: 232). The social organisation of technology and the cultural aspects of its production 

and use have become dominant themes (Thornton 2009: 29). However, for long, and to 

some extent still today, a large discrepancy existed between archaeological theory and 

archaeological science. Scientist and archaeologist failed to find common ground because 

the supposedly rationality and objectivity of science was incompatible with the relativism 

and subjectivity of archaeology (Martinón-Torres and Killick, in press). It is since the 

1970’s and 1980’s (New Archaeology) that the application of scientific techniques to 
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archaeology was expanded (Martinón-Torres and Killick, in press), with the aim to explain 

past human action rather than simply describing it (Pollard and Heron 2008: 8). Initially 

the physical scientist only had a limited understanding of archaeology and its underlying 

aims and therefore technological studies were limited to the reconstruction of the 

technological process avoiding any interpretation in terms of the cultural reasons for 

particular technological choices (Sillar and Tite 2000: 15). “Bland technical data only 

become culturally meaningful when they are integrated and interpreted within the relevant 

archaeological, historical, technological or social context (Knapp 2000: 36)”. Today it is 

well understood that the use of empirical data in combination with archaeological and 

anthropological interpretation can deliver the most holistic observation of ancient 

technologies in their social and cultural context (Thornton 2009: 30). This has resulted in 

either close collaboration between scientists and archaeologists, or the academic training of 

archaeological scientist that are able to bridge the gap between archaeology and science 

(Martinón-Torres and Killick, in press; Thornton 2009: 30). 

The subdiscipline of archaeometallurgy is commonly defined as “the study of 

ancient metallurgical technology, focusing exclusively on the manufacturing process from 

ore selection and mining to the production of metal objects (Thornton 2009: 26)”. But as 

Thornton (2009) notifies, this definition mainly puts an emphasis on the technical rather 

than the human aspects in the production and use of metals and therefore intensifies the 

division between archaeological science and archaeological theory (Thornton 2009: 26). 

Therefore archaeometallurgy is better perceived as a fully human experience (Killick and 

Fenn 2012: 569), and nowadays deals with all aspects of the production, distribution and 

usage of metals through the human history and cultural-historical questions are addressed 

through the application of various scientific methods (Rehren and Pernicka 2008: 233-

234). 

The earliest examples of studies on ancient metallurgy date to the end of the 18th 

and beginning of the 19th century and involved the determination of the authenticity and 

antiquity of metal artefacts. The artefact analyses were eventually reported in 

archaeological publications by the end of the 19th century. The beginning of the 20th 

century saw the appearance of a combination of ethnographic reports with archaeological 

and analytical data but the scientist relied on the archaeologist to provide the 

archaeological interpretation (Thornton 2009: 27-28).  

The theories of Engels and Marx (late 19th cent.) within which metals were 

conceptualised as important indicators of certain social evolutionary stage and integral 
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components of the ancient socio-economic system brought along Childe’s (mid 20th cent.) 

synthetic models and theories about ancient metallurgy without the use of scientific 

analysis: social evolution and class construction through technological advancement and 

craft specialisation (Thornton 2009: 28). Yet these theories lack the integration of the 

human/societal and the technical aspects of ancient metallurgy (Thornton 2009: 28).  

It is only in the 1970’s that scientific methods of analysis were combined with 

archaeological fieldwork, ethnographic research and/or experimental reconstruction in 

order to understand the interaction between ancient societies and their metallurgical 

technology (Killick 2001: 486; Thornton 2009: 28). Beno Rothenberg’s (1914-2012) work 

at Timna is a great example of these developments (e.g. Rothenberg (Ed.) 1990). Until 

today he is seen as the ‘father’ of archaeometallurgy. R. Tylecote (1916-1991) (e.g. 

Tylecote 1977; 1980a; 1980b) aimed to continue this integrated approach but as his work 

was largely empirical, i.e. focused upon the reconstruction of past techniques in 

metallurgy, it paid little attention to the socio-cultural aspects (Killick 2001: 486). It was 

C. S. Smith (1930-1992) who puts first emphasis on questions such as: why did human 

domesticate metals? what social impact may this have had (Killick 2001: 486; Thornton 

2009: 28)? The adoption or application of a technology would not result from some 

technical or economic necessity, but from aesthetics and other socio-cultural desires. He 

therefore argued that in order to know why the ancient human wanted metals, we had to 

know how they made metals. Since the desire of the craftsperson should be apparent in the 

finished product at chemical, physical and visual level, by studying the artefact 

scientifically at all three levels we should be able to construe a pattern (Thornton 2009: 

28). Within the framework of H. Lechtmann’s conception of technological style, i.e. “the 

manner in which an object is made unconsciously reflects (and actively recreates) the 

ideological ‘worldview’ of the craftsperson and his or her society through the medium of 

non-verbal communication known as style (Thornton 2009: 29)”, it is assumed that by 

studying the metallurgical practices in particular regions or site, we may be able to deduce 

a local technological tradition that defines the metallurgy of that region and the desires, 

taboos and rules that structured the ancient societies (Thornton 2009: 29). Le
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1.4 Research questions, aims and objectives 

The present project is composed of two major parts the aims of which are:  

1. To reveal the relationship between the political and technological centres and hence 

to identify how copper metallurgy was socially and spatially organised, intra-site, 

regionally and island-wide, in LBA Cyprus. This will be achieved through the 

multi-disciplinary and comparative study of the metallurgical remains from a 

number of LCIIC sites and the consequent reconstruction of the chaîne opératoire 

and the technical, social and/or cultural constrictions of the technological choices. 

2. To shed some light on the way in which copper was exchanged and hence to 

comprehend the trading activities during the LBA in the Eastern Mediterranean. 

This will be tackled through the primary characterization of the unstudied copper 

ingot fragments from the LBA shipwreck of Cape Gelidonya.  

1.4.1 Part I: Copper production in Cyprus during the Late Cypriote IIC period 

The first technological part of the present project primarily focuses on the 

Vasilikos, Maroni and Kouris River valleys in south-central Cyprus. As discussed before, 

it has been argued that the impetus for the establishment of the urban complexes near the 

south coast of Cyprus lies in the general interest to participate in the international trading 

activities (Keswani 1996: 238; Peltenburg 2012: 13; Sherratt & Sherratt 1991: 256), which 

was facilitated by the growing external demand of Cypriot copper and the advantageous 

close proximity of copper-sources to the coast within this area of the island (Pickles and 

Peltenburg 1998: 90). Consequently these regions receive until today much scholarly 

attention in the attempt to understand the regional settlement organisation. There are recent 

field projects which include geophysical survey and renewed excavations at the localities 

of Kalavasos, Maroni and their surroundings (e.g. Fisher et al., in press; Leon et al., in 

press; Manning et al. 2014). The importance of these southern regions in LBA Cyprus is 

also emphasized by their identification as possible sources for the clay used in the 

production of the well-known Amarna clay tablets from the king of Alashiya (Goren et al. 

2003). As commonly anticipated for any region in LBA Cyprus, copper must have played 
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also within the southern river valleys a major role. The metallurgical debris from this 

region was however so far only studied to a rather limited extent. 

 

During the 13th century BC two primary centres existed largely contemporary 

within the Maroni and Vasilikos River valleys at a distance of only 6.5 km from each 

other. Despite the difference in the geographical situation of the sites within the valleys 

and the regional settlement organisation8, the LCIIC urban centres of Kalavasos-Ayios 

Dhimitrios and Maroni-Vournes do show many similarities (South 2002: 63-64). Both 

have monumental ashlar buildings9 that were similar in plan and function, which seems to 

have been related to administrative activities rather than religious practices: the control of 

manufacture and storage of large quantities of olive oil (South 2002: 64; 2015: 223).  Both 

had access to the same quantity of luxury and imported goods and must hence have been to 

a certain degree involved in the international trade (South 2002: 64). Most remarkable is 

that both valleys appear to have shared the same copper resources. North of the modern 

village of Kalavasos a major copper-mining area can be found (South 2002: 65; Pantazis 

1967: 142-152). Unfortunately, whether the copper mines of Kalavasos were actually 

exploited during the Late Bronze Age occupation of the valley remains uncertain, as no 

archaeological evidence has yet been found. Also, lead isotope analysis on the 

metallurgical remains from Kalavasos-Ayios Dhimitrios has shown the use of various ore 

deposits but not those from Kalavasos (Gale & Stos-Gale 2012: 79). This was confirmed 

by the present project. 

As the mining area is located on a reasonably close proximity to the coast, direct 

exchange contact could be maintained with both primary towns without the need of 

intermediary centres (Keswani 1993: 79). However, the exact relation between the two 

valleys and their major sites remains unclear. It has been argued that two individual 

regional networks may have functioned peacefully side-by-side; one with Kalavasos-Ayios 

Dhimitrios as primary centre in relation to the possible coastal site discovered at the 

                                                
8  The settlement of both valleys differ largely in the geographical situation and hence spatial 
organisation.Kalavasos-Ayios Dhimitrios, was located more inland, was the sole settlement of such large size 
within the Vasilikos River valley within which various much smaller industrial sites involved with either 
agricultural activities of ceramic production were widely scattered within an area running from the mountains 
in the north to the surroundings of Ayios Dhimitrios. Maroni-Vournes was part of a large urban area located 
near the coast consisting of a cluster of sites of nearly equal size (South 2002: 63-64; Manning et al. 2014: 10, 
22). 
9 The construction and abandonment of the Ashlar Building of Maroni-Vournes was possibly a little earlier in 
date than the ashlar Building X at Kalavasos-Ayios Dhimitrios, which exceeds the former slightly in grandeur 
and possibly took over some its functions (South 2002: 63, 65). 
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locality of Tochni-Lakkia (Sewell 2015: 187), located near the modern village of Zygi, and 

the other with Maroni-Vournes as primary centre in relation to the nearby coastal town of 

Maroni-Tsaroukkas (South 2002: 64-65). Based on earlier suggestions (Courtois, 

Hadjisavass, in Manning et al. 2002: 109-111) it has also been taken into consideration that 

both areas took part in the same network within which the site of Kalavasos-Ayios 

Dhimitrios might have functioned as controlling administrative and transhipment point in 

relation to the coastal site of Maroni-Tsaroukkas, which would have carried out the 

commercial functions of both Ayios Dhimitrios and Maroni-Vournes (Knapp 2008: 142; 

2013: 357).  

With the attempt to gain a better understanding of the socio-political and economic 

organisation of this part of the island, the main objective of the first part of the present 

project was to unravel how the copper production was organised within the Vasilikos and 

Maroni River valleys through the identification of the different stages in the technological 

process, with a major focus on the earliest steps of smelting and refining, and a 

reconsideration of the Kalavasos ore deposits as a possible LBA source. This was done by 

a comparative and multi-disciplinary study of the extensive metallurgical assemblage 

found at the urban settlement of Kalavasos-Ayios Dhimitrios. Additionally, a very small 

slag assemblage from Maroni-Tsaroukkas has also been studied, compared and contrasted 

with the material from Kalavasos-Ayios Dhimitrios and the metallurgical debris from 

Maroni-Vournes which have been analysed and recently published by R. Doonan, G. 

Cadogan and D. Sewell (2012). Also some later material from the Vasilikos valley 

recovered nearby the mines was exposed to provenance studies to offer comparison to the 

data obtained for the LCIIC material from Kalavasos-Ayios Dhimitrios. 

 

About 35 km to the west of Kalavasos, in the neighbouring Kouris river valley, lies 

the LCIIC-LCIIIA site of Alassa. At the locality of Paliotaverna the ashlar Π-shaped 

monumental Building II was excavated that functioned as the controlling administrative 

centre of the Kouris river valley, likely in relation to the coastal site of Episkopi-Bamboula 

(Hadjisavvas 1996: 36; 2000: 396). A limited amount of metallurgical remains was 

recovered at the localities of both Alassa-Paliotaverna and Pano Mandilaris, including 

mainly objects, a few pieces of slag, fragments of copper ingots and a pot bellow 

(Hadjisavvas 2011). This admittedly small assemblage will also be studied, compared and 

contrasted with that from the sites of the Vasilikos and Maroni valleys. 
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Finally, the project also includes the study the metallurgical remains from LCII 

Arediou-Vouppes, which was only recently excavated. This rural site has been identified as 

an agricultural supporting village involved in provisioning one or more smelting sites in 

the cupriferous region of Politiko and Mitsero similar to the primary smelting workshop of 

Politiko-Phorades, located at a distance of 10 km which however is earlier in date (LCI) 

(Steel 2009: 138; Knapp 2003: 376; Knapp and Kassianidou 2008). The fairly small 

assemblage of metallurgical remains found at the site will be investigated in order to define 

the metallurgical processes from which the material derives from and where these may 

have taken place. 

 

The general objectives of this first part of the present project are thus: 

• To identify the nature and extent of the metallurgical activities at each site under 

study through the characterization of the metallurgical debris and hence the 

technological process of the local copper production; 

• To compare the nature of the metallurgical activities at every settlement within the 

same region in order to reconstruct the regional metallurgical chain and its spatial 

organization; 

• To evaluate the role of copper within the economical and socio-political regional 

networks in order to reconstruct the regional socio-political organization of the 

copper production; 

• To compare the metallurgical activities and intra-regional exchange networks of the 

southern valleys and to define the economical and socio-political relation between 

them. 

• To identify possible differences in the technology and organization of the copper 

production process of the southern region in contrast to the inland sites and coastal 

centres of the eastern regions; 

To reach these objectives a uniform and interdisciplinary methodology was applied 

and all types of available metallurgical remains from all sites were analyzed by means of 

various analytical techniques. The acquired results for the various sites were consequently 

contrasted to each other and with the published studies from other contemporary sites. 

To conclude, the final aim of the first part of the present project is to make a 

contribution towards our current understanding of the technological processes in the 

smelting of sulphide ores and the production of copper, and the way the copper industry 

was organised in Cyprus by the 13th century BC, a period in which the island acted as a 
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major copper-producer and -exporter in the Mediterranean. Hopefully this may guide us 

towards a better comprehension of the economical and socio-political structure of the 

island during the LBA, and hence the ancient Cypriot society. 

1.4.2 Part II: The copper ingots from the Cape Gelidonya shipwreck 

The second and smaller part of this thesis investigates the trade of the Cypriot 

copper through the study of an assemblage of copper ingots fragments from the Cape 

Gelidonya shipwreck. The largest assemblages of copper ingots, oxhide and bun shaped, 

were found aboard of two LBA shipwrecks discovered along the south coast of Turkey; the 

well-known Uluburun ship, dated to the end of the 14th century BC, and the Cape 

Gelidonya shipwreck, late 13th century BC (Bass 1967; 1991; 2005; Pulak 1997; 2000; 

2008). Due to the high amount of fragments of ingots within the Cape Gelidonya metal 

cargo in comparison to those of the Uluburun shipwreck, the nature of the Cape Gelidonya 

assemblage is clearly of a different kind and lead to its identification as a possible 

merchant’ or trader’ ship with its own metalworker on board (Bass 1967: 163; 1991: 73; 

2005: 51; Muhly 2009: 26; Muhly et al. 1977: 361; Sherratt 2000: 87). Both shipwrecks 

are often presented as a fixed image of a certain time period and the changing economic 

and socio-political organisation of the LBA trade in the Eastern Mediterranean and the 

societies involved: from the centralised state-controlled trade of bulk metals to a 

decentralised private commerce of scrap metal  (Artzy 2000: 28-29; Knapp and Cherry 

1994; Sherratt and Sherratt 1991: 366-367; Sherratt 1998: 299; 2000) 

Nevertheless, in his exemplary excavation report Bass (1967) only recorded the 

complete and halves of oxhide and bun ingots. The existence of the large amount of ingot 

fragments was merely communicated by means of a short notice: “Lastly, there were 

almost seventy-five kilograms of ingot fragments which had been cut or broken away at 

random from complete ingots (Bass 1967: 53)”. Boxes with hundreds of small fragments 

were recently found in the storage rooms of the Museum of Underwater Archaeology in 

Bodrum, and identified by Dr. Cemal Pulak as copper ingot fragments coming from the 

Cape Gelidonya excavations (Hirschfeld et al. 2010: 20). Also during later surveys of the 

site more fragments were found (Hirschfeld and Bass 2013: 101-102). Consequently the 

whole assemblage of fragments was recorded, photographed, classified and discussed 

according to their macroscopic features.  
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The second part of the present project hence comprises an overview and discussion 

of the quantities and macroscopic features of the many ingot fragments and the general 

metal cargo, and some reflections on the position of the Cape Gelidonya ship in the LBA 

trading activities of the Eastern Mediterranean. 

By means of this primary macroscopic study valuable information may be 

retrieved, but reliable conclusions on the technology used in the production, working and 

breaking of the copper ingots and hence the economic and socio-political framework of 

their production and distribution can only be reached by further analytical research. Past 

analytical studies on the copper ingots have primarily been directed towards the 

identification of their provenance by means of lead isotope analysis, and the 

microstructural and chemical analysis of the complete, halves and quarters of ingots 

coming from the Uluburun shipwreck (e.g. Hauptman et al. 2002). The ingots from Cape 

Gelidonya were only studied to a limited extent (e.g. Muhly et al. 1977). The lack of a 

profound and uniform study of the copper ingots from the Gelidonya shipwreck and the 

many other terrestrial sites is striking. A multi-disciplinary study of the Cape Gelidonya 

ingots in contrast to those from the Uluburun shipwreck and others sites may even 

highlight possible changes throughout time. Therefore the final objective of the second part 

of the present project is thus to clarify the value of the assemblage of the Cape Gelidonya 

shipwreck in the further understanding of ancient metallurgy and related technologies and 

the LBA trade in the Eastern Mediterranean, and the importance therefore of a detailed 

analytical study of the ingot fragments.  

1.5 Organisation of the thesis 

Chapter 2 comprises an introduction to the geology of Cyprus and the current 

understanding of the complicated process of the smelting of copper sulphide ores. This is 

followed by an overview of the metallurgical assemblages of various LBA sites and the 

archaeometallurgical studies undertaken so far leading to a summary of the current 

understanding of the technological aspects and the organization of the copper production 

process in LBA Cyprus.  

Chapter 3 describes the methodology applied in the present project in order to 

successfully achieve the objectives. The sample strategy and techniques and the various 
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analytical methods used in the multidisciplinary study of the metallurgical remains under 

investigation are explained in detail. 

Chapter 4 embraces the copper production at Kalavasos-Ayios Dhimitrios and 

commences with an introduction to the geology, settlement history and metallurgical 

activity within the Vasilikos River Valley and the archaeological background of the site 

under study. Consequently this chapter presents the spatial distribution of the various types 

of metallurgical debris from Kalavasos-Ayios Dhimitrios, which is followed by a 

discussion of the results from the macroscopic, microscopic, chemical and experimental 

analyses of the slag, technical ceramics and metal objects. This chapter closes with some 

primary conclusions on the technological process in the production of copper and its 

spatial organisation at the site and within the wider valley.  

Chapter 5 includes the similar discussion and primary conclusions on the analytical 

study of the slag assemblage from Maroni-Tsaroukkas. It is introduced by an overview of 

the settlement and metallurgical activity within the Maroni River Valley during the LBA 

and the archaeological background of the site under study. 

Chapter 6 commences with an introduction to the LBA site of Alassa after which 

the results from the analytical study of the metal objects from Alassa-Pano Mandilaris and 

–Paliotaverna are discussed and brought together to a primary conclusion. 

Chapter 7 comprises the discussion of the metallurgical remains from Arediou-

Vouppes. The chapter is introduced by an overview of the archaeological context and the 

metallurgical assemblage. Consequently the results of the analyses on the slag, technical 

ceramics, stone tools and metal objects are debated and summarised in a primary 

conclusion. 

Chapter 8 turns towards the metals trade in the LBA Eastern Mediterranean and the 

macroscopic study of the copper ingots from Cape Gelidonya. It commences with an 

introduction to the Cape Gelidonya shipwreck and its metal cargo. Consequently the 

phenomenon of the oxhide ingots is discussed, including their possible function, 

distribution and an overview of the conducted provenance and technological studies. 

Thereafter the results of the macroscopic investigation of the fragments are specified, 

leading to a discussion on the metal cargo and the function of the Cape Gelidonya ship and 

the much-discussed mechanisms of the metals’ trade of the LBA Eastern Mediterranean. 

This chapter is concluded by emphasising the value of a further technological study on the 

ingot assemblage, including the suggestion of a suitable methodology. 
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The final Chapter 9 is two-folded. The first part includes the comparative 

discussion of the results of the newly acquired analytical studies on the metallurgical 

remains from Kalavasos, Maroni, Alassa and Arediou which are contrasted to the 

published results of various contemporary sites leading to conclusions on the technological 

process in the production of copper and its socio-political and spatial organisation within 

the various sites and regions and hence the organisation of the copper industry in LBA 

Cyprus, and a re-evaluation of the role of copper in the LC society. The second part 

encompasses the discussion of the role of the Cape Gelidonya shipwreck in the LBA trade 

of the Eastern Mediterranean and the export of Cypriot copper during the contemporary 

period of LCIIC. This guides us to the final conclusion on the production and trade of 

Cypriot copper in the Late Bronze Age. 
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CHAPTER 2 -  COPPER PRODUCTION ON LATE BRONZE AGE CYPRUS, THE 

ARCHAEOLOGICAL EVIDENCE 

2.1 Introduction 

Cyprus is well-known for its abundant copper ore deposits located within the 

pillow lavas of the Troodos Mountains, which make the island one of the richest countries 

in the world in copper per unit of surface area (Constantinou 2007: 337; Constantinou 

2012: 5). According to Constantinou (2012: 7) the unique geology of the copper sulphide 

deposits “enabled the Cypriot miners to produce for the first time in the Eastern 

Mediterranean more copper than the local demand and to export the surplus to the 

surrounding countries” as soon as the complicated multi-phase process of sulphide 

smelting was understood. Consequently by the 13th century Cyprus had become the 

dominating producer and exporter of copper in the eastern Mediterranean and the Near 

East (Constantinou 2012: 7; Kassianidou 2013d: 145). The occurrence of copper sulphide 

would however have caused a certain delay in the development of copper production on 

Cyprus in comparison to the neighbouring regions where primarily oxide ores were 

smelted.  

After an introduction to the geology of the island and the complex technological 

process of sulphide smelting, this chapter addresses the beginning of copper production on 

the island and the archaeological evidence for copper smelting and working in LBA 

Cyprus. This is combined with an overview of the past analytical studies on these 

metallurgical remains and a discussion of the resulting conclusions, which will guide us to 

a chronological overview of the metallurgical activities on Cyprus and a brief summary of 

the current understanding of the copper production process, the technological practice and 

its spatial organisation during the LBA. 
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2.2 The geology of Cyprus 

Topographically and structurally Cyprus is divided into four major areas: 1) the 

Kyrenia Range consisting of the Pendaktylos mountains running parallel to the north coast; 

2) the fertile Mesaoria Plain composed of autochthonous sediments deposited on the 

northern extension of the Troodos ophiolite; 3) the Troodos mountain range which covers 

almost a third of the total area of the island; and 4) the Mamonia Complex to the south 

west  (Constantinou 2007: 338; Kassianidou 2013b: 36).  

 
Figure 2.1: Theoretical representation of the geological evolution of Cyprus showing the formation and 
uplifting of the Troodos Ophiolite Complex (c.f. Cohen et al. 2011: 6, Fig. 5). 
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Figure 2.2: Map of the Troodos ophiolite complex, showing the location of the major copper deposits and the 
fossil spreading axes. Limni axis: (1) Limni, (2) Evloymeni, (3) Kinousa, (4) Uncle Charles. Solea axis: (5) 
Mavrovouni, (6) Apliki, (7) Skouriotissa, (8) Alestos, (9) Memi. Larnaca axis: (10) Kokkinoyia, (11) 
Kokkinopezoula, (12) Agrokipia, (13) Klirou, (14) Pitharochoma, (15) Peristerka, (16) Kambia, (17) 
Kapedhes, (18) Mathiati, (19) Sha, (20) Strongyli, (21) Anglisidhes, (33) Troulli. Kalavasos axis: (22) Petra, 
(23) Mousoulos, (24) Mavridhia, (25) Landaria, (26) Mavri Sykia, (27) Platies, (28) Mazokambos, (29) 
Mangaleni. Other occurrences: (30) Pevkos, (31) Laxia tou Mavrou and Pevkos, (32) Perevasa (c.f. Gale 
1999: 144, Fig. 6). 

 

The Troodos Ophiolite Complex was formed by volcanic activity at the sea floor 

about 90 million years ago. By a series of complicated geological processes the complex 

was consequently uplifted to its present elevation of 1951m above sea level (Figure 2.1). 

As a result of the new topography the annual precipitation and water resources increased 

and a thick cover of fertile soil was formed through weathering. The climatic changes 

facilitated agriculture and the establishment of a thick forest (Cohen et al. 2011: 5; 

Constantinou 1982: 13; Constantinou 2012: 5). Furthermore, the submarine volcanic 

activity caused the formation of economic mineral deposits in the various stratigraphic 

horizons of the Troodos complex. Amongst those are the massive cupriferous sulphide 

deposits occurring in the Pillow Lavas, which were covered by a layer of younger volcanic 

and sedimentary rocks of about 3000m thick after their formation (Constantinou 1982: 13; 

Constantinou 2012: 5). The rapid uplifting of Troodos initiated extreme erosion: the 

sediment cover was removed and all the principal geological rock units were exposed, 

including the volcanic and sulphide copper deposits. The exposed sulphide deposits 
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consequently experienced extensive subaerial oxidation stimulated by the geological and 

climatological conditions (Contstantinou 2012: 5).  

The copper deposits of Cyprus are thus confined to the Troodos pillow lavas at 

different stratigraphic horizons and found as clusters of four or more orebodies assigned to 

four fossil spreading axes: Limni, Solea, Kalavasos and Larnaca (Figure 2.2) (Gale 1999: 

114). Of these the Skouriotissa ore body and the other mines within the Solea axis are the 

most important and have provided more than half of the copper produced in Cyprus from 

ancient to modern times (Constantinou 2007: 337; Constantinou 1982: 15). Most ore 

bodies are characterised by vertical zoning with an upper zone of massive ore and a lower 

zone of sulphide with silica and stockwork (Figure 2.3). The zones of massive ore have 

lenticular shapes and contain most of the copper (Constantinou 1982: 15). 

The Troodos copper sulphide ores are primarily composed of iron pyrite (FeS2), 

small and variable amounts of chalcopyrite (CuFeS2) and minor sphalerite (ZnS). 

Therefore their primary chemical composition consists mostly of iron and sulphur, small 

variable amounts of copper (averaging 0.5-4.5%), little zinc and very few impurities (<3%) 

including MgO, CaO, Al2O3 and SiO2. These chemical and mineralogical compositions are 

geologically classified as Cyprus Type Deposits (Constantinou 1982: 15; Constantinou 

2012: 5).  

During the oxidation process these primary minerals reacted with the rainwater, 

which contained dissolved oxygen. Consequently an acid solution was formed that 

contains various amounts of sulphuric acid, ferrous sulphate, copper sulphate and minor 

amounts of zinc sulphate. The presence of the autotrophous bacteria Theobacillus 

ferroxidant in the newly formed acid solution encouraged the formation of the strong 

solvent ferric sulphate (Fe2(SO4)3) in the acid solution, which again increased the oxidation 

of the sulphide ore (Constantinou 2012: 5). Surface draining caused the partial loss of the 

acid solution, but the majority was leached into the copper deposit. During this penetration 

a series of processes took place with as a final result the formation of a gossan or ‘iron hat’ 

with a thickness up to 40 m and bright red and yellow colours. Under these gossans, in the 

upper part of the ore bodies, zones of secondary copper enrichment can be found with a 

copper content between ≥ 0.5% and 25%. The secondary mineral assemblage of the 

sulphide ores includes copper sulphides, copper oxides and copper sulphates, but no 

copper carbonates or copper silicates. In the enriched zones with chalcopyrite (CuFeS2) as 

dominating secondary copper sulphide, the copper content is up to 15%. Wherever the 
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major copper minerals are chalcocite (Cu2S), covellite (CuS) and bornite (Cu5FeS4) the 

copper content is 25% (Constantinou 1982: 15; Constantinou 2012: 5-6).  

 

 
Figure 2.3: Stratigraphy of the Troodos Ophiolite Complex showing its mineralization and overlying 
sediments (c.f. Constantinou 1982: 14, Fig. 1). 
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A combination of factors distinctive to the Cypriot copper deposits, in particular the 

extraordinary secondary concentration of copper in the upper parts of the deposits, must 

have aided the Cypriot ancient miners to exploit them and to produce more copper than the 

local demand and consequently to export the surplus to the surrounding countries. The 

gossans and umbers to be found in relation or close to the deposits make good fluxes, the 

shallow depth of the ore bodies and the conglomeratic structure of the ore made 

underground mining remarkably easy, even with primitive tools, and the surrounding thick 

forests offered the necessary fuel for the pyrometallurgical treatment of the copper ores 

(Constantinou 2012: 7).  

2.3 The complexity of sulphide ore smelting 

It is argued that the ancient miners were likely attracted by the bright colours of the 

gossans, where they may have found small amounts of native copper and copper sulphates 

on the surface, which were easy to be mined and to be reduced to copper (Constantinou 

2012: 6; Rostoker et al. 1986: 69).  They must have exploited these weathered mineral 

deposits and consequently have started to explore the lower parts of the gossans by digging 

shafts in the hope to find more. Consequently they penetrated the gossans and reached the 

zones of secondary copper enrichment containing sulphide minerals (Constantinou 2012: 

6; Rostoker et al. 1986: 69). The smelting of the copper sulphide ores involves a complex 

multi-stage process, which was possibly not understood at first hand. If copper would have 

been found as oxide minerals, the large exploitation of the Troodos copper deposits would 

probably have occurred much earlier (Constantinou 2012: 7; Kassianidou 2013b: 37-38). 

The smelting of copper oxide ores is considered to be fairly simple since it requires solely 

high temperatures and a reducing atmosphere to convert the ores to raw copper and slag 

(Bachmann 1982b: 21; Tylecote 1982: 89). The use of charcoal is vital because it enables 

the maintenance of very high temperatures and is a source of carbon monoxide (CO) gas, 

which is highly reducing (Craddock 2000: 161). 

The technological process for the conversion of copper sulphide ores, e.g. 

chalcopyrite (CuFeS2), to metallic copper is far more complicated and involves many 

phases. Different pathways have been proposed (Hanks and Doonan 2009: 348-349; 

Rostoker et al. 1986: 80-81; Tylecote 1982: 83, 89, Fig. 2): 
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A. Complete roast and reduction smelt (Figure 2.4): 

First the ore is roasted under oxidising conditions until all the sulphur is removed and 

iron is oxidized:  

CuFeS2 + 3O2 �→ CuO + FeO(slag) + 2SO2 

C + O2 �→ CO2 

Secondly the roasted ore is smelted in a reducing environment:  

CO2 + C �→ 2CO 

CuO + CO �→ Cu(metal) + CO2 

B. Partial roast and co-smelt: 

First the ore is roasted under oxidising conditions until part of the sulphur is removed 

and a copper oxide and sulphide are formed: 

2CuFeS2 + 3O2 �→ CuO + FeO(slag) + CuS + FeS + 2SO2 

Secondly the products of the partial roast are smelted together in a mildly oxidizing 

smelt within which an interaction occurs between the oxide and sulphide copper:  

2CuO + CuS �→ 3Cu(metal) + SO2 

FeS + CuO �→ CuS + FeO(slag) 

C. Matte smelting: 

First the ore is smelted to remove some sulphur and to produce an enriched copper 

matte (i.e. a metalloid substance comprising copper, iron and sulphur) (Figure 2.4): 

2CuFeS2 + heat �→ CuFeS + S 

CuFeS + heat �→ CuS + FeS + FeO(slag) 

Secondly the matte (CuS + FeS) is either dead roasted and smelted under reducing 

conditions, or partially roasted and resmelted (or ‘converted’): 

CuS + FeS + 5O2 �→ CuS + Fe3O4(slag) + 3SO2 

As copper has a higher affinity for sulphur than iron, the copper will remain sulphidic 

until all the FeS is oxidized and slagged off. As soon as all the iron is removed, the 

remaining CuS is converted to copper:  

CuS + O2  �→ Cu(metal) + SO2 
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Figure 2.4: Flow chart for the extraction of copper from sulphide ores by dead roasting or matte melting 
(Tylecote 1982: 85, Fig. 2). 

 

Basically, in order to recover the copper metal from chalcopyrite (CuFeS2) the 

elimination of iron and sulphur is required. Previous studies on the metallurgical remains 

from Cyprus have concluded that the smelting of chalcopyrite was indeed done by the 

multi-phase matte smelting. We can define matte as a fusible copper-iron sulphide in any 

metal proportion from chalcopyrite (CuFeS2) to chalcocite (Cu2S) (Bachmann 1982b; 

Koucky and Steinberg 1989: 290, 315, Fig. 11; Tylecote 1982: 89; Rostoker et al. 1986: 

72). The extraction of copper metal from chalcopyrite ore by matte-smelting (Figure 2.5) 

thus includes the following steps: 

1. Beneficiation of the chalcopyrite ore; 

2. Partial roasting: heating of beneficiated ore under oxidizing conditions at a 

temperature of approx. 800ºC in order to remove sulphur as sulphur dioxide and to 

partially oxidize the iron; 
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3. Slagging: primary smelting of the roasted ore under reducing conditions at approx. 

1200ºC, the temperature at which copper-iron sulphides melt so that a liquid/liquid 

separation of the matte from gangue can be achieved. The iron would be removed 

by forming a silicate slag, including impurities, and was separated by gravity from 

the matte (Matte A) which was in liquid form; 

4. Matting: secondary smelting of Matte A in order to further remove iron and sulphur 

and to create a matte enriched in copper, i.e. an almost pure copper sulphide (Cu2S) 

(Matte B); 

5. Refining: roasting of Matte B to obtain copper metal (Addis et al. 2015: 108; 

Bachman 1982b: 22; Koucky and Steinberg 1989: 290, 315, Fig. 11; Rostoker et al. 

1986: 70-72, Fig. 1; Tylecote 1982: 87, 89, Fig. 2).   

 

 
Figure 2.5: Flow chart for the extraction of copper from sulphide ores by matte smelting (c.f. Koucky and 
Steinberg 1989: 315, Fig. 11). 
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Evidently this smelting procedure requires highly controlled smelting conditions, 

which were difficult to maintain in the small batch operations of prehistory (Rostoker et al. 

1986: 72). As implied by Rostoker et al. (1986) the matte smelting process and hence the 

process of learning to deal with sulphide ores must have been a gradual and natural 

development via the co-smelting of the oxidized minerals near the surface and the lower 

sulphide ores (Rostoker et al. 1986: 85). The ores smelted are unlikely to have been of a 

singular type. It is thus not unlikely that slight variations of the proposed technological 

process did occur in ancient smelting practices, resulting in differences in the metallurgical 

debris and various slag types (Stech 1982: 111).  

Typically the earliest stages in the extraction of copper metal from sulphide ores 

are assumed to take place in the mining region. These are the beneficiation, roasting and 

slagging or primary smelting. The subsequent matting, or secondary smelting, and refining 

could have been done at any other location and at a larger distance from the mines. 

2.4 The archaeological evidence for copper production in Cyprus 

The earliest metal objects were found at Çayönü Tepesi, Anatolia, and date to the 

end of the 9th millennium BC. These metal artefacts, and other examples discovered at 

various 8th millennium BC sites in Anatolia, were made of annealed native copper 

(Kassianidou 2013a: 231; Kassianidou and Knapp 2008: 216; Muhly 1989a: 6-7; Stech 

1999: 60). In the neighbouring region of Mesopotamia and the Iranian Plateau the earliest 

metal objects date to the 7th-6th millennium BC (Pigott 1999: 73-74; Stech 1999: 61). By 

the 6th-4th millennium BC the use of native copper in Anatolia and the Near East had 

developed to the reduction smelting of copper oxides and arsenical ores, or maybe even 

copper sulphide ores in Anatolia, and eventually evolved to the smelting and alloying at a 

more widespread and intensive scale by the 3rd millennium BC (Amzallag 2009: 498; 

Kassianidou and Knapp 2008: 216; Stech 1999: 62-64). The earliest objects of smelted 

copper ores in the Mediterranean and Levant date to the mid-6th millennium, while the 

earliest evidence of the actual smelting activities only date to the 4th-3rd millennium 

(Craddock 2000: 152-153; Hauptmann 1989: 119; Kassianidou and Knapp 2008: 216-218). 

This discrepancy between the earliest metal artefacts and the earliest production sites we 

may assign to the fact that the pre-Bronze Age smelting processes produced little if any 
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durable debris, and were thus very different from those of the later periods that did leave 

significant evidence behind (Craddock 2000: 152-153). The initial copper smelting 

processes in the Eastern Mediterranean likely applied crucible smelting by a non-slagging 

process, not leaving any waste behind. By the beginning of the 3rd millennium a change 

occurred towards furnace smelting by a slagging process (Craddock 2000: 155, 157). The 

development of metallurgy from the Neolithic through the Bronze Age in the eastern 

Mediterranean and Middle East was thus largely based on the improvements in 

pyrotechnology (Craddock 2000: 161). 

A similar phenomenon can be seen in the archaeological record of Cyprus. The 

earliest copper artefacts found on Cyprus date to approx. 3500 BC (Middle Chalcolithic 

period) and include chisels from Erimi Layer IX. Copper was by that time used for spiral 

beads in necklaces with anthropomorphic figures as found at the cemetery at Souskiou-

Laona. Contextual analysis has revealed the close relationship between the appearance of 

copper items and the floruit in the use of picrolite. This indicates that the introduction of 

copper was linked to the visual display of prestige goods (Knapp 2014: 14; Peltenburg 

2011: 3, 8). In the Late Chalcolithic period there is a shift towards the use of copper for 

more utilitarian items, which emphasizes a more economic and political context for the use 

of copper (Peltenburg 2011: 8). 

In total eighteen metal artefacts were dated to the Chalcolitic period (ca. 3900-2600 

BC). It has been suggested that these were made of native copper (Kassianidou and Knapp 

2008: 217; Muhly 1991a: 359). As many do believe no native copper can be found on 

Cyprus, others are more reluctant in accepting this assumption and wish to rely on 

analytical studies to determine if the local Cypriot ores were used, in particular during the 

Middle Chalcolitic period, but so far without positive results (Gale 1991: 57; Koucky and 

Steinberg 1989: 276; Peltenburg 2011: 3). However, it is generally acknowledged that 

there is use of copper in Cyprus prior to ca. 2500 BC (Peltenburg 2011: 3), but the earliest 

and sole pre-Bronze Age proof for extractive metallurgy and metalworking of local ores is 

represented by two possible crucibles and lumps of copper ores with Cypriot provenance 

that were recovered from the Late Chalcolithic site of Kissonerga Mosphilia, where also 

six metal objects were found (Kassianidou 2013a: 232; Kassianidou and Knapp 2008: 217; 

Muhly 1991a: 359; Peltenburg et al. 1998: 188-189).  

Despite the abundant presence of copper sulphide deposits in the geological 

formation of the pillow lavas within the foothills of the Troodos mountain range, the 

exploitation of the ore deposits in Cyprus started late in comparison to the neighbouring 
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regions (Constantinou 2012: 5; Kassianidou and Knapp 2008: 220). Kassianidou (2013d: 

231-232) suggests that already in the earliest phases of the Bronze Age copper was smelted 

from its ores. This caused an increase in metal available and hence the number of copper 

artefacts in the archaeological record. But it is during the MBA that the foundations for the 

Cypriot copper industry were established (Kassianidou 2008: 256; Kassianidou 2013d: 

133). This rather late beginning of metallurgical activity on the island in comparison to its 

neighbouring regions can be largely assigned to the presence of sulphide ores, the smelting 

of which involves a more complicated technological process that was not understood as 

soon as those for the smelting of oxide ores. 

2.4.1 Early copper production in Cyprus 

 
Figure 2.6: Map of Cyprus showing the pillow lavas and the location of the EBA and MBA sites with 
metallurgical evidence mentioned in the text. Digital geological data provided by the Cyprus Geological 
Survey 

 

The earliest Bronze Age archaeometallurgical finds from Cyprus are two stone 

moulds, found at the agricultural Early Bronze Age (EBA) settlement of Marki-Alonia 
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(Figure 2.6) in the centre of the island, that were used to cast boat and tongue-shaped 

ingots and flat axes with perforated butts, which may also have been used as ingots 

(Frankel and Webb 2001: 34; Fasnacht and Künzel Wagner 2001: 38-41). As stated by 

Fasnacht and Künzler Wagner (2001) and Kassianidou (2008), these moulds indicate that 

metal was already cast into standard shapes, possibly with the purpose of exchange, and 

are hence the oldest evidence for the production and distribution of Cypriot copper. But, 

apart from some metallic artefacts found at the same site, no further evidence exists that 

may indicate that metal production was taking place during the Early Bronze Age in 

Cyprus (Fasnacht and Künzel Wagner 2001: 41; Kassianidou 2008: 251). 

Evidence of metallurgical activities dated to the Middle Bronze Age (MBA) was 

found at the sites of Ambelikou Aletri, Alambra, Kalopsidha, Pyrgos Mavroraki and 

possibly Katydata (Figure 2.6). The finds from the mining settlement of Ambelikou Aletri, 

located in the north-western foothills of the Troodos, include a copper needle and blade 

fragment, stone tools, ores and slag which was possibly not all retained during the 

excavations, a double-sided terracotta mould, a blowpipe nozzle and a fragment of furnace 

lining made of coarse-grained ceramic and with copper and slag adhered on the inner 

surface. The structure was likely cylindrical in shape. Furthermore a melting hearth was 

recorded by the excavator (Merrillees 1984: 6-7, 11: Webb and Frankel 2013a: 178-184, 

206-213). According to Zwicker (1982: 63-64) the analyses of a sample of slag taken from 

the furnace lining show that it was used for the re-melting of copper prills deriving from a 

preceding smelting process with the use of manganese oxide flux. Since the use of 

manganese as a flux is commonly assigned to metallurgical practices dated to the Late 

Roman period and later (Kassianidou 2011b: 545-546) Zwicker’s conclusion may be 

questioned (Georgakopoulou and Rehren 2013: 198), but Georgakopoulou and Rehren 

(2013: 198) agree that the crucible was likely used in metalworking processes. Despite the 

fact that the metallurgical remains show that secondary rather than primary metallurgical 

activity was taking place within the settlement, the discovery of stone tools and MC I 

pottery inside the ancient shafts of the Ambelikou mines and the presence of ores at the 

site indicate that the inhabitants were possibly involved in mining and smelting activities 

(Georgakopoulou and Rehren 2013: 198-199; Kassianidou 2008: 251-252; Webb and 

Frankel 2013a: 206-213).  

At the site of Alambra (Coleman et al. 1996), occupied between 1900 and 1800 

BC, about 40 mineral samples, 17 pieces of slag, 16 crucibles fragments, many of which 

thickly slagged, some copper-alloy objects, and two fragmentary moulds for bar ingots 
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were found (Gale et al. 1996: 359). Analytical studies have implied that the slag was the 

product of a smelting process, but the absence of matte or other copper sulphide inclusions 

in the analysed samples lead to the conclusion that copper extraction at Alambra was not 

based on the exploitation of copper sulphides, but involved small scale crucible-smelting 

of oxidic copper ores (Gale et al. 1996: 389). On the other hand, microscopic and chemical 

analyses on the bronze artefacts from the same site do suggest they were made from metal 

extracted from sulphide-containing ores (Gale et al. 1996: 380; Kassianidou 2008: 252-

253). Also at the ECI-LCIIA settlement of Kalopsidha a very small amount of slag and a 

possible crucible was found that may indicate some metallurgical activity at the site during 

the Middle Bronze Age (Äström 1966: 138; Crewe 2010: 65; Webb 2012: 4). 

Excavations at the coastal site of Pyrgos Mavroraki revealed a rather large 

building, dated by C14 to 1900-1850 BC, which was identified by the excavator as an 

industrial quarter dedicated to the production of olive and perfume oil, textiles and copper 

(Belgiorno 2004: 21-23; Kassianidou 2008: 254). The evidence for metallurgical activity 

within this quarter as represented by the excavator is very promising (Belgiorno 2000, 

2004). However, a re-examination by Kassianidou (2008) of the detailed descriptions of 

the smelting installations, crucible fragments and stone tools initially given has led to the 

conclusion that probably many of these remains may have not been involved in 

metallurgical practices (Kassianidou 2008: 254). The different types of so-called smelting 

furnaces found at the site are: 1) a large square (1.8 x 1.8 m) cavity of 25 cm deep; 2) a 

cylindrical stone construction with an internal diameter of 30 cm and 1 m externally; and 

3) a circular depression of 30 cm (Belgiorno et al. 2012: 28). Due to its large size the first 

type should indeed be interpreted as a hearth rather than a furnace (Kassianidou 2008: 

245). The other two types are both lined with plaster (Belgiorno et al. 2012: 28). 

Kassianidou (2008: 245) rightfully argues that plaster is a non-refractory material that 

cannot withstand temperatures above 900ºC and is hence not suitable for metallurgical 

practices. Nor is there any slagging on the lining, which makes it seem very unlikely that 

these structures were used in high temperature smelting activities. A recent publication on 

the analytical study of the crucibles, parts of furnaces and other metallic residues, has 

offered some preliminary information on their possible use in the metallurgical procedure, 

the temperatures applied and the composition of the charge smelted (Belgiorno et al. 

2012). The degree of vitrification as identified in a single crucible wall fragment by SEM 

analyses enabled them to ascertain a working temperature of about 1200ºC (Belgiorno et 

al. 2012: 31). Surprisingly also the possible use of olive oil as fuel was suggested. This 
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assumption is built on the discovery of metallurgical remains nearby a room where an 

olive press was found, and on the analysis carried out on soil samples taken from inside the 

furnaces (Belgiorno et al. 2012: 29). Let me mention that the production and storage of 

olive oil was very likely also a primary activity at the nearby LCIIC site of Kalavasos-

Ayios Dhimitrios where metallurgical remains were also found in close distance to the 

olive press in the East Area (South 2012). Also can we, based on the current published 

results, not be certain about the fact that the furnaces were used in metallurgical activities. 

Furthermore, the smelting of copper sulphide ores, the main ore type available on Cyprus, 

does require a reducing atmosphere which is usually produced by the addition of charcoal 

and is unlikely to be created by the addition of olive oil.  

The publication on the analytical study of the metallurgical remains from this site 

lacks some basic information on the samples analysed and where the data exactly derive 

from. Therefore difficulties arise to fully accept that they were indeed used in the 

production of copper. The only conclusive indication that copper was produced at the site 

remains the slag assemblage that was found scattered all over the excavated area. As 

discussed by Kassianidou (2008), despite the fact that the total mass of slag collected at the 

site is not given, Belgiorno’s (2004: 31) note of “thousands of slag fragments whose 

weight goes from 350 g to 1 g” discovered within the excavated area makes this slag 

assemblage without doubt the largest found on Cyprus dating to the MBA and proves that 

copper production must have taken place at the site (Kassianidou 2008: 254-255). The slag 

is of a small irregular type and often covered with heavy encrustations or copper 

carbonates, demonstrating that they are rich in metal. Chemical and microscopic analysis 

of the slag has indicated that sulphide copper ores were smelted, possibly with the addition 

of iron-oxides as a flux. The reductive process was presumably applied to the ores more 

than once with the aim to extract as much metal as possible. Temperatures of between 

1200 and 1300ºC were reached but were insufficient to allow the reaction of the ores and 

the complete separation of the copper from the slag, which was not tapped off. The 

furnaces had to be destroyed in order to collect the metal. The slags thus indeed derive 

from an inefficient or ‘primitive’ smelting process producing a slag of bad quality with a 

fairly large amount of copper metal still entrapped. This metal had to be mechanically 

removed by crushing the pieces possibly with use of stone tools as found at the site. The 

collected copper was consequently melted in crucibles together with other melting residues 

to produce unalloyed copper artefacts. All stages in the copper production process, 

including even the sharpening of the cutting tools, were possibly carried out in some 
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general area, but at different locations (Belgiorno 2004: 30-31; Belgiorno et al. 2012: 31; 

Giardino 2000: 21, 23, 25, 27; Kassianidou 2008: 254).  

 

In sum, evidence for copper production on Cyprus dated to the MBA is very 

limited. The analytical study of these few metallurgical remains commonly suggest rather 

inefficient smelting processes producing slag within which a substantial amount of metal 

was lost (Kassianidou 2008: 255; Giardino 2000). However, it is not unlikely that 

additional evidence for copper production and MBA settlements were removed by the 

continuous exploitation of the mining areas until modern times. This assumption can be 

supported by the recent discovery of a long trench including a series of tombs at Katydata 

village, located at a distance of less than a kilometre from Skouriotissa mine. From the two 

tombs that were excavated a collection of pottery dated to the MCII period was recovered, 

and surprisingly a small quantity of slag was found within the trench. If this slag cluster 

was contemporary with the cemetery, we may assume good quality slag was already 

produced during the MBA. The slag fragments come from flat circular cakes and consist of 

a very homogenous material (Kassianidou 2008: 256). 
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2.4.2 Copper mining, smelting and melting in LBA Cyprus 

 
Figure 2.7: Map of Cyprus showing the pillow lavas and the location of the LBA sites with metallurgical 
evidence mentioned in the text. Digital geological data provided by the Cyprus Geological Survey 

 

As the archaeological evidence implies, the production of copper on Cyprus only 

truly develops during the Late Bronze Age (LBA), reaching a peak in the 13th century BC. 

These events we can relate to the contemporary growing export of Cypriot copper as 

shown by the textual evidence and provenance studies on the tons of copper oxhide ingots 

found all over the Mediterranean (See Chapter 1: Introduction; Kassianidou 2013d: 133). 

Kassianidou (2011a; 2013d) ascribes the marked increase in production to significant 

technological developments in the smelting installations. The furnaces dating to the Late 

Cypriot (LC) were equipped with a system of bellows and tuyères, the use of which lead to 

a significant increase in the operating temperature and thus to the smelting of their 

contents. A certain degree of liquefaction could hence be reached that facilitates the 

separation of metal and slag, without a significant loss of metal in the slag (Kassianidou 

2011a: 45-46; Kassianidou 2013d: 133). Evidence for metallurgical activity was found at 

nearly every excavated LBA site, though in highly variable quantities. Though the remains 

can be an indication of the type and scale of metallurgical activities taken place at the site 
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in question, the probability remains that they only represent a minor percentage of the total 

assemblage. Due to the noxious fumes the earliest stages in the copper production process, 

i.e. the roasting and primary smelting of the ores and maybe also the secondary smelting of 

the matte, are likely to have taken place in open areas either near the mining region or at 

some distance from the living or administrative quarters at the settlements and the evidence 

in-site must thus not be looked for within the excavated architectural structures of the sites.  

2.4.2.1 Evidence for mining and primary smelting 

Due to the continuous exploitation of the ore deposits until modern times the 

recovery of mining and smelting sites dated to the LBA has been very problematic. This is 

in large contrast to the enormous slag heaps of post-Bronze Age date that dominate the 

landscapes of various mining regions in Cyprus. It is very possible that any LBA evidence 

was simply mined away or covered by the tons of waste material resulting from modern 

industrial mining activities (Kassianidou 2008: 255; Kassianidou 2013b: 37). The only 

evidence for LBA mining comes from Apliki, while remains of a temporary primary 

smelting site were found at Politiko-Phorades. They could be examples of the several 

small industrial sites that may have been distributed over the Pillow Lavas of the Troodos 

foothills and were involved in the mining and primary smelting of copper sulphide ores. 

They would only have been operated as long as ores were readily accessible and fuel 

readily available, and on a seasonal basis (Knapp 2003: 575; Knapp et al. 1999: 144). 

Mining, and hence smelting, may have alternated the demands of the agricultural cycle 

(Kassianidou and Knapp 2008: 236). This raises the question whether the mining was 

carried out as additional work by farming communities or by specialised miners and 

smelters (Stöllner 2003: 419-420). Nonetheless, as these small industrial sites are usually 

located in agriculturally marginal areas they would require agricultural support, and must 

have been integrated into a broader economic and ideological system (Knapp 2003: 575; 

Knapp et al. 1999: 144).   

I. Apliki Karamallos (LCIIC-LCIIIA) 

The only known LBA mining site is Apliki Karamallos, which is located on high 

slopes of the Troodos foothills in northwest Cyprus. The nearby mine of Apliki is part of 

the richest mining area of Cyprus that also includes the mines of Mavrovouni and 
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Skouriotissa, which is the only copper mine still operating today. After discovering the 

settlement when opening up a new area for the Cyprus Mining Corporation, rescue 

excavations were organised in 1938 and 1939 to save as much evidence before the site was 

destroyed. The site is dated to the 13th and early 12th century BC (Constantinou 2007: 339; 

du Plat Taylor 1952: 133, 164; Kassianidou 2013d: 139-140; Kling and Muhly 2007: 7).  

The metallurgical remains found alongside the evidence of spinning and weaving 

activities in the rooms of ‘House A’ include massive blocks of black ropey slag weighing 

up to 14kg, large tuyères and numerous stone tools. More slag of a possible LBA date but 

of another type was found as a large pile on the ‘North Hill’ of Apliki, near the settlement. 

Underneath remnants of discarded furnaces were discovered. No copper ores were found at 

the site itself, or any further actual indications of smelting within close vicinity of the 

village, but the excavator recorded ancient galleries with timber supports cut into the side 

of the hill. Without doubt the nearby copper deposits were exploited and the ore must have 

been processed and smelted at this settlement. Based on the size of the tuyères and slag 

lumps the mining and smelting operations carried out at Apliki must have been rather 

extensive. Apliki was therefore rightfully identified as a settlement with storage facilities 

for food or other commodities to be used by the workforce, and as an industrial centre 

where copper metal was extracted from sulphide ores (du Plat Taylor 1952: 150; Knapp 

2012: 21; Knapp 2013: 409; Muhly 1989b: 306-309; Kassianidou 2007, 2013:139).  

The ore of the nearby deposit is a massive cupreous pyrite with almost no siliceous 

gangue. Probably it was heap roasted before it would be smelted with the addition of 

siliceous materials as a flux which would have increased the silica content in the slag to the 

detected average of 21.30% Si. The slag was tapped from the furnace (du Plat Taylor 1952: 

152; Stech 1982: 107-108). More studies are though needed to bring more clarity in the 

nature of the smelting activities at this site. 

II. Politiko-Phorades (LCI) 

The small and short-term primary smelting site of Politiko-Phorades is dated to an 

early phase of the LBA, which makes it along with Enkomi, and possibly Kalopsidha, the 

only site with evidence for copper production during LCI (ca. 1650-1500 BC). The site 

was possibly only in use for a period of 100 years or less (Knapp 2003: 575; Knapp and 

Kassianidou 2008: 138). 

The site is located next to the Kouphos River in the north-central foothills of the 

Troodos Mountains. The river channel deposits were possibly used by the metalworkers to 
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construct an artificial bank on which they operated the smelting furnaces. The slag that was 

produced in the smelting process was piled up to form a small heap against the creek’s 

bank, next to which a concentration of furnace wall fragments and a single elbow tuyère 

was found. It is this slagheap that led to the discovery of the site during the fourth season 

of the Sydney Cyprus Survey Project (Knapp and Kassianidou 2008: 138; Knapp et al. 

1998: 248).  

In total 6000 furnace fragments were collected during the excavations of the site. 

Based on their macroscopic features the furnaces used in the smelting were likely single 

standing cylindrical constructions, at least 30 cm high and with a diameter of 

approximately 43-44 cm. The thickness of the furnace walls ranges between 4 and 7.5 cm 

(Hein et al. 2007: 146; Kassianidou 2003a: 215; Knapp and Kassianidou 2008: 140). Also 

50 nearly complete tuyères and up to 600 tuyère fragments were recovered from the site. 

Apart from the single elbow tuyère and a small collection of double walled tuyères, all 

tuyères are cylindrical in shape with a presumably standardized outer diameter of between 

5 and 7 cm. The most complete tuyère has a length of about 30 cm (Knapp and 

Kassianidou 2008: 141-142). Possibly the tuyères were set in place in the top of the 

furnaces. The platform or artificial bank would have facilitated this setup. (Knapp and 

Kassianidou 2008: 142).  

Microstructural and chemical analyses of the technical ceramics have led to the 

conclusion that the raw materials used for the manufacture of the furnaces and tuyères 

were not exceptionally heat resistant and chemically very similar in composition to those 

used for contemporary pottery. Local clays were selected and the refractoriness was 

improved by the occurrence of coarse non-plastic rock fragments which may have been 

added as a temper or even already present in the raw materials. The thermal properties 

were largely enhanced by the high porosity caused by the addition of fibrous organic 

material (Hein et al. 2007: 153). 

Over 3.5 tons of slag fragments were collected that derive from large plano-

concave cakes with a diameter of approximately 44 cm and average weight of 20 kg. The 

well-defined edges angle inwards towards a concave base. The slag material is 

homogenous in shape, size and chemical composition, very dense and magnetic, and is 

clearly fayalitic as indicated by plotting the bulk chemical data in a ternary FeO-SiO2-

Anorthite phase diagram. The copper content averages 2.64% Cu, which is present in the 

form of matte prills to be identified in the microstructures of the slag samples that 

primarily consist of fayalite and wüstite embedded in a small quantity of glassy matrix. 
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The product of the smelting process was thus matte rather than copper metal. Analyses of 

the matte prills within the slag matrix and of a single small piece of silver-blue matte 

(73.5% Cu, 2.6% Fe, 23.9% S) have indicated that the matte was copper-rich in 

composition. The concavity of the slag cakes was likely left behind when the solid matte 

lump underneath was removed. Therefore it is believed that the total contents of the 

furnace, i.e. slag and matte, were tapped into a pit occasionally lined with river gravels. 

While the slag cooled down slowly, the matte was separated by density (Kassianidou 

2003a: 215-216; 2013d: 134; Knapp 2013: 411; Knapp and Kassianidou 2008: 144).  

The slags from Phorades differ in type and shape from all other Bronze Age slags 

known from Cyprus, and imply a highly successful smelting technology using tuyères to 

raise the temperature and to allow complete liquefaction and hence separation of the slag 

and matte (Kassianidou 2003a: 215; Knapp and Kassianidou 2008: 144).  

The absence of architectural structures suggests that Phorades cannot be regarded 

as a settlement but primarily functioned as an industrial site were ores were smelted as we 

can imply from the abundant metallurgical remains. The ores may possibly have come 

from the nearby deposit on Kokkinorotsos hill, though this will be clarified by lead isotope 

analysis. The ore preparation and roasting would have taken place a little down the hill, 

and the roasted ore was consequently smelted at Phorades itself. The further treatment of 

the matte in order to create copper metal would have been done somewhere else. Despite 

the fact that the scale of production at Phorades seems to have been of a moderate size, the 

smelting activities may thus have been a single-time event, after which the site was 

abandoned and working tools were removed. It was possibly dependent for agricultural 

support on nearby settlements similar to Arediou-Vouppes, which is of a later date 

(Kassianidou 2013d: 134; Knapp 2003: 571; Knapp and Kassianidou 2008: 138, 144; 

Knapp et al. 1999: 142-144). 

2.4.2.2 Copper production at the primary coastal and inland sites  

Despite the common belief that primary smelting of sulphide ores would have 

taken place near the mines rather than at the primary coastal sites (e.g. Tylecote 1982: 99; 

Stech 1982: 111; Knapp 2003: 571), most evidence for copper production comes from the 

urban settlements. It is however commonly suggested that the metallurgical remains derive 

from secondary rather than primary smelting processes. Furthermore, the metallurgical 

evidence from urban centres primarily derives from the excavated areas of the sites which 
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have mainly focussed on areas with architectural structures where we may not expect the 

primary smelting practices to have undertaken. The evidence for these activities are thus 

more likely to be found at some distance of the urban areas, which are usually not 

excavated. Therefore, the recovered metallurgical assemblages are unlikely to be 

representative for the scale of smelting activities undertaken in the surroundings of the 

sites under discussion hereafter. 

I. Enkomi (LCI-LCIIC) 

The eastern coastal urban settlement of Enkomi is generally considered to be the 

most important LBA settlement on the island as it has a long habitation history that spans 

the whole of the LBA. It was established at the end of the MBA, or the very beginning of 

LCI as argued by Crewe (2007: 75), and abandoned in the 11th century B.C., after which it 

was replaced by the newly established settlement at Salamis. Enkomi is the most 

extensively excavated site of this period, leading to an enormous size (ca. 15 ha.) and 

wealth clearly visible in the archaeological record: a large fortification wall, streets laid out 

on a grid plan, ashlar masonry, sanctuary buildings, monumental architecture such as the 

‘Fortress’, the Ashlar Building, which comprises the Sanctuary of the Horned God and the 

Sanctuary of the Double Goddess, and ‘Batiment 18’ (Dikaios 1969, 1971; Kassianidou 

2012b: 94; Knapp 2008: 216-224; Negbi 2005: 5, 7, 25).  

In Area III, located at the northern edge of the town, the remains of metallurgical 

workshops were found that were active for most of the site’s history. While the peak of the 

copper industry in Enkomi dates to the LCIIC period (ca. 13th cent. BC), as everywhere 

else on the island, the earliest evidence for copper production at the site dates back to the 

beginning of LCI, namely LCIA (ca. 1650-1550 BC) (Kassianidou 2012b: 94; Kassianidou 

2013d: 134). 

From this period, Level IA, the earliest occupation of the site and the massive 

building in Area III is known, which was identified by the excavator as a Fortress. Similar 

fortresses dating to LCI are known from other inland areas, the function of which has been 

discussed by various scholars (e.g. Peltenburg 1996: 30-35) (Kassianidou 2012b: 96-97; 

Kassianidou 2013d: 134). In many of the excavated rooms, but primarily in Room 101 of 

the Fortress, several nearly complete (bent) tuyère and crucible fragments and a possible 

smelting installation consisting of a pit lined with mud and mortar were found. No slag 

was recorded amongst the finds of Level IA.  The end of this phase is marked by the 
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destruction of the building (Dikaios 1971: 501-502; Kassianidou 2012b: 97; Kassianidou 

2013d: 134; Muhly 1989b: 299). 

By the beginning of the next period, LCIB (ca. 1550-1450 BC), the ‘Fortress’ was 

restored. In Level IB evidence for metallurgical activities are present in almost all the 

rooms of the western part of the building. These include tuyère and crucible fragments as 

well as slag, spillage of metal and some smelting installations, being a hearth dug in the 

floor and filled with ashes (Room 101), a circular construction of stones with a diameter of 

1.4 m (Room 103), some vague features (Room 105) and pit lined with clay and filled with 

ashes and charcoal (Room 108).  The metallurgical remains from Room 106 is the richest 

from Level IB, comprising alongside tuyère and crucible fragments numerous fragments of 

large vessels which may be parts of pyrotechnological installations and possibly a 

fragment of a stone bellow. All the finds from Room 106 were found in a depression in the 

central area of the room with a diameter of 2 m and a depth of 0.15 cm. This feature was 

identified as the remains of a smelting installation. At the end of LCIB the building was 

once destroyed, either accidently of purposefully (Dikaios 1971:502, 504-505; Kassianidou 

2012b: 97-99).  

In the following phases, including Level IIA (LCIIA-B), a building with a new 

three-ailed ground plan was constructed in Area III with evidence for metallurgy in 

practically every room. Amongst the metallurgical finds was also a pair of limestone pot 

bellows from Room 30 recovered from under Floor V that dates to LCIIB, and a single 

oxhide ingot fragment. And like the previous period, the tuyères recovered from Level IIA 

had the distinctive elbow shape (Dikaios 1971: 506-508; Kassianidou 2012b: 99; 

Kassianidou 2013d: 138-139). According to the excavator the evidence for copper 

metallurgy is clear but not as extensive as the previous period (Dikaios 1969: 44; Dikaios 

1971: 508). It is in the following Level IIB that a decent metallurgical factory seems to be 

running in the building (Kassianidou 2012b: 99).  

As marked by Crewe (2007), the descriptions of the archaeological evidence from 

the building become less coherent from Level IIB onwards (Crewe 2007: 79). However, it 

is clear that by the LCIIC period (ca. 13th century BC) the whole West sector of the new 

building was used for the establishment of a large group of copper workshops around a 

central court, with evidence of copper smelting, casting and working in nearly every room 

(Dikaios 1969: 56; Dikaios 1971: 510; Kassianidou 2013d: 140). In room 8 a cylindrical 

crucible (ENK 1640, Dikaios 1971: 644) with a height of 26 cm and diameter of 29 cm and 

a perforation through the lower side was found. The tuyères remain of the elbow type with 
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a narrow nozzle. The presence of an extensive slag dump of 1 m thick beyond the north-

western end of the building implies the large industrial scale the metallurgical activities 

may have reached by this time. To the same period date the two well-known statuettes 

found in the Enkomi workshops, namely the Horned God and the Ingot God (Crewe 2007: 

79; Dikaios 1969: 46; Kassianidou 2012b: 99; Kassianidou 2013d: 140-141, 144).   

By LCIII the workshops in Area III of Enkomi were abandoned and the whole 

sector was reorganised for residential purposes and on top of the dump of copper slag, 

located west of the former workshops, a new building was erected. Possibly the metal 

industry at the site was transferred to other sectors of the town (Courtois 1982; Dikaios 

1971: 516; Kassianidou 2013d: 144; Muhly 1989b: 299). 

Also in Quartiers 5E (Sanctuary of the Ingot God) and 4E (Sanctuaries of the 

Horned and Double Goddess), immediately east and southeast of the Ashlar Building, two 

possible bronze workshops were found with considerable quantities of metallurgical 

remains such as crucible fragments, slag, moulds and pieces of oxhide ingots. These date 

to various periods but a climax during the LCIIC period is evident. Metallurgical activities 

may thus also have taken place in close proximity to the ‘sanctuaries’ (Knapp 2008: 223; 

Courtois 1982: 160-162). 

As emphasized by Kassianidou (2013d), despite the fact that many 13th century BC 

sites produced evidence for metallurgical activities, none of these assemblages equal the 

scale and variety of the remains from Enkomi (Kassianidou 2013d: 141). Unfortunately 

only few studies including chemical and microstructural analyses were applied on the 

remains, resulting in a limited understanding and rather confusing conclusions on the 

technological processes of copper production that were taking place at the site of Enkomi 

and the changes that may have occurred thorough time.  

In comparison with the remains from the contemporary primary smelting site of 

Politiko-Phorades Kassianidou (2012b) made some interesting conclusions about the use 

of the smelting installations, crucible and tuyères from the earliest phases of Enkomi (i.e. 

Level IA and IB). As noted by Kassianidou (2012b), the constructions identified by 

Dikaios as smelting furnaces are either filled with ash and charcoal or are up to 1.40 m in 

diameter. In order to smelt ores high temperatures and a reducing atmosphere are required 

which are difficult, if not impossible, to achieve with use of such a large installations. 

Also, ash is not expected to be found in a smelting furnace as it has the tendency to react 

with the charge and hence is usually absorbed by the slag (Tylecote et al. 1977: 310). 

Therefore Kassianidou (2012b: 103) suggests that the earliest installations were hearths 
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within which crucibles, fragments of which have been found along, were heated and used 

for either refining or melting metal. Also the macroscopic features of the tuyères make her 

believe that they were used to melt metal rather than smelt ores. Their elbow shape would 

facilitate a construction within which air is driven from above on the surface of an open 

crucible, and the degree of slagging seems to indicate that they were exposed to lower 

temperatures (Kassianidou 2012b: 103). Therefore I do agree with Kassianidou’s 

conclusion that “the processes that were taking place in the Enkomi workshops were not 

related to the extraction of metal from ores but rather to secondary processes such as 

refining and casting (Kassianidou 2012b: 104)”. This may indeed probably explain the 

rather small amount of slag found in the earliest levels of the ‘Fortress’ in Area III. As 

discussed before, the evidence of the later levels assigned to the LCIIC period implies 

metalworking on a much larger scale, and possibly copper smelting as indicated by the 

presence of the extensive slag dump (Crewe 2007: 18; Kassianidou 2013d: 140-141). 

The metallurgical evidence of the LCIIC period is large but unfortunately only little 

studied. The work undertaken by various scholars prior to 1982 is carefully summarised by 

Stech (1982: 105-106). A cylindrical crucible (ENK 1640) was identified by Tylecote 

(1971) as the lining of a smelting installation. He consequently reconstructed a furnace 

type that may have been used for smelting at Enkomi, within which the molten metal 

would have been separated from the slag and left to cool inside the furnace, i.e. a non-

tapping process (Tylecote 1971: 53, fig. 2; Tylecote 1982: 92). On the contrary, Tylecote 

(1971) examined also some slag which he identified to be tap slag, containing globules of 

copper or matte and blisters (Tylecote 1971: 55). No further indication is given on the 

finding context of the studied material, but taking into consideration the reconstruction of 

the smelting installation Tylecote seems to believe that there may have been smelting by 

tapping and non-tapping processes at Enkomi (Stech 1982: 105-106; Tylecote 1971: 53, 

fig. 2). Kassianidou (2013d: 140), on the other hand, suggests that the installation was 

related to secondary processing of the metal rather than primary smelting. Also the tuyères 

of the elbow type were probably used in different kind of processes than those found at the 

contemporary mining site of Apliki, which were used in the primary smelting of ores 

(Kassianidou 2013d: 140). The refractories are currently under study by D. Ioannides, 

doctoral research fellow at the University of Cyprus, under guidance of Prof. Vasiliki 

Kassianidou. A preliminary study of the crucible fragments by means of pXRF analysis 

has resulted in the identification of copper refining or melting, but not the alloying of 

bronze (D. Ioannides, personal communication, May 2016). The installations, crucibles 
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and tuyères thus indeed seem to suggest copper melting/refining rather than smelting. A 

detailed analytical study of the slag from the site may bring some clarification; 

unfortunately the studies on the slag remains from Enkomi published so far are rather 

confusing. 

In 1972 Zwicker, Rollig and Schwarz (1972) published the results on the chemical 

and microstructural analysis of six slag samples from Enkomi. Zwicker et al. (1972) 

identified two groups of non-tapped slag: two samples of green coloured slag with higher 

copper content and four dark violet slags. Also the distribution of the chemical components 

is different in the various slags, but copper-iron-sulphide was identified in all 

microstructures (Stech 1982: 106; Zwicker et al. 1972: 35-36). No information was given 

on the finding context of the archaeological samples. Therefore it is unknown to which 

level and hence period these samples belong. In addition, the results are based on small 

pieces that were broken off, thus possibly including only a small area of a larger piece or 

lumps of which no information is given on the macroscopic features or the possible 

variability.  

Further investigations on slags from Cyprus by Zwicker et al. (1977) included 

fragments from various parts of the slag heap found in the eastern part of Enkomi that were 

radiocarbon dated to 1200 ± 150 B.C. None of them seem to belong to the tap slag type. In 

all investigated slag fragments metallic copper was present, but sulphide inclusions are 

scarce. This metallurgical process must thus indeed have involved the secondary smelting 

of materials of which the sulphur was already largely removed by roasting or more likely 

primary smelting (Zwicker et al. 1977: 309-310, 312). Another much larger lump of slag 

found near the entrance outside of the site was examined and contained apart from copper 

also iron- and cobalt-sulphide and chloride. This fragment must have derived from a 

furnace with an estimated inner diameter of a 25-30 cm within which reducing conditions 

were applied during the smelting process. Zwicker et al. (1977) consequently came to the 

conclusion that in the earlier smelting processes ores with no or small sulphide-contents 

were reduced by addition of chloride or chloride containing ores (Zwicker et al. 1977: 

310). I wonder if the measured chloride may not simply be the result of the corrosion of 

the metal-containing phases. 

Steinberg and Koucky (1974) analysed two large slag lumps with a diameter of 25-

35 cm. The analysed samples are fayalitic slag with iron oxide and variable amounts of 

sulphur (4.0 and 1.1% S) and low copper contents (0.15 and 0.64% Cu), containing some 

copper prills (Stech 1982: 106; Steinberg and Koucky 1974: 163). In combination with the 
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investigation of fragments from other contemporary sites Steinberg and Koucky (1974) 

suggest that these slag lumps were produced in a furnace lined with clay. The molten 

products were collected in the bowl-shaped pit below and removed once cooled down. The 

lack of ores at the site would be indicative of the fact that this primary smelting would not 

have taken place at Enkomi. The copper working installation near the North Gate at 

Enkomi (i.e. Area III) would thus have been used for the secondary melting and refinement 

of the metallic copper prills and the copper-enriched bases removed from the large slag 

lumps produced in the primary smelting of ores at sites closer to the mines (Steinberg and 

Koucky 1974: 176-177; Stech 1982: 106).  

Recently Hauptmann (2011) included a single slag lump from Area III (between 

Floor I and II) at Enkomi in the microstructural and chemical study of three slag lumps 

from Kition. This lump is plate-like shaped with humps at the bottom and inclusions of 

quartz and goethite. The analytical results defined the lump as iron silicate slag, with a 

copper content of 2.54% Cu and 1.52% sulphur. The microstructure is defined by the 

presence of Cu-Fe-sulphide phases. Without doubt the slag lump derives from a matte-

producing process, but the analytical data cannot prove that the sample did result from the 

primary smelting of ore. According to lead isotope analysis the isotopic composition of the 

slag sample is consistent with those from the ores from the Kalavasos mine (Hauptmann 

2011: 194, 198-200).  

Despite the rather confusing results deriving from the microstructural analyses 

done by various scholars on small quantities of slag from various areas of the site, it 

appears that by the 13th century BC secondary or matte smelting and copper refining and 

working were taking place at Enkomi rather than the smelting of ores. The primary 

smelting would have taken place at sites located closer to the mines and the products. 

However, Muhly (1989b: 302) identified similar ‘furnace conglomerate’ at Enkomi as at 

Kition, Athienou, Kalavasos-Ayios Dhimitrios, Maroni-Vournes and Myrthou-Pighades. 

Maybe they result from the secondary smelting of matte and copper-rich slag that were 

transported from the mines to the urban centre, as was assumed for the contemporary site 

of Kition (Hauptmann 2011: 198-200; Koucky and Steinberg 1974: 176-177; Stech 1982: 

111-112; Tylecote 1982: 99), but following the conclusions on the study undertaken on the 

slags from Kalavasos we cannot exclude the possibility that also the primary smelting of 

roasted ores did take at or near the coastal site. The metallurgical assemblage of Enkomi is 

thus in large need of a more coherent analytical study, a project that is undertaken by Prof. 

Vasiliki Kassianidou of the University of Cyprus. The first results were published in 

Le
nte

 Van
 Brem

pt



 
 

65 

Kassianidou’s 2012b publication. During the cataloguing of the metallurgical debris 

Kassianidou and her doctoral research fellow D. Ioannides identified some fragments of 

tap slag alongside lumps of furnace slag (D. Ioannides, personal communication, January 

2016). 

II. Kition (LCIIC-LCIIIB) 

Ancient Kition is located on the southeast coast, covered by the modern town of 

Larnaca. The urban centre was founded in MCIII/LCI but only transformed to a regional 

gateway during the 13th century BC. It gradually replaced the nearby port of Hala Sultan 

Tekke, which was fully abandoned by the end of the LCIIIA period because of the silting 

of its harbour. In the 12th century BC Kition had acquired its impressive prominence. The 

LBA sanctuary at Kathari remained in use in the 11th century BC, but around 1000 BC the 

temple buildings and the adjoining workshops were abandoned. By the arrival of the 

Phoenicians in the 9th century BC the sacred area was reoccupied and Kition continued to 

exist until the 4th century BC (Iacovou 2013: 26; Yon 1997: 9-10; 1999: 19-20). 

Evidence for metallurgical activity has been found in Area I and II in the northern 

part of the site. The earliest metallurgical evidence from Kition was recovered from floors 

(Floor IV) and features dated to the LCIIC period. In Area I two or three possible furnace 

structures of about 0.70 m wide and filled with grey ash were discovered. Fragments of 

slag with a maximum size of 6.8 cm were found in or around these furnaces, as well as bits 

of metallic copper spillage (one containing 1-2% Sn). Possibly they result from copper 

refining and working activities. These may have been done in crucibles heated in the 

furnace structures (Stech et al. 1985: 391-392). 

In Area II, which was already used as a temple precinct by the LCIIC period, the 

earliest evidence (Floor IV) is not yet associated with recognizable workshops as in the 

later phases. Small quantities of copper slag were found in the fill to level the ground in 

Temenos A and Temple 1. A crucible fragment was found in a pit in the area where during 

the period of Floor IIIA the Northern Workshops were established. Despite the fact that the 

evidence derives from a secondary context, their presence indicates the existence of some 

metallurgical activity in the vicinity of the sacred precinct. Also metal scrap was found in 

Temple 2 and its associated rooms (Karageorghis and Kassianidou 1999: 174; Stech et al. 

1985: 393).  

In the following period of occupation, Floor IIIA (LCIIIA, 12th century BC), the 

sacred precinct of Area 2 was completely rebuilt on a grand scale, with two sets of 
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workshops built in the vicinity of Temple 1. The Northern Workshops basically consist of 

a series of rooms within which pyrotechnological installations, pits and working platforms 

were found. There was direct access to the Western Workshops, possibly connected with 

the assembly and weaving of wool, and Temple 1, the largest and presumably most 

important temple of all in the sacred precinct (Karageorghis and Kassianidou 1999: 174).  

In Room 12 two benches, a number of pits, a well and a large furnace were found. 

This furnace (Furnace J) has a diameter of 0.95 m and a height of 0.26 m. Within it bone 

ash and a smaller pit were found. Just south of the furnace there are a low platform and 

some small pits, two of which were lined with hard-fire mud and filled with green sand and 

slag. Other metallurgical finds from Room 12 include crucible fragments with evidence of 

burning on the interior surface, two pieces of corroded copper spillage (one with 1-2% Sn) 

and a single fragment of copper slag resulting from the refining of a quite impure copper 

(Karageorghis and Kassianidou 1999: 174-175; Stech et al. 1985: 393-394). In Room 15 

there were even more pits, one of which was filled with burnt soil and some pieces of slag, 

and a small pile of 45 slag pieces. In Room 13, 14 and 16A pieces of bronze scrap were 

found (Karageorghis and Kassianidou 1999: 175). More evidence of metalworking like 

crucibles and slag was recovered from other areas of the sacred precinct. These random 

finds may have been displaced from the main copper workshops. A significant 

concentration of crucible fragments and slag was found in Courtyard C between Floor III 

and Floor IIIA (Karageorghis and Kassianidou 1999: 175; Stech et al. 1985: 396). 

In the period of Floor III (end 12th cent. BC) the Northern Workshops were 

remodelled, and some installations were newly constructed. In Room 12 again pits were 

found, most of them lined with hard-fired clay and filled with ash and/or charcoal and 

bones. Ashes and evidence of burning was found in the whole room. Metallurgical 

evidence includes a fragmentary crucible with traces of bronze, slag and droplets of blister 

copper. In the three adjacent rooms (Room 13, 14 and 15) scrap metal and copper slag was 

found. In Room 16, which was previously an open area, apart from the remains of two 

furnaces, one with a diameter of 1.20 m, no finds related to metallurgy were found. From 

Room 16A a small concentration of slag was recovered (Karageorghis and Kassianidou 

1999: 176-177; Stech et al. 1985: 395). Metal scrap and refractories were found in other 

parts of the sacred precinct, including ceramic material that was identified as furnace 

lining. Body sherds with heavily slagged interior surfaces, which may form a single 

straight-sided vessel, were found between Floors II and III in Room 58 of Temple 5. 
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Temple 5 also held a piece of slag containing tin, which also occurred in Temple 2 

(Karageorghis and Kassianidou 1999: 177; Stech et al. 1985: 396). 

In the following LCIIIB-period (11th cent. BC) large changes took place in the 

temples, temenae and Western Workshops, but the Northern Workshops remained 

basically the same with a reduction of industrial installations. Floor II is the last period of 

occupation with clear evidence of metalworking. Room 12 remained in use, but most of 

the installations were abandoned. The floor was blackened by fire, and seemingly renewed 

on a regular basis. Furnace A was transformed into an oval pit with inner lining of hard-

fired red clay, within which a thin layer of slag, a crucible and a tuyère were found. Nearby 

a single large slag lump was found (Karageorghis and Kassianidou 1999: 177). The 

evidence of metalworking from Room 15 consists of a piece of a bellow, fragments of a 

crucible and slag. In Room 14 large pieces of slag were found, as well as in Room 16 but 

these may not have been produced there. Also in the other areas of the sacred precinct 

scrap metal and refractories were found (Karageorghis and Kassianidou 1999: 177). 

Numerous fragments of the metallurgical assemblage have been studied by various 

scholars (e.g. Hauptmann 2011; Tylecote 1982, 1985; Stech 1982; Stech et al. 1985; 

Zwicker 1985) using macroscopic, microstructural and chemical analysis. The results 

acquired prior to 1999 have been brought together and evaluated by Kassianidou (in 

Karageorghis and Kassianidou 1999). In general, Kassianidou does not support the idea of 

an active smelting workshop at Kition due to the comparatively small amount of slag 

found at the site and the large number of pieces of bronze scrap (Karageorghis and 

Kassianidou 1999: 179). I do agree with the fact that the evidence indicates that the Kition 

temple workshop was primarily involved in the recycling of metal (Karageorghis and 

Kassianidou 1999: 173, 183). However, the assumption of Stech et al. (1985) that the 

metallurgical debris may not have been left in situ as the area was in use continuously and 

that the amount of slag recovered may not be indicative of the scale of production is not 

unreasonable (Stech et al. 1985: 397).  

Various types of slag seem to have been found at Kition, primarily consisting of 

large rather heterogeneous but dense lumps with some sort of plano-convex shape of which 

the rounded bottom surface is cracked either because of thermal shock or weathering 

effects while the more irregular upper surface contains large blow holes due to gas 

evolution. They are iron-silicate slags with small amounts of sulphur (up to 1.5%) and 

highly variable copper-contents with enrichment towards the bottom of the samples. The 

microstructure is characterised by large fayalite crystals embedded in a glassy matrix 
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containing very fine particles of precipitated copper. Larger particles or stringers of yellow 

Cu-Fe sulphides, i.e. matte, occur frequently. The slag thus results from the smelting of 

sulphide ores, possibly different types, with the aim to produce matte (Hauptmann 2011: 

194-195, 197-198, 200; Stech et al. 1985: 397-398; Tylecote 1982: 89). While Tylecote 

(1982; 1985) suggests that the slag derives from the primary phase in the smelting process 

within which it was tapped from the furnace at once into a sandy hollow, Hauptmann 

(2011) and Stech et al. (1985) seem to rather believe that the slag solidified inside the 

furnace and have difficulties to define with certainty whether this non-tapping process 

involves the primary smelting of ores or the secondary smelting of slags high in Cu-(Fe-

)sulphides that were produced in the primary smelting of the ores near the mines 

(Hauptmann 2011: 194; 200; Stech et al. 1985: 397-398; Tylecote 1982: 89). Lead isotope 

analyses on two slag samples from Kition have shown a match with the isotopic 

composition of the ore deposits in the Solea axis (Hauptmann 2011: 199). 

A second type of slag from Kition comprises thin dark grey heavy fragments with 

flow textures and microstructures showing metallic copper and copper sulphides. They 

likely derive from the melting of matte under strong reducing conditions to remove the 

iron-sulphides and to produce copper metal (Stech et al. 1985: 399-400). 

As most of the furnace structures identified at Kition do not show any possibilities 

for slagging and are too large to reach the required pyro-technical conditions for the 

smelting of ores, it is indeed likely that they were used as hearths within which crucibles 

were heated for the melting and casting of copper and copper-alloys (Karageorghis and 

Kassianidou 1999: 179-180). In order to reach the high melting temperatures tuyères, and 

possibly bellows, must have been used to create a forced draft. Therefore a single feature, 

Furnace A (see above), in Room 12 may have been a smelting installation. The lined pit of 

0.5 x 0.3 m in size and 5 cm deep could be the base of a furnace supplied by tuyères and 

bellows as suggested by Zwicker (1985: 413-414, Fig. 3), or a pit in which slag had been 

tapped from a freestanding furnace (Karageorghis and Kassianidou 1999: 180).  

The use of bone ash, which was frequently found in the Northern Workshops, as a 

flux does not facilitate the smelting process. Therefore it seems more likely that the bones 

or bone ash may have been used as fuel in the hearths in order to reach the high 

temperatures required (Karageorghis and Kassianidou 1999: 180). Chemical analyses done 

by Zwicker (1985: 412) have also implied that bone ash was used in the production of 

crucibles (Karageorghis and Kassianidou 1999: 181).  
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However, many more fragments of refractories were found in both LBA and IA 

strata of Kition but received only little attention. The refractories are currently under study 

by D. Ioannides, doctoral research fellow at the University of Cyprus, under guidance of 

Prof. Vasiliki Kassianidou. A preliminary study of the fragments by means of macroscopic 

and pXRF analysis has resulted in the identification of furnaces, crucibles and tuyères. The 

furnaces were possibly freestanding cylindrical structures with flat bases, ca. 30 cm in 

height, with ca. 2-4 cm thick walls and simple rather flat rims, resembling those from 

Politiko-Phorades and Enkomi. They were made of coarse, reddish-brown clay mixed with 

organic and rock inclusions (Ioannides et al., in press). Earlier reconstructions of the 

furnace structures of Kition by Tylecote (1982; 1985), Stech (1982), Karageorghis and 

Demas (1985) and Zwicker (1985) are primarily based on the shape of the large slag lumps 

found at the site, which has resulted in similar conclusions with maybe slightly different 

measurements, and the assumption that a hole was made in the furnace wall for the 

insertion of the tuyère. It seems now that the small cavity of about 2.5 cm found in a single 

fragment may be either a failure of the ceramic fabric or was deliberately made in order to 

remove the slag (Ioannides et al., in press). The latter case appears improbable to me since 

the major slag type found at the site was not tapped from the furnace. Also crucible 

fragments of 1.5-2 cm in thickness and with an open shape were found, often with a 

heavily bloated inner surface. They are made of the same materials as the furnace 

fragments, but less coarse, or from a coarse gritty orange-brown clay. The tuyères from 

Kition are possibly cylindrical in shape (Ioannides et al., in press). pXRF analysis of the 

crucible fragments by Ioannides et al. (in press) indicated that copper was melted, also 

with tin. In the samples dated to the LBA the tin content is commonly higher than in the 

samples of the Iron Age, when an increase in lead and zinc is visible. The refractories were 

thus used in the melting, casting and recycling of bronze, and even the secondary smelting 

of copper is to be considered as we can imply from the secondary smelting slags found at 

the site (Ioannides et al. in press). 

 

I wish to agree with the general assumption that the roasting or primary smelting of 

copper ores would not have taken place at the urban settlement of Kition but closer to the 

mines. Presumably the produced matte and selected copper-rich slag would have been 

brought to the site for a secondary smelt. However, it seems unlikely to me that these large 

slag lumps with high copper and sulphur contents result from the secondary smelting of 

primary smelting slags high in Cu-(Fe-)sulphides. As addressed in the final discussion of 
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this project, based on the published analytical results and the seemingly similarity with the 

furnace slags from Kalavasos-Ayios Dhimitrios under study within the present project, it 

appears that they may result from the smelting of extensively roasted ores in order to 

produce a copper-rich matte or maybe even copper metal. During the smelting a relatively 

high amount of matte, and therefore copper, was lost in the slag. The primary smelting 

may thus have taken place near the site, but copper refining, recycling and alloying were 

likely the major activities of the Northern Workshops. 

III. Hala Sultan Tekke (MCIII/LCI-LCIIC/LCIIIA) 

Hala Sultan Tekke is known to have preceded Kition as a major LBA gateway at 

the southeast coast of Cyprus. No evidence of major monumental structures have yet been 

found, but excavations have revealed ashlar masonry and a carefully planned settlement of 

about 600 x 460 m in extent and laid out on a grid system with a main north/south street. 

The foundation of the site dates to the end of the MCIII period, but the major phase of 

occupation was during LCIIC. After a first destruction and rebuilding at the transition from 

LCIIC to LCIIIA, it was fully abandoned before the end of LCIIIA because of the silting of 

the harbour (Åström 1986; 1996: 9; Knapp 2008: 235; Negbi 2005: 3, 5). 

The records for the metallurgical remains from Hala Sultan Tekke are rather 

puzzling, but copper slag is said to have been found almost everywhere at the site: in pits, 

wells, rooms, floors and in the soil layers above the ancient remains (Åström 1982: 177).  

During the initial survey of the area of Hala Sultan Tekke in 1971 a large amount 

of slag was detected in an area near the eastern outskirts of the town. In trial Trench 3 a 

fragment of a tuyère was found, and a pit with an average diameter of 0.97 cm containing 

nearly 3 kg copper slag, another two small fragments of tuyères, charcoal and an iron 

handle. Possibly a copper smelting workshop was situated in this area near the supposed 

town wall (Åström et al. 1976: 112, 117; Åström 1982: 178). 

In Area 22 of the excavated site lumps of copper slag were found primarily in 

Room 6 in the eastern part of the area, but also in pits I and II in Room 6, and dispersed 

along various rooms and features surrounding Room 6, which may in fact have been a 

courtyard. Small quantities of copper slag were also found in the northern part of Area 22, 

and a large lump was found in a shallow ash pit south of Area 22. In Room 8 in the same 

area a clay crucible was found (Åström 1982: 177). 

Also all over Area 21 copper slag was found with a major concentration in the 

northern part. Fewer slags were recovered from the eastern Area 5, Area 6 in the northwest 
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part of the town, and from Area 23 in the western part of the site (Åström 1982: 177). The 

excavations at Hala Sultan Tekke were recently resumed by the New Swedish Cyprus 

Expedition under direction of P.M. Fischer (Fischer 2011; 2012; Fischer and Bürge 2013; 

2014), and some metallurgical remains were found in Room 3 in the northeast corner of 

Area 6, which include a few pieces of copper slag and a large irregular piece of melted 

lead (Fischer 2011: 79). 

127 pieces of copper slag with a total weight of at least 3.5 kg were also recovered 

from the upper layers of the large central Area 8. The remains of these upper layers are 

however not considered to be in situ and the slags would have been brought there from 

somewhere else (Åström 1982: 177-178). Nevertheless, the excavator identified a 

coppersmith’s workshop in Room 94N, the northern segment of a building in the southern 

part of Area 8. The metallurgical remains found within the room are a number of tuyère 

fragments, a mould for making sickles, metal objects and metal fragments and presumably 

an anvil. Three pieces of copper slag were found above the floor. Apart from many 

complete and fragmented ceramics also two mud brick installations that were identified to 

be hearths or furnaces were uncovered in the room. A fragment of a stone mould for 

casting rectangular metal strips was found outside the room, possibly discarded (Åström 

2000: 33-34).  

The metallurgical assemblage was analysed by various scholars, which resulted in 

different conclusions. The archaeological context and chronology of the selected samples 

are however rarely given. Bachmann (1976) describes the slag fragments to consist of a 

heavy, dark-grey slag with large holes due to degassing and some large brown nodules and 

green secondary copper minerals. In the fresh fractures thin bronze-coloured layers of 

matte can be seen. Within the assemblage Bachmann also identified earthy brown lumps 

and small fragments of coarse pottery sometimes with slag adhered and relics and 

impressions of charcoal. These would be either furnace lining or crucible parts. Chemical 

analysis of a single slag sample has revealed it to be fayalitic in composition with high 

amounts of copper and iron. He argued that it must thus derive from the smelting of 

sulphide ores that were submitted to an oxidizing roasting process beforehand, possibly in 

the same furnace. The slag was not tapped and left in the furnace to cool after which it was 

removed from the furnace to collect the copper, or likely matte, for further refining 

(Bachmann 1976: 127-128).  

By analysing two more slag samples from trial Trench 3 Malinowski (1982: 179-

180) was able to largely confirm the data and conclusions of Bachmann, but the 
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measurements for copper were much higher (15 and 19% Cu) as opposed to those of 

Bachmann (1-5% Cu) (Åström 1982: 177; Bachmann 1976: 128). Therefore he suggests 

that a cupriferous pyritic ore with siliceous gangue and charcoal were used in the smelting 

process. The size, heterogeneous composition and the properties of the slag imply a rather 

small smelting operation using small furnaces or crucibles and the copper seems not to 

have been tapped possibly due to high viscosity of the slag. He could however not state 

with certainty if the smelting process was preceded by a roasting process (Malinowski 

1982: 179-180). 

Microstructural analysis on another three slag samples was conducted by Tholander 

(1978: 95-96), who also detected high iron contents and Fe-Cu sulphide phases (i.e. matte) 

concluding that this slag was formed during the first stage of the smelting of sulphide 

copper ores. A single surface slag fragment with flow texture was analysed by Steinberg 

and Koucky (1974: 163, 170) and identified as fayalitic slag with high iron contents. Also 

Tylecote (1982: 87) examined some slag from Hala Sultan Tekke from an unknown 

archaeological context and describes it as non-magnetic tap-slag with a microstructure 

consisting of dendritic iron-oxides in a fayalitic matrix, sulphide (i.e. matte) phases 

appearing as granular and spheroidal inclusions and some copper globules. He suggests 

that the slag represents the first stage in the matte smelting process within which matte was 

recovered from the ore. This matte would after have to be roasted and reduction smelted to 

come to metallic copper  (Tylecote 1982: 87). Comparable descriptions were given and 

similar conclusions were drawn by the analyses of some slag fragments by Bachmann 

(1982a: 145). The high occurrence of iron-oxides indicate a relative high melting point and 

considerable viscosity which may not have facilitated the matte segregation. As a result the 

copper content is fairly high (Bachmann 1982a: 145). Probably the slag was produced in a 

small bowl-hearth operation, without the addition of flux, and was not tapped. As a fair 

amount of matte remained entrapped in the slag, Bachmann suggests that it might have 

been submitted to another smelting (Bachmann 1982a: 145). 

By measuring the edges, inclinations and the density of 14 slag samples of an 

unknown type from Area 22 and Trenches 3, 5 and 6, Tholander was able to reconstruct a 

model smelting furnace which must have had a conical bottom of about 20 cm in diameter, 

ca. 7 cm deep and a capacity of 0.3 litre. Each furnace could hence have produced about 

1.250 kg of slag (Åström 1982: 177). What charge would have been added, what type of 

slag was produced and which product was aimed for in this furnace is however not 

conversed. 
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Since different types of slag seem to have been found at the site various smelting 

processes of both the tapping and non-tapping kind may have occurred. Based on the 

analyses of the few slag samples it appears that the primary smelting of yet un-processed 

and roasted sulphide ores took place at the site, but also secondary or matte smelting. In 

this aspect it shows some similarities with the diverse slag assemblage from Kalavasos-

Ayios Dhimitrios. However, the slag assemblage from Hala Sultan Tekke and any other 

metallurgical remains form this site deserve a more extensive analytical study within 

which the archaeological context is also taken into consideration. The exact details on the 

distribution and total quantity of copper slag and the different types found at Hala Sultan 

Tekke are not well communicated, but according to the excavator the amount of copper 

slag prove that copper working was a very important activity of the town and had no 

religious association (Åström 1982: 178). Though most of the structures in Area 8 seem to 

have had a domestic, industrial and perhaps mercantile function, two room complexes may 

possibly be identified as potential ‘sanctuaries’. These are located at a fairly close distance 

to the possible coppersmith’s workshops in Room 94N (Knapp 2008: 237). Hopefully the 

renewed excavations by the New Swedish Cyprus Expedition under direction of Fischer 

may bring some clarity on the metallurgical activities that may have occurred at the site. 

IV. Maroni-Vournes and Tsaroukkas (LCI-IIC) 

The LBA Maroni urban complex is located in the lower Maroni River Valley of 

central-south Cyprus. The complex comprises various settlements of different kinds 

amongst which an administrative centre with the Ashlar Building at Maroni-Vournes and a 

coastal/production settlement at Maroni-Tsaroukkas. The earliest evidence for occupation 

at Vournes and Tsaroukkas dates back to the LCI period. Both sites were abandoned by the 

end of LCIIC (Cadogan 1996: 17; Fisher et al., in press: 7-8; Johnson 1980: 6; Leon et al., 

in press: 11; Manning 1998: 54). 

No evidence for metalworking has been identified from the earliest phase of 

occupation at the site of Maroni-Vournes. It is from the following LCIIA-B period that two 

clusters of metallurgical remains were recovered. Cluster 1 was found in area 29 near the 

Basin Building, which was built during the LCIIB period. It was sealed by a layer of stone 

chips serving as a hard standing for yard 27 outside the main entrance of the Ashlar 

Building and could therefore be dated to LCIIB (Vournes II). The assemblage contains 2 

fragments of oxhide ingots, pieces of bronze scrap, a piece of refractory furnace material, 4 

pieces of furnace conglomerate and 5 examples of nodular slag (Doonan et al. 2012: 52).  
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Cluster 2 comprises another presumably secondary deposit of metalworking debris 

that was found as packing below the gypsum floor of passage 19 of the Ashlar Building, 

and thus it possibly predates the construction of the floor and the Ashlar Building which 

took place in the beginning of the LCIIC period. In other words it must also be of a LCIIB 

date (Vournes II). The assemblage consists of 60 fragments of slag, the half of it being 

conglomerate and the other half nodular slag, copper spillage and two fragments of oxhide 

ingots. Despite its small size, it is the largest deposit of metallurgical debris at Maroni-

Vournes (Doonan et al. 2012: 52).  

Later evidence of metalworking, dated to LCIIC (Vournes III), has been found on 

the floors in other parts of the Ashlar Building. Cluster 3 contains a considerable amount 

of scrap, small tools, two ingots, and only two pieces of conglomerate and a single slag 

nodule. There is no further evidence that metalworking actually took place inside the 

building (Doonan et al. 2012: 53). 

An initial examination by Muhly (1989: 302) found some of the slag to be identical 

to the large lumps found at Enkomi, Kition and Athienou. The metallurgical assemblage 

was eventually investigated by Doonan et al. (2012). The morphology of the slag samples 

from all clusters are highly similar and thus suggest that they all derive from similar 

technological processes (Doonan et al. 2012: 52-53). Two slag types were identified: 1) 

blocky conglomerate, i.e. a massive form of dense slag with frequent charcoal and metallic 

inclusions; and 2) vesicular nodular slag, i.e. frequently heavily corroded slag with a large 

amount of lustrous matte inclusions. Presumably the conglomerates reached a fully liquid 

state when produced, while the nodular slag seems to have been poorly or insufficiently 

fused to form a coherent slag mass (Doonan et al. 2012: 54). The microstructures of the 

conglomerates are characterised by finely disseminated copper sulphide inclusions and 

well-developed large euhedral fayalite crystals. The microstructure of the nodular vesicular 

slag, on the other hand, is characterised by discontinuous fine fayalite laths interspersed 

with partly reprecipitated oxides and abundant lustrous inclusions. The lustrous areas of 

the nodular slags are very high in copper, iron oxides and sulphides (Doonan et al. 2012: 

54). Doonan et al. (2012) consequently conclude that both slag types derive from the 

processing of sulphide-rich ores, but the conglomerate would result from a matte smelting 

process, whereas the nodular slag seems to be formed by the sintering of different masses 

to form a heterogeneous mass and is therefore possibly the product of a roasting process 

(Doonan et al. 2012: 54-55). Based on the rather restricted published results this is indeed 

not unlikely to have been the case. In both cases, the high copper loss during the smelting 
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process apparent from the slag’s microstructure and chemical composition seems to 

indicate that efficiency was no major concern of the ancient copper smelter (Doonan et al. 

2012: 55). 

The total weight of the assemblage, presumably the slag assemblage, does not 

exceed 40kg, which equals the production of possibly not more than 4kg of copper. 

Therefore we may believe that the slags were brought from somewhere else where larger 

metallurgical activities were taking place. On the other hand, the small dimension in 

contrast to the high diversity of the metallurgical assemblage is rather remarkable. 

Therefore Doonan et al. (2012) suggest that the materials were either intentionally 

deposited or that they comprise a complete toolkit and hence representative example of the 

activities occurring in the immediate vicinity of the site (Doonan et al. 2012: 52). 

This diversity in the metallurgical assemblage in combination with the seemingly 

low efficiency of the smelting process and the highly interesting archaeological context of 

the largest slag cluster underneath the major Ashlar Building encourages Doonan et al. 

(2012) to consider the possibility that the practice or the performance of smelting was of a 

greater importance than economic profit and the final product (Doonan et al. 2012: 55). 

Doonan et al. (2012) thus imply that mere production was possibly not the primary aim. 

They suggest that the metallurgical assemblage from Maroni could be related to ritual 

practices and may be an arranged deposit with specific symbolic associations. This could 

be recognized as a strategy of differentiation of a group by emphasizing their skills and 

knowledge (Doonan et al. 2012: 55-56).  

Slags with inconsistent liquefaction and high copper loss are not only found at the 

LCIIB levels of Maroni-Vournes, but also at LCIIC urban centres such as Kition and 

possibly Enkomi, where well-organised workshops have been excavated, as well as at the 

neighbouring sites of Kalavasos-Ayios Dhimitrios and Hala Sultan Tekke. This feature in 

slag does thus not always have to be indicative for ritual rather than functional smelting 

practices. Therefore I’d rather believe that some very small-scale copper production took 

place nearby the Basin Building at Maroni-Vournes during the LCIIB period that should 

not be related to purely ideological practices. 

Also at the nearby harbour settlement of Maroni-Tsaroukkas very few metallurgical 

remains were found. From Floor A in a central room of Building I, dated to the LCIIC 

period, a rich deposit was recovered, including metal sheeting and nine pieces of slag. The 

building has been identified as part of a specialised port/production area (Manning and De 

Mita 1997: 118, 122). The few slag remains have been studied within the present project. 
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V. Kalavasos-Ayios Dhimitrios (LCIIA-C) 

The urban centre of Kalavasos-Ayios Dhimitrios with the monumental ashlar 

Building X was established in the neighbouring valley at a distance of approx. 3.5 km from 

the south coast along the Vasilikos River running from the mountainous area of the 

Troodos foothills to the sea. The site was in use from the LCIIA period, but its major phase 

of occupation dates to the LCIIC period, by the end of which it was abandoned (South 

2002). 

In a recently published article the excavator offers a coherent overview of the 

metallurgical remains and their distribution at the site (South 2012). Apart from a fairly 

large amount of bronze objects, 203 items with a total weight of 10.17 kg, about 11.62 kg 

of copper and bronze scrap was found, as well as about 140 kg of slag, 12 large and many 

more smaller fragments of metallurgical ceramics and a few lumps of possibly ore and 

other miscellanea (South 2012: 35, 37, 39). The remains come from all areas within the 

site, often found in highly variable quantities both inside and outside buildings. The largest 

clusters of slag come from a feature north of Building I in the East Area, as well as 

Building V in the West Area. Significant amounts of slag also come from various rooms 

and contexts, but commonly without any other indication of metallurgical activity. 

Nevertheless, as stated by South (2012), “it is clear that slag does occur throughout the site 

and in much greater quantities than could have got there by chance”. According to initial 

investigation of the slag, they seemed to derive from a wide range of metallurgical 

processes that were carried out at the site (South 2012: 39). 

At Building IX in the Southeast Area of the site a small-scale coppersmith’s 

workshop may have existed. It contains the largest amount of bronze objects, a fair amount 

of bronze scrap, large ingot fragments, ash, some slag and the remains of a possible small 

hearth or furnace containing a small prill of copper (South 2012: 39, 41). Amongst the slag 

Muhly (1991b) identified two types: massive blocks of furnace conglomerate identical to 

those found at the sites of Enkomi, Kition and Athienou, and hundreds of lumps of black, 

ropy slag (Muhly 1989b: 302; 1991b: 185). Without doubt metallurgical activity was 

taking place in possibly various areas of the site, probably on a rather modest scale, but it 

remains possible that metallurgical activity on a larger scale was carried out in still 

unexcavated parts of the site or closer to the mines (South 2012: 450). It was pointed out 

on several occasions that a further detailed analytical study of the remains could clarify the 

nature of the metallurgical processes undertaken at the site, but earlier work has been 

limited to the post-Bronze Age slag heaps near the mines (e.g. Tylecote 1982: 89; Zwicker 
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et al. 1977: 311-312). This is why a thorough study of the metallurgical remains from this 

site is the main focus of this present project.  

VI. Alassa (LCIIC-LCIIIA) 

The site of Alassa located in south-central Cyprus about 10 km north of the coastal 

sites of Episkopi-Bamboula and in close proximity to the cupriferous zone of the Troodos 

massif, has also produced some metallurgical remains. These include mainly bronze 

objects, but also scrap metal, an ingot fragment and very few pieces of slag. Presumably 

objects related to a coppersmith’s workshop were recovered from Room P at Alassa-Pano 

Mandilaris, including one of the best-preserved pot bellow found in the island. No strong 

evidence for copper production was found in relation to ashlar Building II at Alassa-

Paliotaverna (Hadjisavvas 1996: 23; Hadjisavvas 2011: 22-23).  

Some analytical investigations of the remains have been conducted by Zwicker 

(1992). The chemical analysis of eleven copper and bronze artefacts as well as three slag 

pieces has led to the conclusion that six out of the eleven artefacts consist of arsenical 

bronze, which also occurs in the slag pieces. This can be explained by the addition of an 

iron arsenide ore, which can be found at the mines at Pevkos, northeast of Limassol 

(Hadjisavvas 2011: 22-23; Zwicker 1992: 166, table 2a ff 6, 7). 

The aim of the current research project was to catalogue and classify all 

metallurgical finds and to detect the general chemical composition of the metal objects in 

order to enlarge the research undertaken by Zwicker (1992) and to give a primary 

overview of the metallurgical activities at this major LBA urban centre. 

VII. Episkopi-Bamboula (LCI-LCIIIA) 

Episkopi-Bamboula within the Kouris River valley is also commonly listed as one 

of the LBA urban centres with evidence for the production and/or refinement of copper 

(e.g. Knapp 2013: 407; Muhly 1989b: 301-302). The earliest settlement of the coastal site 

dates to the beginning of the LBA, with a major phase of occupation during the 13th 

century BC. It was abandoned by the end of LCIIIA and replaced in the Cypro-Archaic 

period by the nearby urban coastal site of Kourion (Iacovou 2008: 638-639; Kiely 2011: 

553). The excavations remain until today poorly recorded and published (Kiely 2011: 550), 

but based on the existing records the metallurgical evidence seems to derive from the 

‘Hearth Area’ located south of House IV and partly underlying House VIII of Area E 
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(Benson 1970: 32-33; Weinberg 1983: 49). This ‘Hearth Area’ consists of a deep and large 

depression cut in the rock within which the excavator found a series of hearths, often one 

above the other and scattered through an area of about 20 m2. From this area one or two 

moulds and various fragments of crucibles were recovered. It has therefore been suggested 

that the hearths were parts of smelting furnaces from a small, local copper smelting 

industry that may have been active during the LCIIB and LCIIC periods (Weinberg 1983: 

49). Since similar constructions have been found at contemporary centres such as Kition 

(see discussion in current chapter) it is not unlikely that crucibles were placed in these 

hearths to be heated. It though seems rather unlikely that the primary smelting of ores was 

done within the crucibles, therefore secondary practices such as matte treatment, copper 

refining or alloying are more probable. At the necropolis, apart from bronze objects 

recovered from the tombs, some bronze and copper scrap material, two highly vitrified 

ceramic fragments and two possible slag fragments were also found (Benson 1972: 125-

128, 136, 138). Not much more is known about the metallurgical remains from Episkopi-

Bamboula. 

VIII. Morphou-Toumba tou Skourou (MCIII/LCI-LCIIC) 

The archaeological evidence at the ceramic production centre of Morphou- Toumba 

tou Skourou, located in the northwesten region of the island, was dated from the 

MCIII/LCI to LCII period. The settlement has been presented as the primary centre of a 

regional polity. Remnants of monumental architecture were found and a religious or 

ceremonial complex similar as those found at other major Cypriot LCIIC-LCIII towns was 

identified. The tombs held an impressive array of copper/bronze artefacts but the evidence 

for metallurgical activity is scarce (Keswani and Knapp 2003: 214-215; Vermeule and 

Wolsky 1990). 

On the ground around Well 4 at the south side of House B heavily burned patches 

were seen, and many of the pithoi sherds found scattered around show marks of high 

firing. In addition there was copper slag lying in patches of ash together with signs of 

heavy burning, bronze imbedded in copper slag and pieces of melted lead (Vermeule and 

Wolsky 1990: 128). Also on one of the upper floors of the Mound, Floor C, an angular 

feature of 1.17 m wide and 0.23 m deep with plaster lining was uncovered and identified as 

a firing place for metal industry as there were areas of light burning on the plaster, ‘jagged’ 

and ‘wormy’ shaped lumps of slag and ceramics slag nearby. Despite the fact that the 

firing must not have been very intense as implied from the degree of burning, the 
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excavators found ceramics in the adjacent furnace D13 that they identified to be bellow or 

tuyère fragments (Vermeule and Wolsky 1990: 43-44). Analytical studies of the slags 

identified the majority to be ceramic rather than metallic. Only a single piece had abundant 

matte phases, and thus must have derived from the smelting of copper sulphide ores 

(Vermeule and Wolsky 1990: 401-402). From the current evidence it seems to me highly 

doubtful that metallurgical activities were taking place at the site.  

2.4.2.3 Metallurgical activities at the secondary and ternary inland sites 

Metallurgical remains were also found at some smaller sites located inland and 

primarily involved with agricultural or craft activities as well as possible storage or 

sanctuary purposes.  

I. Athienou (LCI-LCIIIA/IIIB) 

The architectural complex of Athienou is located on a low hillock rising 2 m above 

the plain some 20 km northwest of ancient Kition. The sanctuary site was founded by the 

16th century BC, but its climax dates from the 14th to the first half of the 12th century BC, 

as many other LBA sites. The site had come to an end by the middle of the 12th century 

BC, before experiencing a revival in the Iron Age. No associated settlement was ever 

found, but from the archaeological evidence, including a large number of imports, one can 

assume that close connections existed with the coastal centres (Dothan and Ben-Tor 1983: 

140; Knapp 2008: 233; Webb 1999: 21-22).  

The evidence for metallurgical activity at the site comes from Stratum III (late 16th 

- end 13th century BC; mid LCIB - LCIIC), alongside possible indications of cult practices. 

In the central courtyard of the main building, for example, a large quantity of copper 

nodules was found together with heaps of votive vessels and a small quantity of complete, 

unfinished and broken copper objects (Dothan and Ben-Tor 1983: 139-140; Webb 1999: 

21-22, 25).  

In the following Stratum II (late 13th – early 12th cent. BC; end LCIIC - IIIA) 

copper-working installations, consisting of platforms, were added to the major building on 

the east and northeast. The platforms on the east were made of small stone and pithos 

sherds with plastered surfaces bearing traces of burning and large pithoi standing on the 

edges. North of the platforms, a large platform of plaster of about 100 m2 was uncovered 
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with various installations, amongst them a network of channels some of which cut into the 

platform and others running beneath it. Within these channels many lumps of copper were 

found (Dothan and Ben-Tor 1983: 140; Webb 1999: 21-22, 25, 28).  

In total about half a ton of copper ore and slag was found within Strata III and II of 

the site, the biggest lumps weighing about 25 kg, but no technical ceramics were found. 

This suggests that metallurgical activity was taking place not at but in vicinity of the 

complex and the waste material was consequently brought to the site. Because of the 

discovery of the metallurgical remains with the large assemblages of votive vessels from 

Stratum III we may assume that until the end of the 13th century BC at a close link existed 

between cult and metallurgy and this sanctuary site (Dothan and Ben-Tor 1983: 140; Webb 

1999: 28, 300-301). The changes in the ceramic assemblage of Stratum II however 

suggests that the cult was abandoned at the end of Stratum III, and that during the 

subsequent LCIIIA period the area was entirely confined to copper production and the 

storage of agricultural commodities (Webb 1999: 29). 

A detailed study of the metallurgical remains was done by Maddin, Muhly and 

Stech Wheeler (1983). Two slag types were identified: nodules and chunks. Amongst the 

nodules there are small nodules of about 2-6 cm in size with a total weight of 120 kg, and 

slightly larger nodules of about 10 cm in size with a total weight of 202.5 kg. The small 

nodules were found as a concentration in and around a pit (546) in the centre of Stratum III 

courtyard, and scattered in the northern part of the same courtyard and under the north-

eastern platform. The large nodules were found east of the Stratum II eastern platform but 

are possibly also dated to Stratum III (Maddin et al. 1983: 132). Microscopic analysis of 

two nodules implied that they have similar microstructures within which several phases are 

distributed, all of them non-metallic. Chemical analysis revealed a composite of 

concentrations of copper, iron, and sulphur, and concentrations of copper and iron (Maddin 

et al. 1983: 132). Further elemental analyses have implied that these nodules are an 

alteration product of chalcopyrite, the most common ore type available on Cyprus. An 

experimental study by reheating the nodules would have indicated that they are most likely 

the centres of chalcopyrite ore chunks altered by roasting and smelting, and by chemical 

changes during deposition. Therefore Maddin et al. (1983) assume that the nodules would 

be the cores of the ore chunks found at the site, which were roasted before smelting 

without reaching the liquid state and the oxidation of the cores. They suggest that during 

the roasting of the ores the outer layers were reduced to elemental copper, which was 

collected after cooling from the bottom of the furnace. Also the outer layers of the ore 
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chunks would have been broken off to allow the removal of copper prills that had formed 

within. Since these cores of the ore chunks were not oxidized, they did not contain any 

metallic copper and were subsequently discarded (Maddin et al. 1983: 133-134; Stech 

1982: 107). Maddin et al. (1983) have furthermore suggested that the different sizes of 

nodules represent different stages in the process of copper production since it seems that 

the ore was roasted and smelted several times in order to obtain the maximum yield of 

copper. This would have taken place east of the eastern platform where the largest nodules 

were found as they appear to not have been roasted or smelted as much as the smaller ones 

(Maddin et al. 1983: 134; Stech 1982: 107).  

Despite the well-constructed report on the metallurgical remains from Stratum III at 

Athienou and the conducted analytical studies, the conclusions made upon these are rather 

dubious. I may not doubt that the nodules result from the roasting of the ores, but it seems 

highly unlikely to me that copper was produced at this stage. Since they are identified as an 

alteration product of chalcopyrite, a copper sulphide ore which is the main ore type that 

can be found on Cyprus, it is very unlikely that copper metal was produced by roasting, 

which takes place under oxidizing conditions. To reduce copper sulphide to copper metal 

reducing conditions are required.  

Another approximately 200 kg of large slag chunks with an average diameter 

between 30 and 40 cm were found in Stratum II, mostly between the eastern platform and 

the courtyard and east of the eastern platform. Some contain charcoal and wood 

impressions and have mineralized copper deposits on and near the outer surfaces. Some 

lumps have rounded contours mirroring the place within which they had solidified, i.e. the 

bottom of a furnace. The section of a chunk shows a heterogeneous composition of veins 

and areas of several colours and textures. Microstructural analysis revealed an iron oxide 

matrix containing a second iron oxide phase and copper sulphide phase. As the beginning 

of dendritic precipitation is visible, the chunks were likely heated to a higher temperature 

than the nodules. A single copper prill was identified close to the edge, proving that these 

chunks did yield copper when smelted (Maddin et al. 1983: 134; Stech 1982: 107). It 

seems like the chunks are composed of not a single ore piece, and may thus result from the 

smelting of a number of roasted ores at higher temperatures causing them to fuse. The 

higher smelting temperature would also improve the extraction of copper, and the outer 

portion of the chunk did not have to be broken to collect the prills after smelting as 

indicated by the presence of several complete chunks with a viscous upper surface and 

rounded lower contour (Maddin et al. 1983: 134; Stech 1982: 107).  
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Despite the fact these results come from the microstructural and chemical study of 

only a single lump per slag type, the outcomes may offer a certain understanding of the 

technological changes in the extraction of copper from sulphide ores at the site of 

Athienou. Difficulties arise when trying to assign the nodules of Stratum III to a certain 

technological process. Based on the examination of six nodules, Koucky even suggests that 

they were lumps of ore deposited as a ritual gesture and altered by weathering after their 

burial (Stech 1982: 107). They may thus not even have been roasted. This is not highly 

unlikely since the nodules possibly had no practical function but were brought as votives to 

the site that during this period primarily functioned as a sanctuary (Webb 1999: 28-29, 

300). However, the discovery of scrap metal could may suggest that the melting and 

refining of copper took place at the site (Maddin et al. 1983: 136; Stech 1982: 107; Webb 

1999: 25).  

By the end of the 13th century BC the site appears to evolve into an industrial 

rather than sanctuary site (Webb 1999: 29). Therefore I do not doubt that the large slag 

chunks from Stratum II derive from the reduction smelt of roasted ores.  Chalcopyrite ores 

were broken into chunks, roasted with charcoal under oxidizing conditions, and 

subsequently smelted under reducing conditions at a temperature of about 1200°C which 

must have been sufficient to cause the roasted ore pieces to agglomerate and to reduce the 

copper sulphides to copper metal which was possibly collected underneath the slag lumps 

at the bottom of the smelting construction. The slag chunks seem to show large similarities 

with the large heterogeneous slag lumps from the contemporary sites of Kition, Kalavasos-

Ayios Dhimitrios and possibly Enkomi. Since the roasted ores were further smelted we do 

not expect to find them as well at the site. Therefore we could go along with Maddin et al. 

(1983: 137)’s reconstruction that the pools of copper were likely removed from the slag 

lumps on the northeastern platform, while the prior roasting of the ores would have been 

done on the eastern platform. However, it is commonly not believed that the roasting of the 

ores and even smelting of the roasted ores actually took place at Athienou. The ore would 

have been roasted and smelted near the mines and the slag chunks consequently brought to 

Athienou for further processing and refining (Maddin et al. 1983: 136-138; Koucky and 

Steinberg 1982: 120; Stech 1982: 107). Likewise the large slag lumps from Kition or 

Kalavasos-Ayios Dhimitrios, as the slag lumps are found at the site and were hence likely 

not further processed, I do not see the advantage of carrying these massive lumps over 

such a distance. I therefore whish to hold on to the possibility that after the roasting of the 

ores nearby the mines, the roasted ores were brought to Athienou to be further smelted in 
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close vicinity of the site. Nonetheless, as is rightfully argued by Kassianidou (2005: 138), 

the absence of any further proof of metallurgical practices such as furnaces and tuyères 

makes it difficult to locate the smelting practices. 

Furthermore, Maddin et al. (1983: 137) have also suggested that the olive oil in the 

pithoi of Stratum II was used as fuel for the roasting (Maddin et al 1983: 137), an 

assumption which I do not support considering the fact that the roasting of the ores was 

possibly not even taking place at the site during Stratum II, and the apparent importance of 

olive oil for the economy of various LC sites.  

Despite the dubious conclusions published by Maddin et al. (1983) and the existing 

disagreement on whether metallurgical activities actually took place at Athienou, the 

metallurgical evidence of Stratum II suggests a very close connection with copper 

production and cult until the end of the 13th century BC, which may have been determined 

by the position of the sanctuary site as “a station on the trade route leading from the mining 

area to the large marketing centres on the east coast of the island (Dothan and Ben-Tor 

1983: 140)” (Webb 1999: 29). In the subsequent LCIIIA period the storage of olive oil 

played a major economic role at the Athienou (Knapp 2013: 379; Keswani 1993: 78), and 

possibly also the production of copper (Webb 1999: 29). 

II. Myrtou-Pigadhes (LCIIA-LCIIIA) 

Few remains of metallurgical activity were also found in room 16 in the eastern 

sector of the sanctuary complex at Myrtou-Pigadhes located in the northwest of the island. 

The cult centre was founded during the LCIIA period and continued to exist until the end 

of LCIIIA (du Plat-Taylor 1957: 20-21; Knapp 2013: 376-377), but as anywhere on the 

island a major depopulation occurred during the LCIIC/IIIA transition (Webb 1999: 53). A 

new complex was built by the beginning of the LCIIC period (Webb 1999: 44). Given the 

finds found within, this monumental complex must have would not have functioned simply 

as a ceremonial site but served multiple functions such as storage, production and transport 

(Knapp 2013: 377; Webb 1999: 52-53). Keswani (1993) has suggested that Pigadhes may 

have as well a transhipment point of copper ores or products, Athienou alike (Keswani 

1993: 81 nr. 4; Knapp 2013: 378).  

The slag amongst the metallurgical finds was identified by Muhly (1989b) as lumps 

of ‘furnace conglomerate’ similar to the large slag lumps from Kition, Enkomi, Athienou 

and Kalavasos-Ayios Dhimitrios (Muhly 1989b: 302). These were probably found within 

the eastern unit of the complex, which is dated to the LCIIC period (Webb 1999: 51). More 

Le
nte

 Van
 Brem

pt



 
 

84 

information on the extent and nature of the metallurgical assemblage and practices is not 

known. 

III. Arediou-Vouppes (LCIIC) 

Some metallurgical remains were also found at the agricultural settlement of 

Arediou-Vouppes within contexts that can be assigned to the LCIIC occupation of the site. 

The site is located just north of the northern foothills of the Troodos mountains at a 

distance of ca. 10 km from the LCI primary smelting site of Phorades and has therefore 

occasionally been presented as an agricultural supporting settlement for Phorades or any 

other similar small industrial site located in the foothills of the Troodos mountains (Steel 

2009: 135; Knapp 2003: 571). 

The metallurgical assemblage comprises a small number of metal objects, some 

possible fragments of metallurgical ceramics, two stone tools, nearly 11 kg of copper slag 

and several miscellaneous pieces. The slag was found in various quantities at different 

locations within the settlement. The largest cluster comes from Area 75 just north of the 

main entrance to Building I. The slag fragments were probably set into mortar to create a 

hard floor. Within a pit in Area 75 some more slag fragments were found (Steel, in press). 

Another major cluster of slag was recovered from Area 243/244 immediately south of 

room 161 of Building I, again possibly set in mortar to create a hard floor (Steel, in press). 

In addition to these three major clusters very small quantities and single pieces of slag 

fragments were found scattered over different locations of the site. 

This metallurgical assemblage has been studied within the framework of the 

present project. 

IV. Pyla-Kokkinokremos (LCIIC-LCIIIA) 

The LCIIC-LCIIIA site of Pyla-Kokkinokremos is located at a distance of about 

10km east of ancient Kition. Despite its clearly defensive properties, i.e. strategically 

located on a high plateau overlooking Larnaca bay and a possible fortification wall (Knapp 

2008: 238; Karageorghis and Kanta 2014: 113), it is argued that its role was not confined 

to security (Georgiou 2012: 79). The site has been interpreted to support the urban centre 

of Kition and to facilitate the movements of traded goods from the coastal port of Kition to 

inland settlements (Knapp 2013: 358). The archaeological record does certainly present 

storage facilities, activities involving sea-borne trade and metalworking (Georgiou 2012: 
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79). Like any other LBA site slag pieces were found, but in very small quantities. Possibly 

the inhabitants were using scrap metal for melting (Karageorghis and Kanta 2014: 158).  

The metallurgical assemblage from Pyla indeed comprises a great number of bronze 

objects, often fragmented, and scrap. The majority of the bronzes discovered during the 

earlier excavations were found in two hoards, one containing 6 items, and another one of 

32 items (Karageorghis and Kanta 2014: 129-131; 152). The first campaign in 2014 of the 

renewed excavations at Pyla by a joint mission of the Universities of Leuven and Louvain 

(Belgium) and the Mediterranean Archaeological Society of Crete under direction of J. 

Bretschneider, A. Kanta and J. Driessen (2015) has led to the discovery of yet another 

hoard consisting of 29 objects of which some covered with slag. In contrast to the hoards 

discovered earlier, the objects seem to be less fragmented and are various types of tools, 

and a spearhead. Also 2 pieces of slag were found within this hoard, and a possible lead 

object (Bretschneider et al. 2015: 2, 25). Hopefully further excavations may reveal more 

evidence for metallurgical activity at the site, but the comparative large quantity of bronze 

objects and scrap is already indicative of the fact that some sort of bronze-working 

practices did likely take place at Pyla-Kokkinokremos. The relative low general tin-content 

identified by the chemical analysis with pXRF of the assemblage from the earlier 

excavations does indeed suggest that bronze scrap was used in the production of objects at 

the site (Charalambous and Kassianidou 2014: 204). 

V. Kalopsidha (ECI-LCIIA) 

Kalopsidha, located in the fertile alluvial Mesaoria Plain ca. 11 km southwest of 

ancient Enkomi, was occupied throughout most of the Bronze Age (primarily ECI – 

LCIIA). The site consists of different areas with settlement evidence dispersed over an area 

of ca. 14 ha. These areas are not all contemporary to each other (Crewe 2010: 65).  

Some possible indications of metalworking were found within the MC phases of 

the site. These consist of “fragments of furnace slag” and maybe a crucible that may as 

well come from Alambra (Åström 1966: 138; Webb 2012: 52). At the locality of Koufos, a 

small quantity of copper and bronze artefacts, lumps of ore and slag, metal scrap, a stone 

mould and crucibles were found in trench 9 alongside MCIII-LCIIA ceramic material of 

non-domestic function including miniature vessels (Bachmann 1976: 127; Crewe 2010: 66; 

Watkins 1966: 113-115; Webb 2012: 54). In comparison to the remains of Stratum III at 

Athienou and because of its location, the content of Trench 9 is commonly identified as a 
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sanctuary deposit, possibly brought from elsewhere (Crewe 2010: 69; Webb 1999: 113-

116; 2012: 56). 

Based on the current evidence and published results, which do not converse the 

total weight and size of the assemblage, it is difficult to say with certainty if metallurgical 

activity was actually taking place at the site. The analyses of the slag samples could not 

even aid Bachmann to conclude whether sulphide ores were smelted or not (Bachmann 

1976: 128; Kassianidou 2008: 253). But the presence of a seemingly complete 

metallurgical assemblage including all material types makes me not exclude the possibility 

that copper was produced at a small-scale level, maybe even as a single-time event, nearby 

the settlement. 

Because of its location it is suggested that the locale of Athienou was set up by 

Enkomi as part of a hinterland strategy associated with the procurement and transportation 

of copper (Webb 2012: 56). Due to the chronological discrepancy it appears more likely 

that a symbolic relationship between both settlements was established upon the foundation 

of the gateway of Enkomi. Kalopsidha would therefore have gradually transformed from 

an international production centre of White Painted pottery, providing also Enkomi for 

local use and export, towards a rural sanctuary (Crewe 2010: 69). 

2.5 Summary 

Remnants of smelting and melting structures are rarely found, but metallurgical 

slags are omnipresent at the LC sites. Based on the results from the diverse analytical 

studies undertaken until today we can imply that by the LBA the sulphide deposits of 

Cyprus were exploited and copper metal was extracted from the sulphide ores by the matte 

smelting process.  

Typically it is suggested that the primary smelting of the ores took place at mining 

(e.g. Apliki-Karamallos) or smelting (e.g. Politiko-Phorades) sites located in the foothills 

of the Troodos mountains in close proximity to the copper ore deposits. The ores were first 

roasted under oxidizing conditions to remove as much sulphur as possible and to oxidise 

the iron to a certain extent. Consequently the roasted ores were added to the furnace with 

charcoal to be smelted under reducing conditions at a temperature of about 1150-1200ºC, 

which was reached with the aid of a forced draft created by a system of bellows and 
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tuyères. A silica or iron flux may have been added according to the ore composition. Based 

on the evidence from LCI Phorades a copper-rich matte was produced and separated from 

the slag that was tapped from the furnace. Also the large ropey slags from LCIIC-LCIIIA 

Apliki-Karamallos suggest a tapping process but no clear information is given on the 

product.  

The dissimilar shape and microstructural and chemical composition of the large 

slag lumps found at nearly all coastal sites but also Athienou and Myrtou-Pygadhes 

suggest different metallurgical practices. These rather heterogeneous slags were classified 

by Koucky and Steinberg (1982) as crucible slags since they occasionally have a plano-

convex shape in their complete form (Koucky and Steinberg 1982: 118), while others (e.g. 

Given and Knapp 2003: 67; Karageorghis and Kassianidou 1999, 179; Muhly 1989b: 302; 

1991: 183-184; Stech, Maddin and Muhly 1985: 395, 397) have called them furnace 

conglomerate (Hauptmann 2011: 190; See discussion in Chapter 4). Occasionally both 

terms are used to describe the same material, while the same term was also assigned to 

products resulting of different practices. Nevertheless, the large heterogeneous slag lumps 

appear to result from a smelting process within which similar temperatures of about 1150-

1200ºC were reached to allow the formation of a molten slag and the (partial) separation of 

the metal-containing phase and hence the creation of a matte/copper pool underneath the 

slag inside the furnace within which both products were left to cool. Consequently the 

matte/copper was removed, as well as any visible metal-containing prills adhered to the 

surface of the large slag lumps. Unfortunately, the published results of the studies on these 

heterogeneous slag lumps rarely clearly differentiate between the production of matte or 

copper metal and a large confusion still exists on whether the large heterogeneous slag 

lumps found at the sites are the matte-rich slags deriving from the primary smelting and 

thus still awaiting a secondary smelting, or if they are already the outcome of the 

secondary smelting of the matte-rich slags and thereby apparently still contain large 

amounts of metal. Consequently, in my opinion we cannot exclude with certainty the 

possibility that the smelting of roasted sulphide ores did take place at these urban and 

inland centres. 

The produced matte created in the various smelting processes would require further 

smelting to acquire metallic copper. Of this secondary matte smelting process only very 

little evidence has yet been found. But, the matte smelting was likely done at the 

workshops uncovered at various centres such as Kition, Enkomi and Hala Sultan Tekke, 

where without doubt the subsequent copper refining, alloying, casting and working was 
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undertaken. These practices would have been done in smaller crucibles set in the hoards 

that were found at many of the sites. 

It is thus generally believed that the roasting and smelting of the (roasted) sulphide 

ores did not take place within the confines of the urban area of the coastal towns, possibly 

partly because of the noxious fumes (Tylecote 1982: 99) and rather dirty practices but also 

because of the economical disadvantage to transport the ores, fluxes and fuel from the 

distant metalliferous zones. Therefore these earliest stages in the copper production 

process would have taken place within the mining region. The near absence of ores at the 

coastal sites may support this assumption (Hauptmann 2011; Koucky and Steinberg 1982: 

128; Muhly 1989b: 302; Stech 1982: 112; 1985: 102; Tylecote 1982), though this fact does 

not appear to me as solid evidence for secondary rather than primary smelting activities 

since the ores are intended to be smelted and are thus not expected to be found. A better 

indication may be the absence of smelting structures, though these were possibly destroyed 

and consequently discarded in order to remove the products. Despite the fact that we can 

indeed not be fully certain that the metallurgical remains found at the various urban centres 

do derive from smelting practices that were taken place at these sites, I do in many cases 

not find any functional reason to bring these metallurgical debris from the mining areas to 

these urban centres without them being used afterwards. Therefore I’d rather believe that 

the smelting activities were simply taken place in close proximity to the finding context of 

the waste material, though not within the urban area but at open spaces at some distance of 

the sites.  

The apparent presence of the same slag type at the various urban centres and even 

inland sites seems to indicate that some sort of uniform technological process was applied 

within the island. However, the analytical results and the occurrence of also other types of 

slag attest some variability amongst the metallurgical assemblages that may make one 

question this proposed technological uniformity. This apparent discordancy may however 

be the result of the absence of uniform programmes of analyses and the consequent lack of 

well-defined conclusions on the metallurgical remains of every site. On the other hand, it 

could as well, as argued by Stech (1982), be the outcome of the possibly very mixed 

copper sulphide ores smelted during the Bronze Age. Some of these ores (covellite, 

cuprite, bornite and chalcocite) would easily produce copper upon smelting while other 

would not (Stech 1982: 111). Therefore different technological choices may have had to be 

made by the ancient metallurgist in order to produce metal. The ancient smelting processes 

are controlled by four parameters (Hauptmann 2007): 1) the composition of the charge; 2) 
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the firing temperature; 3) the redox-conditions and 4) the reaction kinetics between 

components of the charged material during the duration of the smelt (i.e. the length of the 

smelting process). And all four parameters are detectable in the composition of the slag 

(Hauptmann 2007: 20), as well as any difference within one of those parameters. 

This current research project therefore aims to bring some clarity in these many undecided 

aspects of the technological process in the production of copper, and its spatial 

organisation on LBA Cyprus. This is done through the comparative and multidisciplinary 

study of the metallurgical assemblages of four different sites. 
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CHAPTER 3 -  METHODOLOGY AND ANALYTICAL TECHNIQUES 

3.1 Introduction 

In order to meet the research’ aims and objectives listed in the introduction chapter, 

the metallurgical assemblages from Kalavasos-Ayios Dhimitrios, Maroni-Tsaroukkas, 

Alassa and Arediou-Vouppes were subjected to various analytical techniques. All types of 

technological debris (i.e. slag, technical ceramics, metal scrap and finished objects, stone 

tools, minerals and miscellanea) from all sites were recorded, characterised and classified 

by means of a tiered method, commencing with a macroscopic study. This initial 

examination involves visual inspection, morphological description, grouping and 

quantifying of all the materials. Based on these recordings samples were selected for 

further analysis. According to material type and sampling limitations different analytical 

techniques were employed. Non-destructive chemical surface analysis by means of 

portable X-Ray Fluorescence (pXRF) was applied on the large majority of the remains. 

Slag and technical ceramic samples were investigated by microstructural analysis 

(reflected light microscopy and electron microscopy) and compositional phase and bulk 

analysis (electron microscopy with energy dispersive x-ray spectrometry). All resulting 

chemical data were processed by statistical analysis. The selected analytical methods have 

already been justified in numerous publications for their outstanding merit in the 

archaeological study of ancient metals and metallurgical debris. 

The primary study of the ingots of the Cape Gelidonya shipwreck involves only the 

macroscopic investigation of the complete assemblage, following a similar methodology of 

recording as for the metal objects, slag and technical ceramics.  
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3.2 Macroscopic examination, classification and sample selection 

Fortunately metal objects are easy to identify within the archaeological context. 

The identification of smelting debris, on the other hand, often requires a more experienced 

eye. The encrusted surfaces of corroded slag and metal-containing minerals are easily 

mistaken for rocks and natural minerals, while highly vitrified ceramics are occasionally 

accidentally identified as smelting slags. Also technical ceramics are rather difficult to be 

differentiated from regular ceramic fragments. A thorough macroscopic study of the 

complete assemblage therefore initially aims to determine whether the collected remains 

do relate to metallurgical practices or not (e.g. Bachmann 1982b; Bayley and Rehren 2007; 

Hauptmann 2014; Killick 2014; Koucky and Steinberg 1982; Martinón-Torres and Rehren 

2014). When difficulties occur, more sophisticated but easily applicable analytical 

techniques such as pXRF may facilitate the process. In addition, by means of macro-

analysis different material types can be identified, a primary grouping can be done 

according to the surface features and an initial interpretation of the technological origin 

may be possible. We have to be aware that these initial characterisation, classification and 

interpretations may be modified by further microscopic and chemical analyses. 

The initial stage in the macroscopic study of the metallurgical assemblages 

involves the creation of a catalogue including all the metallurgical remains. This was done 

at the storage facilities of the Vasilikos Valley Project at the village of Kalavasos, at the 

Archaeological District Museums of Larnaca and Limassol, or at the Institute of Nautical 

Archaeology in Bodrum, Turkey. Beforehand all smelting debris was carefully washed and 

left to dry. This was done in order to remove the earth and make the surface features more 

visible. For every single or group of finds the material type, weight, size, quantity and 

archaeological context were recorded alongside a general description and photographic 

illustration. Consequently the macroscopic features were described in more detail per 

material type, creating new sub-types or sub-groups.  

The weighing of slag is of great importance first of all in the identification of the 

material based on its density and the differentiation between various slag types. 

Furthermore the weight of a slag assemblage, rather than the quantity of the slag fragments 

or lumps, facilitates the estimation of the scale of the metallurgical process and the amount 

of metal that was produced. 
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If not yet done by the excavators, the metal objects were described and classified 

primarily based on the extensive work by Catling (1964) on “Cypriot Bronzework in the 

Mycenaean World”, which facilitates the identification of the different object types and 

offers a broad descriptive terminology regarding object parts, shapes and decorative 

elements. Further recordings were made on the preservation conditions and the possible 

marks of manufacturing and other irregularities.  

The macroscopic description and type identification of the slag lumps and 

fragments was largely based on the traditional classification of Bachmann (1982b) and 

Koucky and Steinberg (1982) and aided by more modern publications (e.g. Doonan et al. 

2012; Hauptmann 2011; 2014; Kassianidou 2003a). The external features described are 

shape (irregular, nodular, flat, plano-convex), texture of the surface (smooth, irregular, 

flow texture, knobbly), colour of the slaggy material, colour and extent of corrosion 

products, the occurrence of inclusions and the apparent porosity. Based on the macroscopic 

features two major slag types were differentiated that could possibly be related to different 

technological processes: heterogeneous furnace slag and homogeneous tap slag.  

Once the slag lumps and fragments were cut for sampling and the internal structure 

of the slag material was revealed, the sections underwent a secondary macroscopic 

investigation that did either confirm or reject the initial classification and gave us the 

opportunity to add another level of grouping. The slag fabric was characterised by colour, 

homogeneity or heterogeneity, porosity and the presence of metallic inclusions and/or 

phases and any other organic and inorganic inclusions. At this stage careful attention was 

paid to the orientation and distribution of the different phases. 

The macroscopic features recorded for the technical ceramics are the shape and 

thickness of the fragment, the colour, grain size and porosity of the fabric, tempering and 

the degree of vitrification and/or slagging (e.g. Bayley and Rehren 2007; Hein et al. 2007; 

Martinón-Torres and Rehren 2014). When a slag layer occurs the thickness and colour of 

the slaggy material and the degree of alteration were recorded, as well as possible metallic 

inclusions. Likewise, the study of fresh-cut cross sections of metallurgical ceramics by eye 

can offer additional valuable information. The characteristics identified by macroscopic 

analysis consequently facilitated the subdivision of the type of ceramic object (i.e. crucible, 

tuyère or furnace), and to identify what the shape and size may have been of the item in its 

complete form and which part the fragment derives from (i.e. rim, body, base, handle, tip).  

 

Le
nte

 Van
 Brem

pt



 
 

93 

The macro-analysis of the complete assemblage has guided us towards primary 

assumptions on the metallurgical activities and their spatial distribution on the site. The 

further microstructural and compositional analysis by means of optical and scanning 

electron microscopy required destructive sampling. In order to gain as much and as 

valuable information as possible a suitable approach had to be taken into consideration. 

The sampling strategy was primarily based on the macroscopic classification. A secondary 

parameter was the archaeological context. An overview of the selected samples can be 

found in the chapters discussing the various sites, and the corresponding appendixes. 

Fragments with features characteristic for each slag type were selected from the 

contexts with the largest quantities. Enough samples were selected to allow contextual 

comparison and to overcome the analytical complications caused by post-depositional 

alteration and microstructural and compositional variability between the slag pieces 

deriving from a single smelt or even within a single fragment or lump (see Humphris et al. 

2009). The selected lumps and fragments were cut perpendicular to the surface in order to 

gain profiles, which were again investigated at a macroscopic level and some underwent 

qualitative analysis by pXRF. In a secondary stage a representative selection of the 

sections was made, again based on the distribution of the different types within the site. 

From every selected section a smaller fragment was taken in order to make polished 

sections. Of the larger heterogeneous furnace slag lumps multiple samples were taken in 

order to include all areas with possibly diverse microstructures and chemical compositions 

and hence to generate results representative for the whole lump and not a single phase or 

area. The remaining material of some of the selected sections was used for the production 

of powdered samples for lead isotope analysis. 

The initial aim in the sampling of the technical ceramic fragments was to select 

the samples according to the different object types, their distribution on the site and fabric 

composition. However, as only a small number of fragments were found in various 

contexts it was problematic to select only a few. In this case the large majority of 

fragments was sampled for polished and/or thin sections.  Le
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3.3 Sample preparation 

The samples were cut with a BUEHLER IsoMet Low Speed Saw, a Vitrex 

commercial Tile Cutter, or a Masonry Bridge Saw. The selection of the saw was defined 

by the size and hardness of the fragments or lumps. 

The preparation of the polished sections was done partially at the Wolfson 

Archaeological Science Laboratories of the Institute of Archaeology, UCL London 

(hereafter UCL) and at the Archaeological Research Unit of the University of Cyprus 

(hereafter UCY). To create the polished blocks both ceramic and slag samples were cut to 

a size that would fit a 32mm or 40mm a diameter mounting mould. A cold-curing resin 

was prepared by mixing Met Prep EpoSet cold-curing resin and hardener in a ratio of 4:1 

(UCL) or BUEHLER Epoxicure resin and hardener in a ratio of 5:1 (UCY). This resin was 

consequently poured into the moulds, just covering the full sample and preferably with the 

same thickness for all the samples. At UCL the samples were put under vacuum to remove 

any air entrapped before the resin was left to cure for a minimum of 24 hours at room 

temperature. After grinding away the ridge on the back surface of the sample, any excess 

of resin on the analytical surface was removed by hand grinding on a low-grade grit (120-

360) on a stable roll grinder or electric wheel. Attention was paid not to remove too much 

material and to keep the sample surface parallel to the back surface of the sample. The 

mounted sample was then ground on abrasive paper of finer grades from 600 to 2500 

(UCY) or 4000 (UCL) on the rotation wheel. In order to remove any grooves left by the 

previous grit, the sample was rotated 90° at every grinding stage. After every stage the 

samples were rinsed under a tap to avoid cross-contamination of grits. After grit 2500 

(UCY) or 4000 (UCL) the samples were cleaned in an ultrasonic wash before progressing 

to polishing cloths embedded with industrial diamond paste and lubricant, starting from 6 

µm (UCY) or 3 µm (UCL). The finishing was done at 1 µm for optical microscopy, and at 

¼ µm for SEM. The cleaning between the different paste grades and at the end was again 

done in the ultrasonic wash and dried with hot air dry.  

Cut sections of the ceramic fragments were sent of to the Fitch Laboratory of the 

British School at Athens for the preparation of thin sections. 

The powdered samples required for lead isotope analysis were made of the 

remains of the selected slag sections. The outer surfaces, which include corrosion and 

sedimentary remains, were removed and the remaining material was washed under a tap 
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and dried thoroughly before pieces of maximum 5 cm were put one by one in a jaw crusher 

at the Materials Science Laboratories of UCL Qatar. To avoid contamination, between 

every sample of the same type the crusher was cleaned with dry paper towel and a duster. 

In between the crushing of different slag types the crusher was cleaned carefully with 

wetted paper towel and left to dry. The produce was consequently sieved manually to 

separate the powder from the larger pieces. The larger pieces were crushed by hand with a 

porcelain pestle and mortar, which was sieved again and so on. Both the sieve and pestle 

and mortar were cleaned carefully with running water and left to dry in between every 

sample.  

3.4 Analytical methods 

3.4.1 Non-destructive surface analysis by portable X-ray fluorescence 

Despite the fact that microstructural and bulk chemical analyses of metal objects 

could offer highly valuable information on the alloy compositions, microstructural 

components, extent of corrosion and method of fabrication (Scott 2014: 67), these 

techniques were not applied due to sampling restrictions. Therefore non-destructive 

analysis was vital. A fast and inexpensive means for the determination of the elemental 

composition of metals, as well as other archaeological artefacts, without destruction is 

offered by portable X-ray fluorescence (pXRF). However, as Charalambous et al. (2014) 

and other scholars have emphasised, pXRF analysis “only provides a chemical profile for 

the surface, which may differ from the bulk composition and perhaps is not representative 

of the whole (Charalambous et al. 2014: 207)”.  

When taking into consideration the limitations of this analytical method, elemental 

analysis of metals by means of pXRF can easily give primary assumptions on condition, 

authenticity and technology, and provide answers to various archaeological questions and 

assumptions (Charalambous et al. 2014: 207; Martinón-Torres et al. 2014: 536; Shugar and 

Mass 2012: 18). For example, it may reveal the organization of production at a single site 

and clarify the technological choices made by the craftsmen (e.g. Martinón-Torres et al. 

2014), but can also expose the differences or stability in alloy compositions and hence 
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technology over time and space (e.g. Charalambous, in press; Charalambous et al. 2014). 

Being aware of the restrictions of surface analyses of fairly corroded artefacts and the 

dubious results it may bring along, we wish to apply pXRF analysis of the metallurgical 

assemblage as a qualitative rather than a quantitative study, with the major aim to identify 

the type of alloys used and how the alloy compositions correlate to the function of the 

objects. 

The determination of the elemental composition of the metal artefacts was done by 

means of a handheld portable X-ray fluorescence spectrometer (pXRF) from Innov-X 

Systems, model Delta, owned by the Archaeological Research Unit of the University of 

Cyprus. The measurement time for each spot analysis was 70 seconds, in the analytical 

mode of Alloy Plus. For this mode Beam 1 (40kV) analyses the elements Ti, V, Cr, Mn, 

Fe, Co, Ni, Cu, Zn, Hf, Ta, W, Re, Pt, Au, Pb, Bi, Zr, Mo, Pd, Ag, Sn and Sb, while Beam 

2 (10kV) is used for the determination of Mg, Al, Si, P and S. The instrument was 

calibrated on a regular basis. In order to verify the accuracy of the applied mode and the 

detection limits of the specific instrument used in the analysis of copper alloy 

compositions, contemporary to the analyses discussed within the present project my 

colleague A. Charalambous analysed with the same instrument certified reference 

materials (hereafter CRMs) like CRM-875 (bronze standards, Glen Spectra Reference 

Materials, England) and BCR-691 (set of 5 copper alloys, European Commission – Joint 

Research Centre, Institute for Reference Materials and Measurements Belgium). The 

results of these CRMs are provided in Charalambous et al. 2014 (Charalambous et al. 

2014: 207, Table 2) and shown in Appendix I:1, and lead to positive results for the major 

bronze components and impurities such as copper, tin, iron, lead and zinc as well as silver. 

Arsenic has however a detection limit of 0.2% and can therefore no be easily detected as 

an impurity with the used pXRF instrument (Charalambous et al. 2014: 207). The detection 

limits were taken into consideration when the analytical data was further processed by 

statistical analysis. 

The final reported result for every analysed object is the mean value of 2-5 

measurements conducted on different areas of every object and scrap metal piece. A 

minimum of three corrosion-free spots was aimed for, but the condition of the surfaces was 

not always advantageous and as a result the amount of measurements sometimes had to be 

reduced, while sometimes slightly corroded surfaces were also analysed. The possible 

effect of corrosion was taken into consideration when processing the data. However, as the 

elemental and mineralogical structure of the corrosion layer depends not only on the 
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composition of the alloy but also on the burial and storage environmental conditions and 

on possible previous conservation treatments, the corrosion layers may exhibit variable 

thicknesses and can be composed of various compounds of the alloy elements (Karydas 

2007: 430). We hence may confront a certain irregularity in the increase or decrease of the 

measurements for particular elements. 

pXRF analysis also offers an easy and cheap technique to identify possible traces of 

metal production or treatment on non-metallic objects and items such as ceramic fragments 

or stone tools and hence to determine whether these were employed in metallurgical 

activities or not. Furthermore the data gained from surface analysis by pXRF on both the 

inner and outer surface of technical ceramics, can give an initial idea of the kind of 

metallurgical practices they were used for, i.e. smelting, melting or alloying. Finally they 

can act as a guide in the sample selection for destructive analysis. 

pXRF was additionally applied in the qualitative analysis of the slag sections in 

order to identify the variability within the chemical composition of the heterogeneous slag 

lumps, with a major focus on the changing copper content. This was done by spot-analysis 

following a grid with an interval of typically 2 cm. The measurement time for each spot 

was 80 seconds, in the analytical mode of 2 Beam Mining. For this mode Beam 1 (40kV) 

analyses the elements V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Hf, Ta, W, As, Pt, Au, Pb, Bi, Zr, 

Mo, Pd, Ag, Cd, Sn and Sb, and also Ti and Mn, while Beam 2 (10kV) is used for the 

determination of Mg, Al, Si, P, S, Cl, K, Ca, Ti and Mn. 

XRF spectrometry relies on the principle that primary X-rays are fired from an X-

ray source upon a sample at a certain angle and hence create inner shell (K, L, M) 

vacancies in the atoms of the surface layers. These vacancies de-excite by the production 

of a secondary (fluorescent) X-ray whose energy is determined by the atomic weight of the 

elements present in the sample. Some of these characteristic secondary X-rays are emitted 

from the sample at the same angle as the primary X-rays. These are consequently counted 

and their energies are measured. The comparison of these energies with known values for 

each element allows the elements present in the sample to be identified and quantified. The 

primary X-rays interact thus with every element in the sample surface. The depth to which 

the primary X-rays penetrate the sample mainly depends on the energy of the primary X-

rays, the angle at which the X-rays are fired at the sample and the matrix composition of 

the sample (Henderson 2000: 15-16; Pollard et al. 2007: 101).  
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3.4.2 Microstructural analysis: optical microscopy of polished and thin sections 

Optical microscopy is used in archaeometallurgy to identify and determine the 

different phases present in the microstructure of slag with the aim to explain the formation 

and composition of the sample. Metallurgical slags are in their true sense molten silicates 

composed of silica (SiO2) and various oxides (e.g. CaO, Al2O3, P2O5, MnO, FeO and 

MgO). These silicates result from the gangue material deriving from the ore’s host rock, 

which does not bear any metal, and from the fluxes added to improve the smelt (Bachmann 

1982b: 1; Hauptmann 2014: 91).  

Archaeometallurgical slags consist of a very fine-grained mixture of different 

phases. Microscopy enables texture analysis whereby the shape and size of the single 

grains are described and the phases are characterized (Hauptmann 2007: 19). In copper 

slag these phases are commonly iron-silicates embedded in a glassy matrix and iron oxides 

occurring in variable amounts and compositions. Metal-bearing phases are usually found in 

small quantities, and when sulphide ores were used also sulphides are expected.  

The characterisation of the general microstructural composition can provide 

information on the components of the original charge (i.e. the nature of the ore and added 

fluxes) and the firing conditions (i.e. temperature, gas atmosphere and duration) of the 

metallurgical process when the material was formed and hence we may be able to 

differentiate between smelting and melting/refining (Bachmann 1982b: 9-10; Hauptmann 

2014: 94-95). Also the cooling history can be inferred from the slag’s microstructure 

(Hauptmann 2007: 19). Microstructural analysis of slag thus makes it possible to identify 

the technological choices made by the ancient metallurgist during the smelting process.  

However, this analytical technique focuses on a selected area and may not be 

representative for larger heterogeneous slag lumps. Therefore enough samples should be 

taken from a single fragment to illustrate possible microstructural variability and the 

inconsistent chemical composition accordingly. For the microstructural analysis of slag 

preferably sections with a polished surface are used. 

Also for the study of technical ceramics polished sections are most convenient for 

a similar metallurgical microscopic study of the slag layer, the examination of the 

interaction between the ceramic fabric and the slag layers, the degree of vitrification and a 

general imaging of the general microstructure of the ceramic fabric. For the microstructural 

analysis of the ceramic fabric thin-section petrography may be more convenient to identify 

and determine the nature, arrangement, size, shape and frequency of the diverse natural or 
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artificial minerals and inclusions and to assess the internal porosity of the fabric. The 

presence or absence of inclusions and voids largely affect the thermal stability and 

toughness of a fabric. The identification of the deliberate addition of a certain temper, as 

well as the selection of a specific type of clay, may thus reveal the technological choice 

made by the ancient smelter (Martinón-Torres and Rehren 2014: 123). Despite the fact 

petrographic studies are commonly dominated by archaeological questions regarding 

ancient trade and exchange, the analysis of composition and microstructure by means of 

thin-section microscopy can hence also lent itself to the investigation of ancient technology 

(Quinn 2009: vi-vii). 

The microstructural analysis by means of optical microscopy was done under a 

Leica DM2500 P microscope in reflected (polished sections) and transmitted (thin 

sections) light, at magnifications between 40 and 650 times and in both plane-polarized 

(PPL) and crossed-polarized light (XPL). The identification of the phases in the slag 

microstructures was largely assisted by Bachmann’s (1982b) publication on “The 

identification of slags from archaeological sites” and the published results of 

microstructural studies of similar materials (e.g. Hauptmann 2011, Kassianidou 2003a, 

Addis et al. 2015). ‘Mapping’ on scans made beforehand of the analytical surfaces 

facilitated the examination and recording of the slag microstructures. The identification of 

the minerals, and their alteration features due to high firing, in the ceramic thin sections 

was achieved by the use of standard petrographic textbooks (e.g. MacKenzie and Adams 

1994; Quinn 2013). The ceramic fabrics were recorded following a simplified version 

Whitbread’s (1995) recording system. 

3.4.3 Microstructural and compositional phase and bulk analysis: Scanning Electron 

Microscopy with Energy Dispersive X-Ray Spectrometry 

Scanning electron microscopy (SEM) is an analytical technique that is frequently 

used in the study of geological and archaeological materials (Henderson 2000; Ponting 

2004; Pollard et al. 2007; Pollard and Heron 2008). The underlying principles of electron 

microscopy are very similar to those of XRF. The major difference is that electrons, not X-

rays, are used to produce the initial vacancies in the inner electron shells. Basically, a 

primary beam of high-energy electrons is produced using a conventional electron gun. This 

beam, with a focus of only a few microns across, can be directed to any point on the 
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sample by a series of magnetic lenses. To reduce the weakening and scattering of the 

electron beam, the system must be evacuated. When the electron beam strikes the sample, 

different processes take place. Secondary electrons (SE) can only escape from atoms in the 

upper atomic layers because of their low energy and are very sensitive to surface 

topography, allowing the imaging of the texture of the sample surface. Backscattered 

electrons (BSE) are of higher energy and result from interactions of the incident beam with 

the nucleus of the atoms. They can escape from deeper within the sample and their 

intensity is proportional to the atomic weight (i.e. atomic number) of the interacting 

nucleus, resulting in images of the sample surface proportional to its composition (Pollard 

et al. 2007: 109-110). For analytical purposes the electron microscope is fitted with an X-

ray analyser with an energy dispersive detector. This detector measures the energy released 

by the secondary X-rays from the sample. By using this technique compositional 

information can be collected on different areas of the same image. The quantitative results 

are obtained using suitable calibration standards (Pollard et al. 2007: 109-110; Ponting 

2004). 

A Scanning Electron Microscope (SEM) thus basically allows microstructural 

analysis at higher magnifications, using electrons instead of light energy, and the creation 

of grey-scale pictures imaging the surface texture (SE) or the compositional variation 

(BSE) of materials (Henderson 2000: 18; Ponting 2004: 166, 168). Fitted with an energy-

dispersive X-ray spectrometer (EDS) attachment, the chemical composition of selected 

phases can be determined and hence allows the identification of unknown features and 

alterations of typical phases identified by means of optical microscopy. In addition, SEM-

EDS is also used to determine the general composition of a selected area within samples 

and to perform bulk analysis. The reported results for the general composition are the 

average of minimum 3 measurements per sample, typically analysing areas of 

approximately 1.2 by 0.8 mm. The chemical grouping occurring in the bulk compositional 

data are easily explained by the different phases present in the microstructure of these 

selected areas. SEM-EDS facilitates thus to expand the knowledge on the technological 

process acquired by macro-analysis and optical microscopy. Regardless of the advantages 

of this technique, it should not be forgotten that the results derive from selected areas and 

may thus not be representative for heterogeneous material such as the large slag lumps. 

SEM-EDS determines the elemental composition but does not identify the chemical 

compounds. Therefore the microstructural properties determined under the optical 

microscope always have to be taken into consideration when interpreting data deriving 

Le
nte

 Van
 Brem

pt



 
 

101 

from SEM-EDS analyses. Since oxygen cannot be quantified very accurately by SEM, 

oxygen was calculated by stoichiometry in most instances. Only for the metallic phases 

oxygen was quantified. Therefore the composition of non-metallic phases and minerals is 

commonly expressed as oxides in weight per cent in the discussion of the results, whilst 

the metallic phases and primary sulphidic minerals are usually given as elements in weight 

per cent (Thondhlana 2012: 146). 

For imaging by back-scattered electrons and for compositional phase and bulk 

analysis a polished surface is required. Therefore SEM-EDS was only applied on the 

polished sections of the slag and technical ceramics, which were carbon coated prior to 

placing them in the chamber. This carbon layer prevents distortion and deflection of the 

election beam as well as electron charging of the sample (Henderson 2000: 20). The 

analyses by means of SEM-EDS were partially done at the Wolfson Archaeological 

Science Laboratories of the Institute of Archaeology at UCL London, and at the Materials 

Science Laboratories at UCL Qatar. The SEM used at UCL London was a Philips XL30 

instrument with an Oxford Instruments EDS attachment. The SEM was set up at an 

accelerating voltage of 20kV, a working distance of 10 mm, an operating dead time 

between 30 and 40%, and a spot size of about 5.4. The data was processed with the INCA 

software. At UCL Qatar the analyses were done with a JEOL JSM6610-LV SEM 

instrument with an Oxford Instruments X-Max 50mm EDS attachment. The SEM was set 

up at an accelerating voltage of 20kV, a working distance of 10 mm, an operating dead 

time around 40%, and a spot size of about 60. The data was processed with the Aztec 

software. The deadtime of both SEM instruments was set on a cobalt standard, and will 

thus be different on the samples. The cobalt standard was also analysed at regular intervals 

during each SEM-EDS session to monitor the analytical drift in the instruments used, as 

well to calibrate the EDS analyses and hence to avoid minor fluctuations in the beam 

intensity.. 

To establish accuracy and precision of the analytical instruments a number of 

certified reference materials (hereafter CRMs) were also analysed. The full description and 

detailed SEM-EDS results of these CRMs are given in Appendix I:2. The CRMs analysed 

within the same period as the analyses of the archaeometallurgical debris include the silica-

rich basalts BHVO-2 and BCR-2 (UCL London) and BHVO-2G and BCR-2G (UCL 

Qatar). As they contain a wide range of other important oxides that are expected in slags 

and technical ceramics, these CRMs are commonly used as reference material to test the 

accuracy and precision of the instrument when analysing metallurgical remains. The 
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normalised (100%) results from both instruments used compared very well to the given 

CRM values (Appendix I:2). For this reason the SEM-EDS chemical results reported are 

commonly normalised to 100%. The normalisation also allowed the comparison of the 

compositional results of the different samples. The coefficient variations (CVs) for the 

major oxides range from 0 to 4.1% (UCL London) and from 0 to 6.5% (UCL Qatar). These 

results indicate that the level of precision of both instruments was acceptable over the 

period of the analytical work. Nonetheless, the possibility of an analytical difference 

between the two instruments was taken into account at all times when processing the data. 

3.4.4 Provenance study: Lead Isotope Analysis 

As clarified in the introduction, Lead Isotope Analysis (LIA) is vastly applied to 

identify the provenance of bronze artefacts and copper ingots from both Cyprus and the 

wider Eastern Mediterranean (e.g. Gale 1989; Gale et al. 2000; Stos 2009; Stos-Gale 2011; 

Stos-Gale et al. 1997). When used on slag assemblages, this technique may offer us the 

possibility to reconstruct the spatial organisation of the metallurgical chain and address 

major questions such as: Where did the ancient smelter get the ores from? Were nearby 

mines used? Can we hence speak of a locally organised production network?  

Lead Isotope Analysis (LIA) basically involves connecting the lead isotope ratio of 

a metal object or slag to that of the metalliferous ore it originates from. Lead has an 

extraordinary large range of natural isotopic compositions across the earth’s surface. Three 

of its four stable isotopes (206Pb, 207Pb and 208Pb; 204Pb being the fourth one) lie at the end 

of major radioactive decay chains. Therefore the ratios of these four isotopes vary with 

time and can hence be used as a chronometer. The major assumption of the process of lead 

isotope analysis is thus that, even if the lead may be present at varying concentrations in an 

ore body, as long as it has been formed under the same conditions and undergone the same 

geological processes, the ratios between the lead isotopes present will be the same. The 

ratios of these stable isotopes of lead consequently vary moreover from metal deposit to 

metal deposit and can be measured. Every ore-field has thus a particular isotopic signature 

that can also be found in the metal objects that were made of ores deriving from that 

specific field (Henderson 2000: 14; Pollard and Heron 2008: 302; Stos-Gale and Gale 

2009: 198). 
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Although the application of lead isotope analysis to archaeological metals has 

aroused a fierce discussion (e.g. Journal of Mediterranean Archaeology 8.1 (1995)), 

nowadays this technique is commonly used to locate the mining areas where the ore used 

for the production of certain metal artefacts may have derived from, keeping some 

disturbing factors in mind when interpreting the results.  

Arguments commonly listed against the reliability of lead isotope analysis as a 

provenance technique are: 1) different ore deposits may contain lead that is isotopically 

indistinguishable; 2) possibly not all ore sources are known and isotopic variability within 

a single ore source cannot be excluded; 3) other materials added to the smelting (i.e. fuel or 

flux) or alloying (i.e. tin) may contain lead that does not derive from the copper ore; and 4) 

more than one ore sources may be used in the manufacturing of an object and the re-

cycling of scrap bronze may contain lead from different ore sources (Knapp 2000: 38). 

Furthermore, it is remarkable that very few of the analysed copper-alloyed artefacts found 

on Cyprus have an isotopic signature similar to those identified for the copper oxhide 

ingots made of Cypriot ores (Knapp 2000: 38). The benefit in the use of Lead Isotope 

Analysis on smelting slags is that fault data resulting from alloying or recycling of bronze 

can be excluded. During the primary smelting of ores the only disturbing factor may be the 

addition of a flux or fuel. Also the possibility of ore mixing within a single smelting 

process cannot be fully ignored but it seems rather unlikely. 

Samples for lead isotope analyses were sent to the Geo-Institute of KU Leuven. 

The results were compared with the published lead isotope compositions of the Cypriot 

copper ore deposits as analysed by the Oxford Isotrace Laboratory under guidance of N. 

Gale and S. Stos-Gale. These are available in the online Oxford Archaeological Lead 

Isotope Database (OXALID) (http://oxalid.arch.ox.ac.uk/).  

3.4.5 Statistical analysis 

The following step in the archaeometallurgical analysis is to combine the different 

forms of analytical data gathered with the aim to identify patterns that may have 

archaeological meaning (Pryce 2009: 110). Basic statistical analyses were used to identify 

groupings among the compositional data and to display any relationship between the 

chemical and microstructural composition of the samples. These compositional and 

microstructural signatures are expected to be the outcome of particular processes. 

Le
nte

 Van
 Brem

pt



 
 

104 

Before exposing the analytical data to statistical analysis the data had to be 

scrutinised, cleaned and organised. Any anomalous data were checked and if necessary 

removed. This was done with simple data processing software of Microsoft Excel for Mac 

2011, Version 14.0.0. Subsequently simple binary plots were used to reveal the 

relationship between two or more elements. More elaborate statistical analysis was done 

with the use of Sigmaplot, Version 12.2. 

3.4.6 Experimental analysis 

The undertaking of metallurgical experiments is nowadays widely accepted to be a 

highly valuable means in the establishment of conclusions and theories following the 

analytical study of metallurgical remains, and in the full understanding of the technological 

process and the sorts of problems that the ancient metallurgists had to confront (e.g. 

Merkel 1990; Timberlake 2007; Tylecote 1980b; Tylecote and Merkel 1996; Van 

Lookeren 2000). 

In order to verify the validity of the interpretation of the results outcoming the 

study of the assemblages with the various analytical methods, some lab-based experiments 

were undertaken. The applied experimental procedure is reviewed in detail prior to the 

discussion of the results and will not be repeated here. 

3.5 Phase Diagrams 

Archaeometallurgical slags are defined by high concentrations of iron oxides and 

silica, wherefore they are also termed iron-rich silicate slags. In most cases, ca. 80wt% of 

the slag’s bulk chemistry is made up by FeO, SiO2, CaO and Al2O3. The minor oxides 

commonly occurring in slag are MgO, BaO, Na2O, K2O, P2O5, CuO, PbO, SnO or ZnO. 

All these oxides can be used to determine the thermodynamic and physical properties of 

slags (e.g. liquidation temperatures or viscosity). This is commonly done by the use of 

suitable ternary or quaternary phase diagrams (Hauptmann 2014: 99).  
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For archaeometallurgical slags ternary systems within the materials tetrahedron of 

CaO-SiO2-FeO-Al2O3 are usually suitable. One of the most frequently used is the SiO2-

FeO-Al2O ternary system (Figure 3.1), within which a region of low-melting compositions 

occurs around fayalite at around 1200ºC, which is surrounded by steeply arising areas of 

quartz and hercynite. These are components that crystallize from very high temperatures or 

are stable up to high temperatures (Hauptmann 2014: 99-100). 

 

 
Figure 3.1: Diagram showing the phase relations at liquidus temperatures in the ternary FeO-Al2O3-SiO2 
system and the place of the average composition of archaeometallurgical slag from copper smelting 
(medium-shaded area) and iron smelting (dark-shaded area). These compositions match mainly the eutectic 
area of the fayalite region (fa) in the system, which is surrounded by the areas of quartz (qu) and hercynite 
(hc) (c.f. Hauptmann 2014: 100, Fig. 5.6). 

 

To place the analysed slag samples onto the ternary phase diagram the 

measurements for SiO2, FeO and Al2O3 are normalised to 100%. These values are then 

inserted into the ternary system. According to its place on the diagram, which shows the 

phase relations at liquidus temperatures, we can detect whether a slag was workable or not. 

Ideally the reduced analysis should match the eutectic area of the fayalite region. The plot 

in a phase diagram determines the melting temperature of the slag, and can therefore give a 

rough estimation of the working temperature of the furnace (Hauptmann 2014: 99). 

However, also the minor oxides partially affect the slag’s melting and solidification 

behaviour, and the charge does in reality not pass over from the solid to the liquid state at a 

distinct temperature but parts of the material form a liquid as soon as the temperature of 
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the lowest eutectic is reached. The phase diagrams are thus only an approximation, but 

useful tool for the discussion of temperatures (Hauptmann 2014: 99-100). 

3.6 Summary 

“The production and use of metals requires a series of different human activities. 

They are connected with chemical and physical transformations of materials during the 

change from ore into metal (Hauptman 2007: 7)”. These interactions can be summarized in 

a ‘metallurgical chain’, which parallels the ‘chaîne opératoire’ (Hauptmann 2007: 7). All 

metallurgical objects and products can be directly assigned to specific steps in metal 

production since they are controlled by individual craftsmanship and chemo-physical laws 

(Hauptmann 2007: 9). The various analytical methods selected were employed for the 

determination of technological properties of the metallurgical remains under study, which 

will facilitate the identification of these various steps in the metal production and hence 

enable the reconstruction of the metallurgical chain and its spatial and social organisation. 

The technological study of the metallurgical remains can consequently contribute greatly 

to the discussion of the various archaeological questions listed in the introduction to the 

present project.  
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CHAPTER 4 -  A COMPARATIVE STUDY OF THE METALLURGICAL REMAINS 

FROM KALAVASOS-AYIOS DHIMITRIOS 

4.1 Introduction: the Vasilikos River valley 

 
Figure 4.1: Map of the Vasilikos River valley showing the location of the modern village of Kalavasos, the 
excavated sites of Tenta (1), Ayious (2), Ayios Dhimitrios (3) and Kalavasos Village Cemetery (4) and the 
localities of Tokhni, Vasiliko, Asgata and Zygi mentioned in this chapter (c.f. Todd 2004: Fig. 2).  

 

The Vasilikos valley is one of a series of river valleys that run from the eastern end 

of the Troodos Mountains down to the southern coast of the island and is located half way 

between the modern towns of Larnaca and Limassol (Figure 4.1). The modern village of 

Kalavasos is situated at the most narrow point of the river valley (Figure 4.2). Just south of 
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Kalavasos the valley widens out toward a coastal plain, while to the north it enlarges to a 

mountainous terrain where the Kalavasos dam and a major copper mining area are located. 

Communications within the region, and in particular in the most northern areas, usually 

follow the NW-SE alignment of the valley. Small side valleys run roughly east-west on 

both sides of the river, but the large majority of these are often steep and not particularly 

feasible for the establishment of contact routes with the neighbouring areas. In ancient 

times the coastal plain must have been wider than today, and the actual coast was located 

further south. The landscape of the Vasilikos valley thus includes a coastal plain, a river 

valley, a hillier country inland and a mountainous area with copper ore deposits (South 

2002: 59; Todd 2013: 7).  

Due to the nearby presence of rich ore deposits, the region has received great 

attention in the study of the copper production and exchange on Cyprus and how the 

international metals’ trade may have affected the development of the LBA complex 

society. Prior to the Bronze Age the economies within the Kalavasos region were 

presumably entirely pastoral/agricultural. Although it is still debated whether the 

Kalavasos mines were exploited during this period (Gale and Stos-Gale 2012: 79; South 

2012: 46), the striking changes in the settlement pattern, growth in settlement size and 

intensification of social complexity within the Vasilikos valley by the Bronze Age, and the 

rising quantities of imports, are commonly linked to the possible exploitation of the 

Kalavasos copper sources (South 1989: 315; 1995: 187-189).  

The earliest archaeological interest in the valley dates back to the end of the 19th 

century, at which time the British Museum under direction of H.B. Walters undertook 

some work in the areas of Mari and Kalavasos in 1897 (Todd 2004: 17). With the 

knowledge of the presence of scattered prehistoric and later sites in the area a multi-

disciplinary project was undertaken within the valley involving the excavation of various 

prehistoric sites, a field survey and studies addressing the regional environment, land use 

and settlement. The Vasilikos Valley Project (VVP), under the direction of Ian Todd and 

Alison South, ran from 1976 to 1998. The field survey recorded approximately 135 sites, 

ranging in date from the Neolithic to the medieval period. Excavations revealed the 

Aceramic Neolithic settlement of Kalavasos-Tenta, the Chalcolithic settlement of Ayious, 

the MBA cemetery at Kalavasos village and the urban LBA site of Ayios Dhimitios, the 

largest settlement known in the area (Figure 4.1). For the northern area, the survey was 

unfortunately largely limited by the presence of a military zone. Therefore a large part of 

the mountainous area of the valley was inaccessible (Todd 2004: 43). 
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Figure 4.2: Map of the Vasilikos river valley, showing the location of the modern village of Kalavasos and 
the mining region (c.f. Todd 2004: Fig. 3).  
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4.1.1 The geology and metal resources of the Vasilikos valley 

 
Figure 4.3: Simplified map of the geology of the Lower Vasilikos catchment, and the geology of the whole 
catchment (inset) (c.f. Todd 2004: Fig. 5). 

 

A more detailed overview of the geology and metal resources of the Vasilikos 

River valley can be found in Todd’s 2013 publication. The upper part of the Vasilikos 

catchment is underlain by igneous rocks of the Troodos Ophiolite complex of Upper 
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Cretaceous age (andesitic, diabase rocks and an outer arc of pillow lavas). The lower part 

of the valley comprises sedimentary rocks: sandstones of the Athalassa formation, marls 

and sandy limestone with gypsum and chalk (Figure 4.3) (Bagnall 1960; Pantazis 1967; 

Todd 2013: 7-8). Only few traces of the ancient natural vegetation remain visible in the 

modern landscape of the Vasilikos valley. It was largely affected by millennia of intensive 

cultivation, overgrazing and exploitation for natural metallic and other minerals, timber 

resources and fuel. The mining activities and firing of gypsum though time caused major 

deforestation (Bagnall 1960; Pantazis 1967; Todd 2013: 8). 

A major copper mining area is situated ca. 4 km northwest of Kalavasos village, 

adjacent to the Kalavasos dam. The Kalavasos mining district covers an area of 8.5 x 4.5 

km and contains thirteen sulphide ore bodies. Between 1927 and 1977 the Hellenic Mining 

Company extracted a total of 4,681,400 tonnes of sulphide ore (0.5-3.5% Cu) from ten 

separate ore bodies, ranging in size from 50,000 to 1,300,000 tons. They were transported 

to Vasiliko for further treatment. After Skouriotissa-Mavrovouni and Limni the Kalavasos 

mining district is the third most important on the island (Gass et al. 1994: 187-189).  The 

remaining reserves, mostly pyritic ore, were estimated to be 2,280,000 tonnes. The 

sulphide deposits of Kalavasos do not only comprise pyrite and copper, but also gold and 

silver. The oxidized zones of the deposits are occasionally highly auriferous and were 

intensively exploited between 1937 and 1943 (Gass et al. 1994: 188-189).  

The ore bodies of Kalavasos are typical Cyprus-type sulphide deposits. They occur 

in the Upper Pillow Lavas, sometimes close to the Lower Pillow Lavas and Basal group. 

There are both massive cupreous and non-cupreous minerals, with some secondary 

minerals such as chalcocite (Cu2S), covellite (CuS), bornite (Cu5FeS4) and cuprite (Cu2O). 

Also marcasite (FeS2) and pyrite (FeS2) occur. The shapes of the ore bodies vary widely, 

with occasionally extensions penetrating the bordering pillow lava. Most of the deposits 

are cut by dykes that can vary in width between 30 and 365 cm. Near the dykes the ore is 

richer in secondary copper minerals, while typically the copper content in the deposits 

decreases downwards (Gass et al. 1994: 189; Pantazis 1967: 141-142; Todd 2013: 16-17). 

The ore bodies of the Kalavasos area are divided in three groups: 1) the Petra group 

with only one deposit; 2) the Mavridia group including the major deposits of Mousoulos; 

and 3) the Mavri Sykia group including the deposits of Mavri Sykia (opencast and 

underground) and Landaria underground workings (Gass et al. 1994: 190; Todd 2013: 17). 

The only mine located outside the military zone and hence visited by the VVP is 

the Petra mine. This mine lies 450 m southwest of the Vasilikos River and 200 m 
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southwest of the largest slag heap in the area. Both high- (av. 3% Cu and 46% S) and low-

grade copper is present. The ore deposit was likely extensively worked by the Romans. 

They constructed a large main access incline to the foot-wall of the ore body and drove a 

low-level drainage adit near the Vasilikos River (Gass et al. 1994: 190; Pantazis 1967: 144, 

146; Todd 2013: 17). The charcoal of samples taken from the large slag heap next to the 

Petra mine gave two radio-carbon dates: Cypro-Archaic to Cypro-Classical and Cyprus-

Classical to Hellenistic (Kassianidou 2013c: 67). 

The eastern edge of the huge mining complex of Mavridia (the Kalavasos mine) 

lays ca. 450 m west of the Petra mine. The complex covers an area of ca. 700 x 425 m and 

comprises a series of ore bodies that include high- (av. 2.5% Cu and 45% S), middle- and 

low-grade ore (Gass et al. 1994: 190-191; Pantazis 1967: 148; Todd 2013: 17-18;).  

The Landaria mine is located 100 m east of Mavri Sykia. The ore deposit, with 

maximum dimensions 100 x 54 m, is surrounded by a strong gossan originally worked for 

gold and silver (Gass et al 1994: 191; Pantazis 1967: 146, 148; Todd 2013: 18). The Mavri 

Sykia mine includes an opencast and underground mine. Also this mine is surrounded by 

an extensive and strongly oxidized zone (gossan) that was originally worked for gold and 

silver. The ore body has a maximum dimension of 95 x 70 m. The massive ore contains 

2.5% Cu and 46% S (Gass et al. 1994: 191; Pantazis 1967: 146; Todd 2013: 18).  

The Platies mine lies 1.75 km northwest of Asgata village, and ca. 2.3 km west of 

Petra mine. The ore deposit was located under a gossan that had been worked for gold and 

silver and seems to have been extensively mined during ancient times, as slag and waste 

dumps occur in large quantities and only little ore was found in situ. Most of the ore 

extracted in modern times consisted of sorted and rejected ancient residues averaging ca. 

2% Cu and 45% S. In the mine wall an ancient inclined adit with steps was discovered 

(Gass et al. 1994: 191; Pantazis 1967: 144; Todd 2013: 18). 

In addition to its agricultural potential and metallic mineral wealth, the Vasilikos 

valley had also gypsum and limestone as major natural resources that must have been of 

great importance. It is however unlikely that the natural deposits of gypsum and limestone 

ever greatly influenced the settlement pattern of the valley (Todd 2013: 11, 13). The 

gypsum deposits can be found in the area of the Kalavasos village and further west 

(Pantazis 1967: 71-73, 165). Gypsum was used in ancient times as building material and 

for the production of plaster at the Aceramic Neolithic site of Kalavasos-Tenta (Todd 

2013: 11, 13). Chalks and bioclastic and calcarenite limestone are widespread in the area 

(Pantazis 1967: 165). The finest limestone in the region would have come from the 
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quarries immediately north of Tokhni village to the east of Vasilikos valley (Bagnall 1960: 

102). From this area came also the ashlar masonry found at the LBA site of Kalavasos-

Ayios Dhimitrios (Todd 2013: 13). 

Also chert occurs in considerable quantities in the Vasilikos valley, to the north of 

the village in primary contexts in the scarps on the edge of the valley, and to the south of 

the village in secondary contexts in the bed of the river (Pantazis 1967: 47-54; Todd 2013: 

13). Other minerals that can be found in the Vasilikos valley are igneous rocks in the 

northern reaches of the valley and umber with various shades of colour in the Kalavasos 

area (Pantazis 1967: 32-38; Todd 2013: 14-15). 

4.1.2 Settlement history of the Vasilikos valley  

Based on the results of the VVP Todd (2013) was able to produce an extensive 

overview of the changing settlement in the Vasilikos valley since the first occupation until 

the 20th century. We must keep in mind that the discussion of settlement activity in the 

valley during the earliest periods is primarily based on surface finds rather than excavated 

evidence. Nevertheless, the ancient settlement pattern within the Vasilikos valley was 

characterised by nucleation, with the presence of dispersed, isolated farms or equivalents 

in the Middle and Late Bronze Age, and the Archaic and Late Roman periods (Todd 2013: 

77). Prior to an overview of the settlement of the valley during the LBA, this section 

includes a summary of the changing settlement of the Vasilikos valley from its earliest 

occupation. 

4.1.2.1 Settlement prior to the Late Bronze Age 

The earliest known utilization of the Vasilikos valley is dated to ca. 8000 BC, and 

possibly earlier, with the occupation of the site of Kalavasos-Tenta throughout the 8th and 

7th mill. BC (Figure 4.1). The site is characterised by the presence of solid circular stone 

and mudbrick architecture (Todd 2013: 78-80). The current archaeological evidence for the 

Aceramic Neolithic (7000/6500-5800/5500 BC10) implies the earliest settlement of the 

                                                
10 The dates given in this chapter derive from the publication of the Vasilikos Valley Project, volume 12 
(Todd 2013). These dates are partially based on various sources with emendations by I. Todd (Todd 2013: 
XXV). 
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valley to be on a limited scale in different areas from the coast to the hills north of 

Kalavasos. (Todd 2013: 78-80).  

The absence of standing architecture during the Ceramic Neolithic (4500-

4000/3700 BC) indicates a possible change to more lightly built wooden structures. 

Therefore it has also been suggested that the settlement possibly comprised a range of sites 

in both the northern and southern areas of the valley, some of which being seasonally 

occupied or in use for only short periods of time (Todd 2013: 82, 84).  

Changes in the settlement of the Vasilikos Valley continued during the Chalcolithic 

period (4000/3700-2900/2500 BC). In the Early Chalcolithic the number of settlements 

and size of population had largely decreased with only a few sites in the southern reaches 

of the valley, without any substantial architectural features. By the Late Chalcolithic the 

number of sites had augmented slightly. They are characterised by their strategic position: 

Kalavasos-Pamboules (Loc. 60), the primary site with evidence of stone buildings, is 

located at the intersection of several routes and at a convenient crossing point for the 

Vasilikos river, while the sites north of Kalavasos are located on distinct heights on either 

side of the valley or on the route running from north of Kalavasos to the west side of the 

valley (Todd 2013: 85-86). 

The only material in the valley ascribed with certainty to the Early Bronze Age 

(EBA, i.e. Early Cypriot) (2300-1900 BC) comprises a small number of tomb groups 

found at Kalavasos village. No settlement architecture of definite EBA date is currently 

known in the Vasilikos valley. Despite the disagreements about the chronological and 

cultural situation of the Philia phase (2500-2300 BC)11, Philia-type sites are commonly 

assumed to mark the beginning of the EBA. They occur in various areas of the island but 

are very rare if not absent from south and southeast Cyprus (Todd 2013: 88; Webb and 

Frankel 1999: 43). Todd (2013: 88) however tends to believe that the EBA will eventually 

be found to be represented in the survey material from the valley. The large variety of 

types of Red Polished ware, which are typically dated to the MBA, may possibly cover 

both the EBA and MBA (Todd 2013: 86, 88). 

                                                
11 As clearly summarized by Manning (2014: 24), the Philia world appears linked to the contemporary 
Anatolian Trade networks. The Philia transformation was a form of secondary or reactive development 
following different mechanisms. The two proposed mechanisms are: 1) a primarily externally-forced 
transformation involving a ‘significant’ population movement from Anatolia (e.g. Webb & Frankel 1999); 
and 2) a primarily internally led process of emulation, assimilation and hybridity as one or more groups on 
Cyprus are stimulated by contacts with traders from the Anatolian Trade Network area. They rapidly 
transform into an Anatolianising society led by persons and groups within these societies that are 
encouraged/enabled by the present potential to engage their inherent ambitions and accessible opportunities, 
and consequently further driven to maintain this position of power (e.g. Knapp 2013: 246-277) (Manning 
2014: 24). 
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Figure 4.4: Map showing the location of the Early/Middle Bronze Age site in the Vasilikos valley. The sites 
mentioned in the text: Laroumena (44), Spilios (70) and Ora-Betaleyi (122) (c.f. Todd 2013: 87, Fig. 12). 

 

In contrast to the preceding periods, the Middle Bronze Age (MBA, i.e. Middle 

Cypriot) (1900-1600 BC) is characterised by the large abundance of sites within the 

Vasilikos valley (Figure 4.4). At 93 sites Red Polished wares have been found, although 

often in minor quantities. These sites saw major occupation in other periods. As noted by 

Todd (2013) although one should bear in mind that Red Polished wares continue to be used 

at the beginning of the LC period, they comprise the vast majority of the MBA pottery 
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recovered from the Vasilikos valley. Also small numbers of White Painted and other 

ceramic types were found. (Todd 2013: 90).  

The MBA remains are primarily found in the northern area of the valley and 

immediately south of Kalavasos village. They are also common in the Kalavasos area, but 

very scarce toward the coast. The overall pattern of the MBA sites in the Vasilikos valley 

follows approximately the north-south route of the region. The highest density of sites is 

located north of Kalavasos village on the west side of the valley, with a chain of sites 

running northward from Laroumena (Loc. 44) to Spilios (Loc. 70) and forming a very 

large MBA complex with a dimension of minimum 1.15 km (SSE-NNW) by 675 m. The 

location of this complex is commonly related to the presence of the copper mines further 

north. Also on the east side of the valley north of Kalavasos an extensive scatter of Bronze 

Age pottery was found on the steep slopes and small plateaux overlooking the river and 

Kalavasos village. Another north-south chain of sites was detected opposite Kalavasos on 

the east side of the valley. These sites are however smaller in size and may not represent 

long-term occupation but rather a well-travelled route higher up the slopes (Todd 2013: 90-

91).  

A MBA-LBA site of considerable importance, Ora-Betaleyi (Loc. 122), was found 

on the top of a strategically located hill overlooking the NE end of the Kalavasos dam. 

Likely settlement continued further north, especially in the limestone terrain (Todd 2013: 

91). Within the area of Kalavasos village tombs have been found, but no MBA settlement 

remains. South of Kalavasos sites were located on routes reaching the village from the 

south on both the east and west side of the valley (Todd 2013: 91).  

Field survey within the valley has thus identified the Kalavasos region as a major 

centre during the MBA period. The lack of cemeteries at the sites and the occurrence of 

numerous tombs within the confines of Kalavasos village suggest that the latter served as 

the burial place for much of the surrounding population of both the north and south area of 

the valley. The central and northern parts of the valley were of much larger significance 

than the southern reaches of the valley. Most of the northern sites were placed at strategic 

locations: on the north-south route from Kalavasos to the mines and overlooking the valley 

from varying heights. Also some of the more southern sites are found at locations 

favourable for inter-visibility and communication between sites, i.e. on isolated hills or 

ridges with substantial views and interaction possibilities (Todd 2013: 92).  

The little variation in burial treatment or quantity of grave-goods assigned to 

individuals suggests that the MBA society of the Vasilikos Valley was not yet strongly 
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differentiated by rank. Also the absence of imports does not support the suggestion that the 

region functioned as a major exporting centre. Therefore it is suggested that the prosperity 

of the valley during the MBA can be assigned to the trading of copper to nearby regions, 

together with improved agricultural techniques (South 1995: 190). 

4.1.2.2 Settlement during the Late Bronze Age 

 
Figure 4.5: Map showing the location of the Late Bronze Age sites in the Vasilikos valley. LCII sites 
mentioned in the text: Kalavasos-Ayios Dhimitrios (10), Tokhni-Oriti North (132) and South (131), 
Kalavasos-Khorapheri/Vounaritashi (37), Spilios (70), Laroumena (44) and Kalavasos-Arkhangelos (8) (c.f. 
Todd 2013: 93, Fig. 13). 
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By the beginning of the Late Bronze Age (LBA, or Late Cypriot) (1600-1050 BC) 

settlement activity within the Vasilikos valley was reduced. The Late Cypriot I (LCI) 

period (1600-1450 BC) is poorly known in the Vasilikos valley, but a small number of 

surface finds implies possible settlement in the northern area on the west side of the valley, 

on the east side of the valley in the Kalavasos area, and further south at about 2 km from 

the coast, without any evidence of site concentration. The little material evidence from this 

period indicates that the Vasilikos valley started taking part in international relations, as 

were other regions in Cyprus. Even though architectural remains dated prior to LCII are 

rather limited, it is possible that the major urban settlement of Kalavasos-Ayios Dhimitrios 

(Loc. 10) was founded during this earliest first phase of the LBA (South 1995: 191; Todd 

2013: 94).  

A similar phenomenon was observed, for example, in the area of Paphos on the 

west coast, were no evidence of settlement was found at ancient Paphos before the LC era. 

From ca. 1600 BC coastal centres were established as ports of export, and Paphos was 

initially possibly not more than the final link in a chain of industrial establishments and 

support settlements that run from the cupriferous pillow lavas (Iacovou 2012: 59-60).  

The earliest phases of the Late Cypriot II (LCII) period (1450-1200 BC), i.e. LCIIA 

and IIB, are only known from sporadic tomb excavations. Several tombs at Ayios 

Dhimitrios were in use during LCIIA, but no settlement of this date has yet been located. 

The grave goods from the tombs at Ayios Dhimitrios illustrate how large amounts of 

imports were only available for certain members of the society (South 1995: 191-192). 

By LCIIC Ayios Dhimitrios had become the most important urban centre in the 

valley. It is strategically located at the intersection of the major east-west and north-south 

routes of the area, at a convenient crossing point for the river and nearly halfway between 

the coast and the Kalavasos mining area. Tombs of LCIIC and earlier date were found 

spread between the buildings. Some traces of LCI and possibly earlier buildings are poorly 

preserved underneath. The site was abandoned by the end of LCIIC, but there is some 

evidence that may imply further occupation in the LCIII period at a much smaller and 

insignificant scale (South 1995: 192; 2000; Todd 2013: 94-95).  

Beside the urban centre of Ayios Dhimitrios numerous smaller sites were identified 

in all areas of the valley from near the mines to the coast (Figure 4.5). The largest and most 

significant amongst them is the dual settlement of Tokhni-Oriti North (Loc. 132) and 

South (Loc. 131), located in an eastern side valley connecting Vasilikos valley with the 

Tokhni region. Another remarkably large site, Kalavasos-Khorapheri/Vounaritashi (Loc. 
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37), lies in a side valley to the west of the Vasilikos valley. The reason for its location 

remains unclear, but the proximity of Ayios Dhimitrios may imply the possibility that some 

change of conditions necessitated the movement of the major settlement to the Ayios 

Dhimitrios area. A fairly large complex of sites appears between Spilios (Loc. 70) and 

Laroumena (Loc. 44) on the west side of the valley north of Kalavasos, nearby the mines 

(Todd 2013: 95). 

Most of the remaining surface finds in the Vasilikos and side valleys are an 

indication for village settlements or farmsteads. Possibly agricultural activities such as 

olive oil and wine production were taking place at these smaller sites in the countryside. 

The sites located in the valley can thus generally be identified as agricultural villages. An 

exception is the site of Sanidha-Moutti tou Ayiou Serkou (Loc. 123, located west of 

Kalavasos Dam), which was a ceramic manufacturing centre for White Slip ware (Todd 

and Pilides 2000). The survey has indicated that the majority of the LCII sites had been 

occupied or used in the MBA (Todd 2013: 95). 

The survey of the mining area was largely limited by the presence of a military 

zone. No actual proof of Bronze Age (MBA or LBA) use of the mines has so far been 

retrieved, and none of the slag heaps in the mining area could be dated to the Bronze Age. 

The nearest LBA evidence to the mining area comprises a single White Slip sherd found at 

the later site of Kalavasos-Petra II (Loc. 112, northwest of Spilios). At the nearby site of 

Spilios (Loc. 70) a widespread scatter of LBA sherds was found. LBA settlement is thus 

attested within 1 km of the mining area (Todd 2013: 96). 

Potential LBA structures were only recently identified at the locality of Tochni-

Lakkia, just east of the mouth of the Vasilikos River, with the earliest sherds dating to the 

LCI period and major occupation in the LCIIC period (Sewell 2015: 187). Possibly from 

this port or anchorage copper or other local products could have been exported. Before this 

discovery the absence of a coastal site within the Vasilikos River valley had initiated the 

assumption that maybe the site of Maroni-Tsaroukkas in the neighbouring Maroni river 

valley would have served as a port for the urban sites of Kalavasos-Ayios Dhimitrios and 

Maroni-Vournes (Knapp 2008: 142; 2013: 357; Courtois, Hadjisavvas, as discussed in 

Manning et al. 2002: 109). However, if the trade had indeed been directed towards the 

Maroni area the route southward would have run southeast from Kalavasos village and 

therefore bypassing the area of Ayios Dhimitrios (Todd 2013: 96). 
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A major change occurred in the Vasilikos valley after LCII. The urban centre of 

Kalavasos-Ayios Dhimitrios was abandoned at the end of LCIIC, without major 

destruction. The Late Cypriot III (LCIII) period (1200-1050 BC) is very poorly represented 

in the valley. No evidence of further occupation within the valley was found. Only at Ayios 

Dhimitrios some sporadic and very small-scale evidence was detected that may indicate 

some continuation of settlement during the earliest phase (LCIIIA) (Todd 2013: 97). Also 

the evidence for Geometric period occupation remains minimal. It is only in the Archaic 

period that settlement activity appears again in the Vasilikos valley (Todd 2013: 99-100). 

4.1.3 Kalavasos-Ayios Dhimitrios, and its role in the LC regional exchange network 

of the Vasilikos valley 

As discussed previously, the dominating LBA site within the Vasilikos valley is 

without doubt Kalavasos-Ayios Dhimitrios. The LCIIC site is located on a gently sloping 

terrace next to the Vasilikos River, at a distance of 3.75 km from the coast, 8 km south of 

the Kalavasos mining area, and only 6 km from another major LCII centre at Maroni-

Vournes in the neighbouring river valley. The site has been identified as the largest 

settlement within the south-central Kalavasos-Maroni region. The location of the site was 

highly advantageous for the exploitation of the agricultural resources of the valley and the 

interaction within the valley. The urban settlement must have covered about 11.5 ha in its 

full extent. The 13th century (LCIIC) architecture of all areas follows the same orientation. 

No evidence of a defensive outer wall has yet been found. The estimated population for the 

town is between 750 and 1500 people. If most of the area was residential this may have 

been even more (South 1996: 39-42; 2002: 60, 62; Todd 2013: 94). 

The excavations at Ayios Dhimitrios were undertaken by the Vasilikos Valley 

Project under the direction of Alison South and Ian Todd between 1979 and 1998. Five 

areas were uncovered at the site (Figure 4.6). The Northeast Area includes a cluster of 

large-scale administrative and industrial buildings, amongst which ashlar Building X that 

contains large facilities for the storage of olive oil. Towards the south and west of the site 

the buildings are of a more modest size. The West Area is clearly domestic in character, 

while small-scale agricultural and industrial activities such as spinning, weaving and olive 

oil or wine pressing, took place in the East and Central Areas. Building IX in the Southeast 

Area was interpreted by the excavator as a small-scale copper-smithing workshop. The 
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occurrence of copper slag and other metallurgical remains at most of the excavated areas 

seems to indicate that metallurgical activity was going on at the site, although based on the 

archaeological evidence this was of a rather small scale (South 1996: 41-42; 2002: 60; 

2012; Todd 2013: 94).  

 

 
Figure 4.6: Plan of the site of Kalavasos-Ayios Dhimitrios showing the five areas excavated and the extent of 
the architectural remains and surfaces finds (courtesy of A. South, adapted by K. Fisher). 
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Figure 4.7: Architectural plan of the Northeast Area of the site of Kalavasos-Ayios Dhimitrios (courtesy of A. 
South). 

 

The Northeast Area (Figure 4.7) comprises a complex of buildings that are clearly 

distinctive by their size, function and massive, often ashlar, construction. At the north end 

of the major street ashlar Building X is situated. It has a square tripartite plan that covers 
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about 1000 m2 and is surrounded on the west, north and east sides by a narrow street that 

continues towards the southeast. West of Building X are several buildings with possibly 

industrial functions. To the south another ashlar building or courtyard (Building XII) was 

found, the purpose of which remains so far unknown. To the north and east Building X is 

enclosed by an ashlar wall that continues towards the south. This wall may have formed an 

enclosure around the administrative and industrial quarter that altogether occupied at least 

4000 m2 or more. A trial trench has indicated that the major street continued southward 

and more ashlar structures were located between the Northeast and East Area (South 2002: 

60-61). Indeed, a geophysical survey of the area undertaken within the framework of the 

KAMBE-project, has detected linear features that could be interpreted as a continuation of 

the urban architecture and the main north-south road running from the Northeast Area 

through the East Area (Fisher et al., in press). The administrative area, which basically 

comprises ashlar buildings organized around Building X, may thus have been more 

extensive (South 2002: 61). 

Building X had massive dimensions. Ashlar masonry was primarily used for the 

exterior faces, the courtyard and some other features. The main activities taking place on 

the ground floor must have been storage and administration. There was possibly also an 

upper storey where living quarters would have been located. Certain finds within the 

building, such as stamp seals and clay cylinders, are indicative of administrative activities. 

The majority of the space on the ground floor was dedicated to storage. The facilities with 

a total capacity of about 50.000 litres comprised a storeroom with small and large pithoi in 

the north-west and a larger pillared hall in the west with double rows of very large pithoi. 

Gas Chromatography analyses have shown that the pithoi were used for the storage of 

olive oil (South 1996: 42-43; 2002: 61). 

In Building XI and in the northwest part of Building X installations were found that 

were possibly used for large-scale production of olive oil. Also Building XIV and XV 

seem to be of an industrial nature but their precise purpose is more difficult to define 

(South 2002: 61). 

Based on the archaeological evidence the excavators have suggested that within the 

LCII town of Ayios Dhimitrios major agricultural, metallurgical and other industrial 

activities were taking place and that they were centrally controlled by an elite who may 

have inhabited Building X, the largest and most impressive building known in the town. 

(South 2002: 62). The findings from the urban centre demonstrate that the inhabitants of 

Ayios Dhimitrios, and in particular those of Building X and the surrounding structures of 
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the Northeast Area, had considerable access to imported goods, were involved in trade and 

administrative activities. The wealth of the population is largely confirmed by the rich and 

varied repertoire of grave goods of the LCIIA-IIC tombs found in most parts of the site. 

Some of the richest tombs were located next to Building X, mainly in the street to the west. 

The burials show that the elite habitants of Ayios Dhimitrios ranked equal in wealth and 

sophistication with the people of other major contemporary sites in Cyprus (South 2000; 

2002: 62).  

As discussed in the previous section, Ayios Dhimitrios did not stand in isolation 

within the Vasilikos valley. The survey identified multiple contemporary sites scattered 

along the valley from the coast to the mines, many of which were probably agricultural 

villages and farmsteads or had processing or storage facilities. Some others are located in 

more secluded locations in the subsidiary valleys and may have had more specialised 

functions. Being by far the largest settlement within the area, it is likely that the urban 

centre of Ayios Dhimitrios controlled the major activities at and exchange between the 

settlements located within the Vasilikos valley, an area of ca. 30 km2 from the coast to the 

mines. This area may have been even larger. The stone for the ashlar blocks at Ayios 

Dhimitrios, for example, likely came from the quarries at Tokhni about 4 km to the north-

east, located in the neighbouring valley of the smaller Tokhni river between the Vasilikos 

and Maroni rivers (South 2002: 62). Furthermore, Negbi (2005: 16) has considered the 

possibility that the pottery manufacture site at Sanidha, 13 km northwest of Ayios 

Dhimitrios, produced White Slip ware for the entire Vasilikos valley and may have 

provided Ayios Dhimitrios with the demanded storage containers. This is though rather 

unlikely. 

As discussed in Chapter 1, the Vasilikos valley, and the neighbouring regions of 

Maroni and Alassa, have received particular attention when addressing the settlement 

pattern of LBA Cyprus. It is commonly assumed that the elite from Ayios Dhimitrios, an 

urban centre located in fairly close proximity to the mines, had the possibility “to supervise 

the extraction and processing of copper without recourse to a tiered system of 

intermediaries, subsidiary administrative centres, and points of transhipment upon which 

other coastal centres would have depended (Keswani 1993: 79)”. Due to its geographical 

setting Ayios Dhimitrios would have been involved in both the mining, production and 

transport of copper (typically assigned to the primary coastal centres), and the collection 

and distribution of agricultural products (usually related to the secondary inland centres) 
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within the valley. Therefore it functioned commercially as administrative and transhipment 

point (Keswani 1993: 79; Knapp 1997b: 56-57, 61-62; 2013: 357; Negbi 2005: 14-15).  

It is thus indeed likely that Kalavasos-Ayios Dhimitrios functioned as the 

controlling administrative and transhipment point in relation to the unidentified mining 

settlements in the Kalavasos mining region, the numerous agricultural and industrial 

villages scattered within the valley and a yet unknown harbour located at the mouth of the 

Vasilikos river or the possible coastal site identified at the locality of Tochni-Lakkia. 

However, as noted by Manning et al. (2002: 109-111), earlier was suggested by Courtois 

and Hadjisavvas that the network may have been extended over two regions whereby the 

harbour of Maroni-Tsaroukkas would have carried out the commercial functions controlled 

by Ayios Dhimitrios, and maybe also for Maroni-Vournes as suggested by Knapp (2008: 

142; 2013: 357).  

In return for the numerous precious imports found at the site, the elite of 

Kalavasos-Ayios Dhimitrios must have exported valuable commodities from the area. The 

main commodity is commonly assumed to have been copper. However, as already argued 

by South (2012), the absence of large-scale metallurgical activities at the site is indicative 

that copper is unlikely to have been the sole export product from Ayios Dhimitrios. The 

importance of olive oil for the inhabitants of the settlement is clearly demonstrated by the 

massive storage facilities that were built in the most impressive and largest architectural 

space within the main building of the urban centre. The quantities of oil that could be 

produced at the site would have been more than sufficient to provide all the people of the 

town and surrounding agricultural and mining villages (South 1996: 41; 2002: 60-62; 

2012: 45). The current archaeological evidence thus implies that olive oil and possibly 

other products were also exported from Ayios Dhimitrios (South 2012: 45). 

Through the comparative study of the metallurgical remains from Kalavasos-Ayios 

Dhimitrios within the present research project the role of copper in the LBA economic and 

socio-political networks of the Vasilikos River valley was investigated. 

4.1.4 Metallurgy in the Vasilikos River valley 

By the LBA mining and metallurgy are well represented in different parts of 

Cyprus. In the Vasilikos valley remains from metallurgical practices have been found at 

Kalavasos-Ayios Dhimitrios, and possibly also at the MBA site of Kalavasos-Laroumena. 
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As discussed previously, copper ore deposits are abundant in the area. The numerous slag 

heaps and other evidence at the mines are testimony for mining and primary smelting in 

later historic times, but it remains to be proven that the Kalavasos mines were already in 

use by the LBA (South 2012: 49; Todd 2013: 16). 

All necessities for the production of copper were though locally available in the 

area. Fuel could easily be acquired from the present forests, and the Vasilikos River would 

have served as water source and provided clay and diabase stones. Also fluxes, which can 

facilitate the smelting of the sulphide ores and the extraction of copper, are locally 

available as umber deposits located near Dhrapia village and in the Asgata area (Todd 

2013:19). 

4.1.4.1 Bronze Age metallurgy: evidence from archaeological sites 

Very little evidence for Bronze Age metallurgy was found by field survey in the 

Vasilikos valley. The earliest relevant evidence of metallurgical practices within the valley 

derives from the MBA site of Kalavasos-Laroumena (Figure 4.4: Loc. 44), located 

immediately WNW of the north end of Kalavasos village on the north side of the Argaki 

tis Asgatas river. It is part of the chain of MBA sites running from the Kalavasos area 

northwards to Spilios. The site of Laroumena has an important location on the old, direct 

route from the Kalavasos village area to the mines. At the site a single piece of slag was 

found on the surface. The exact provenance is thus unknown and it may derive from the 

Skourka/Skouries slag heap near the Petra mine which has been extensively used as road 

metal for the local roads, amongst which possibly the old road. A more significant find 

from the site is a crucible fragment that was found in the section cut for the road. The 

fragment was analysed by U. Zwicker and the slag adhering contained tin and lead. The 

microstructure of the crucible slag comprises metallic prills of oxidized copper with small 

amounts of tin (ca. 0.4%). The crucible was thus used for alloying, and not for smelting. 

From the section above the crucible a Red Polished III sherd was collected. As emphasised 

by Todd (2013), the evidence is not conclusive but suggests some metallurgical activity at 

the site, possibly in an MBA context (South 2012: 37; Todd 2013: 25-26). 

Signs of metallurgical activity during the MBA in the Vasilikos valley may be 

rather limited but the grave goods do indicate that bronze was already well in use by this 

period. At the MBA cemetery at Kalavasos village numerous bronze objects of the usual 

types were found, including nearly no imports. Analyses of these objects have shown that 
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some were bronzes, some were made of arsenical copper and some are made of tin-arsenic-

copper alloys (Balthazar 1990: 252-254; South 2012: 37). 

The majority of the evidence for metallurgical activities during the Late Bronze 

Age was found at Kalavasos-Ayios Dhimitrios. This site is also the only one in the 

Vasilikos valley with clear evidence of metal production. The remains, which date 

predominantly to LCIIC (ca. 1200BC), occurred widely distributed in various parts of the 

site and, as concluded by the excavators, are indicative for small-scale metallurgical 

activities. The metallurgical assemblages comprises slag, bronze and copper scrap and 

complete and fragmented bronze objects (South 2012; Todd 2013: 26-27). The slag was 

identified by Muhly (1991: 185) as massive blocks of furnace conglomerate and black ropy 

slag. It was argued that it derives from secondary smelting practices and that the primary 

smelting of the ores had taken place in the vicinity of the mines themselves (South 2012: 

45; Todd 2013: 26). The bronze objects are mostly of typical utilitarian types. The most 

remarkable find is a group of bronze and hematite weights from Building III (South 2012: 

37). 

Building IX in the Southeast Area seems to have held the workshop of a 

metalworker. In one room many small crucible fragments were found in an ashy deposit 

near a small hearth or furnace. In an adjacent smaller room numerous bronze tools and 

pieces of scrap were seemingly awaiting repair or remelting. Other metallurgical remains 

from this building are ingot fragments, a bronze bowl filled with yellow ochre, a very rare 

example of a bronze cylinder seal and a haematite weight (South 2012: 36; Todd 2013: 

26). 

The large-scale international distribution of Cypriot copper during the LBA and the 

abundant presence of copper ore deposits within the Vasilikos valley indeed encourage us 

to believe that metallurgical activity on a larger scale has yet to be found at unexcavated 

parts of the site or may simply have been carried out nearer to the mines. As noted by A. 

South (2012), the ingots produced and destined for trade could have been kept within 

Building X or elsewhere without leaving any trace since it is unlikely that people would 

have left such valuable items unused. Further proof for copper production should thus be 

searched for, possibly within the area of the Kalavasos mines (South 2012: 45). The survey 

of the northern area of the Vasilikos valley by the VVP team has shown that LBA sites did 

exist near the mines: the closest evidence to the mines of LBA human activity comes from 

the possible settlements of Tokhni-Oriti (Figure 4.5: Locs. 131 and 132) and Kalavasos-

Arkhangelos (Figure 4.5: Loc. 8), located on a distance of respectively 2 and 3 km from the 
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ore deposits. However, as emphasised before, based on the current results from provenance 

studies by Lead Isotope Analysis it cannot be confirmed that the Kalavasos ore deposits 

were exploited during the Bronze Age. 

4.1.4.2 Post-Bronze Age metallurgical activity: slag heaps 

During the later periods large-scale metallurgical activity becomes evident from the 

landscape, mines and archaeological record of the Vasilikos valley. Large slag heaps occur 

within the Kalavasos mining area, with an estimated amount of minimum 700.000 tons. 

They thus constitute a fairly large percentage of the total of four million tons anticipated 

for the entire island. In total 15 slag heaps have been recorded by the Geological Survey 

Department in the Kalavasos mining region (Gass et al. 1994: 196; Pantazis 1967: 142; 

Todd 2013: 16). Based on the amount of slag found in the Kalavasos region, Todd (2013: 

19) suggests that about 200.000 tons of copper was produced.  

The largest slag heap of the Vasilikos valley is located northeast of Petra mine, at 

the locality of Skouries or Skourka. The heap is estimated to comprise ca. 700.000 tonnes 

of slag and is thereby the second largest on the island after the Skouriotissa slag heap 

(Gass et al. 1994: 196). Radiocarbon dating by Zwicker on samples of slag and charcoal 

produced two dates: Cypro-Archaic to Cypro-Classical (430 ± 85 BC) and Cypro-Classical 

to Hellenistic (225 ± 150 BC) (Kassianidou 2013c: 67; Stos-Gale et al. 1997: 100). Also 

two slag samples taken from the slag dumps at the nearby mine of Platies produced a date 

from the Cypro-Archaic to the Cypro-Classical period (Kassianidou 2013c: 67; Stos-Gale 

et al. 1997: 100). More recently it was discovered that the Skouries slag heap overlies the 

remains of a stone built structure that could be identified as a sanctuary. The many 

fragments of terracotta figurines found in relation to the architectural structure could be 

typologically dated to the Cypro-Classical period, which is the terminus post quem for the 

slag heap (Kassianidou 2013c: 67). Charcoal samples collected from the slag heap within 

the framework of the Woodland project undertaken by Socratous and Kassianidou gave 

radiocarbon dates ranging from the 4th century BC to the 1st century AD (Kassianidou 

2013c: 67).  

The site of Kalavasos-Spilios (Figure 4.5: Loc. 70) is a multi-component site with 

surface material dating from Ceramic Neolithic until quite recent times. Is was particularly 

important in Archaic and Roman times, during which it was the largest known settlement 

adjacent to the mining area. The slag heap within the site area measures ca. 30 x 30 m with 
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a depth of ca. 6 m and was dated to the Archaic and Late Roman periods (Todd 2013: 30). 

Analysis of five slag samples from the ‘Spili slag heap’ by Koucky and Steinberg (1989: 

282) have characterised them as manganese rich, which indicates a Roman or later date. 

These results differ largely with those gained for the Spilios slag heap by the VVP (Todd 

2004: pl. XXI:3). If these heaps are the same one, different types of slag were found on the 

same heap. 

The material found at the site of Asgata-Ayia Marina (Figure 4.5: Loc. 1) belongs 

to various periods. The architectural remains were dated to the Late Roman (and 

Medieval?) period(s). The scattered sherds are of primarily of Archaic, Classical, Late 

Roman, Mediaeval and more recent dates, but also two LBA sherds were found at the site. 

The date of the slag from the extensive scatter is unknown, but its occurrence close to the 

mines and in association with the architecture is indicative of a post-BA date. The site thus 

seems to represent a small village close to the mining area where some metallurgical 

activity may have taken place. The exact period of occupation remains yet unknown (Todd 

2013: 31). 

Despite the abundance of metallurgical remains within the Kalavasos valley, 

evidence for mining and smelting sites and even smelting constructions in relation to the 

slag heaps remain absent (Todd 2013: 19). The site of Kalavasos-Petra I comprises only 

several pieces of slag found just north of the Petra mine located southeast of Kalavasos 

Dam. At Petra II, ca. 100 m southeast of the mine, a thin scatter of slag was recorded over 

the whole area. The sites do not represent significant metallurgical activity, but Petra I is 

indicative for the occurrence of a sizable Hellenistic settlement very close to the mining 

area. The single White Slip sherd found at Petra II is the closest point to mines at which 

LBA material has been found (Todd 2013: 31). 

4.1.4.3 Lead Isotope Analysis: the use of Kalavasos ores during the Late Bronze Age 

Provenance studies by means of lead isotope analysis of a selection of the 

metallurgical remains from the Vasilikos valley were undertaken at the Isotrace Laboratory 

of the University of Oxford12. N. Gale and Z. Stos-Gale have sampled numerous metal 

artefacts from LC Kalavasos-Ayios Dhimitrios, including 12 copper lumps, 6 copper-

containing fragments, 4 (oxhide) ingot fragments and six fragments from objects. Slag 

                                                
12  The analytical data can be found in the OXALID database that is available online 
(http://oxalid.arch.ox.ac.uk/). 
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samples were taken from various archaeological sites and slag heaps of different dates 

within the Vasilikos valley: some slag lumps found at LC Ayios Dhimitrios and the post-

Bronze Age slagheaps of ‘Spilioi’, Petra (i.e. possibly Skouries/Skourka), Petra East A and 

Petra East B and Platies mines.  

The analyses of the slag from Kalavasos-Ayios Dhimitrios show use of various 

(undefined) ore deposits, including Apliki, but clearly none from within the Kalavasos 

mining region. Also analyses of the metals of Ayios Dhimitrios determined that they were 

not made of copper from the local mines (Gale and Stos-Gale 2012: 76). They show for 

example an overlap with the isotope ratios for the ore deposits of the Taurus Mountains in 

South Turkey, and Lavrion in Greece (Stos-Gale and Gale 2010: 394-395, Table 3). 

Furthermore, none of the copper artefacts from Cyprus and the Mediterranean dated to the 

Bronze Age have lead isotope compositions that correspond to the Kalavasos ore deposits. 

This may bring us to the conclusion that the Kalavasos ore deposits were not yet exploited 

during the LC period (Stos-Gale et al. 1997: 101; Stos-Gale et al. cited in Todd 2013: 24). 

As discussed by Todd (2013: 24-25), one may thus question the assumption that the 

settlement pattern of MBA and LBA Vasilikos valley is defined by the procurement and 

exchange of copper within the area. 

However, not only the archaeological evidence but also other factors bring along 

difficulties in accepting these conclusions without doubt. As argued by Todd (2013: 25) no 

sufficient analyses were done on the deposits in the Kalavasos mining region. On the other 

hand the number of samples taken from slag seems to be rather small, nor is there any clear 

information given on the archaeological context and type of slag. Also the data for the 

metal artefacts appear with a very wide distribution on the plots. To quote the director of 

the VVP, “The problems of the date of the beginning of mining in the Vasilikos valley 

itself and the origin of the copper used at Ayios Dhimitrios are clearly more complex than 

originally expected and require further work. More analyses are needed from the source 

areas, and it might also be valuable to re-examine the slags from the Vasilikos valley… 

(Todd 2013: 25)”. This is what is aimed for in the present project. Slag samples were 

selected for Lead Isotope Analysis from well-defined archaeological contexts: the slag 

heap of Skouries, which was radiocarbon-dated to the 4th century BC to the 1st century AD 

(Kassianidou 2013c: 67), and the LCIIC site of Kalavasos-Ayios Dhimitrios. In the latter 

case a clear differentiation was made between the two major slag types identified at the 

site. The results are presented in this research project. 
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4.2 The metallurgical assemblage from Kalavasos-Ayios Dhimitrios 

The metallurgical assemblage from Ayios Dhimitrios, which dates primarily to LC 

IIC, comprises about 150 kg of copper slag, 10 kg of bronze objects of known Cypriot 

types, nearly 1.5 kg of bronze and copper scrap and about 15 fragments and many more 

bits and pieces of technical ceramics. Also some other remains were collected that could be 

related to copper production. With help from Prof. Vasiliki Kassianidou these bits and 

pieces were identified as rocks and minerals such as copper-stained sediment, but no 

clearly copper-bearing minerals. Despite the relatively small size, the assemblage 

corresponds to a nearly complete ancient metallurgists’ toolkit. 

The remains have been found in various quantities in literally all areas of the site. A 

good overview of the quantities, types and distribution of these metallurgical remains 

together with an assessment of the role of metals in the local economy was recently 

published by South (2012). A detailed, comparative and interdisciplinary study of this 

complete assemblage is hereby undertaken with the aim to reconstruct the technological 

process involved in the production of copper in this period, as well as its social and spatial 

organisation within the site and the wider region. This may guide us towards a better 

understanding of the function of the settlement of Ayios Dhimitrios and the role of copper 

within south-central Cyprus, and hence the socio-political and economical organisation of 

the area.  

4.2.1 Slag 

With a total of ca. 150 kg the slag assemblage is without doubt the largest amongst 

the various sites within the Kalavasos-Maroni region. This is a significant amount, but 

almost insignificant when compared to the several tons found at the LCI smelting site of 

Politiko-Phorades for example. More than 2650 lumps and fragments of slag were found 

widely distributed within the site, both inside and outside buildings, often as isolated lumps 

and sometimes as larger concentrations in certain areas. The distribution and contexts show 

some interesting features, especially when compared and contrasted to the distribution of 

the metal objects and scrap (South 2012:39). 
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Figure 4.8: Map of Building I, East Area, indicating the areas where slag remains were found (i.e. R8C/R8A, 
A.18, A.39 and A.11) (c.f. South 1980: Fig. 5). 

 

About 65 kg, which is 43% of the total slag assemblage, was recovered from the 

East Area. More that 60 kg was found inside or just outside Building I (Figure 4.8). Over 

2200 fragments of slag, with a total weight of nearly 50 kg, were found in a feature just 

north of the wall of room A.13 in Building I. This feature consists of a roughly crescent-

shaped band of densely packed stones (context R8C) (Figure 4.9), containing a few lumps 

of slag and a crucible fragment, and a square-shaped deposit of approximately 40 x 40 cm 

(context R8A) (Figure 4.10) consisting entirely of slag and including two White Slip 

sherds, two fragments of technical ceramics and a fragment of a cylindrical tuyère (South 

1980: 42). 8.78 kg of slag fragments (89 pieces) were found in room A.18 of Building I, 

and also the adjacent room A.39 held another 1.37 kg of slag fragments (South 2012: 39). 

Some more bits and pieces come from room A.11 (0.42 kg) in Building I. In Building II 

four larger lumps of slag with a total weight of 4.72 kg were recovered from a subterranean 

feature in room A.30, which may have been a tomb (T.10) (Figure 4.11) (South 1980: 38). 
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Figure 4.9: Context R8C from south (courtesy of A. South) 

 
Figure 4.10: Context R8A (courtesy of A. South) 
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Figure 4.11: Map of Building II, East Area, indicating the area where slag remains were found (i.e. A30) 
(c.f. South 1980: Fig. 4). 

 

Another large slag assemblage of 46.60 kg, 31% of the total slag collection, was 

recovered from the West Area, containing only 45 lumps (Figure 4.12). These were 

primarily found within Building V, a fairly small building that was not completely 

excavated. An assemblage of more than 31.36 kg was recovered at the west end of room 

A.100. A single but heavy slag lump of about 4.08 kg was found in room A.102, which 
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was identified as a possible storeroom because five broken pithoi were found there (South 

1980: 43; South 2012: 39). Another 10.14 kg of slag were found within the confines of the 

west area, but the exact location is unknown. A single lump of 1.02 kg was recovered from 

the surface. 

 

 
Figure 4.12: Map of West Area, indicating the areas where slag remains were found (i.e. A.100 and A.102) 
(c.f. South 1980: Fig. 6). 

 

15% of the total slag assemblage, i.e. 22.11 kg, was found spread over numerous 

buildings, rooms and areas within the Southeast Area (Figure 4.13). Nearly 6 kg of slag 

fragments were found within the confines of Building VIII. Four lumps, with a total weight 

of about 5.06 kg, come from area A.54, while another two pieces, approx. 0.91 kg, came 

from room A.57. In Building IX slag fragments were recovered from almost every room, 

in various quantities, alongside other types of metallurgical remains. The largest cluster 

was found in room A.52 in the eastern half of the building and contains seven lumps with a 

total weight of 9.94 kg. In the other rooms within this eastern part only a few pieces were 

found in room A.51 (2 fragments, 0.43 kg) and a small single piece in room A.50 (0.07 

kg). In the western half of Building IX a cluster of 17 slag fragments with a total weight of 

about 2.03 kg were found within room A.46, alongside 4 pieces (1.14 kg) in room A.53, a 

single large lump (0.99 kg) in room A.45 and a few small fragments (0.30 kg) in the 
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adjacent room A.44. In Area 43, just north of the two-folded unit of Building IX, another 

14 slag fragments, weight a total of 0.75 kg, were found. More single fragments of slag 

were found in various rooms. 

 

 
Figure 4.13: Map of Building VIII (right) and IX (left), Southeast Area, showing some of the areas where 
slag remains were found (c.f. South 1982: Fig. 1). 

 
Figure 4.14: Map of Building III, Central Area, indicating the areas where most slag remains were found 
(i.e. A.204 and A.218) (c.f. South 1983: Fig. 3). 
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Also in the Central Area about 11 kg of slag was recovered from various rooms in 

Building III (Figure 4.14). The largest clusters come from room A.204, seven large lumps 

with a total weight of about 5.29 kg, and room A.218, eight regular lumps with a total 

weight of approx. 3.25 kg. A single large lump of 1.80 kg was found in room A.207, and a 

few smaller fragments were found in rooms A.210, A.211, A.212 and A.219.  

Only a little slag comes from the administrative-industrial Northeast Area: the total 

weight is approximately 6 kg. The slag is mostly found as isolated small lumps in various 

parts and buildings of the area. Building X holds the largest quantity of slag fragments by 

weight (2.42 kg, 72 fragments) with half of this amount, both in weight and number, 

coming from room A.151. Possibly these comprise the few small slag lumps that were 

found purposefully placed in the upper part of a Canaanite jar set upside down in the floor 

of a room in the central part of Building X (Figure 4.15) (South 2012: 39).  

 

 
Figure 4.15: Map of Northeast Area, showing the buildings where slag remains were found and indication 
room A.151 (c.f. South 2002: Fig. 1). 
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Very few slag pieces were found in tombs. From both tomb 14 and 21 of the 

Northeast Area one lump of respectively 0.44 kg and 0.53 kg were recovered. Also in tomb 

12 possibly 19 slag pieces with a total weight of 0.10 kg were discovered. Furthermore, 

also the subterranean feature (T.10) in room A.30 of the East Area was possibly a tomb 

(South 1980: 38). In there the four larger slag lumps, weighing 4.72 kg in total, were 

found.  

4.2.2 Technical ceramics 

About 15 fragments of technical ceramics with a minimum size of 5 cm and many 

smaller fragments with a total weight of ca. 1.3 kg were found at the site of Kalavasos-

Ayios Dhimitrios. None were preserved in their complete from, and their size and shape 

vary largely. They include fragments of two tuyères, numerous crucible and/or furnace 

fragments, and a single fragment deriving from the handle of a crucible or a ceramic ladle. 

The fragments were found in various rooms of the Northeast, East and Southeast Areas. A 

small tuyère fragment comes from Building XIII in the Northeast Area. A nearly complete 

tuyère fragment was found with a few more crucible and/or furnace fragments along the 

large slag assemblage recovered from the features just outside Building I in the East Area. 

The handle of a crucible or ladle was found in room A.44 of Building IX in the Southeast 

Area, which also held some thickly slagged and many more small crucible fragments. In 

the adjacent room A.45 one more crucible fragment was recovered. 

4.2.3 Objects and scrap 

Objects composed of various metals were found at Kalavasos-Ayios Dhimitrios, but 

copper-alloys are the most common. The excavator catalogued a total of 203 bronze 

objects, weighing altogether about 10.17 kg. Many of the objects are highly fragmented. 

The additional copper and bronze fragments and scrap are 1.48 kg in weight. About 174 

gold objects with a total weight of about 0.55 kg were almost exclusively found in tombs, 

which also contained 12 silver objects. Only seven small lead items have been recorded. 

None of those came from tombs and some are biconical spindle whorls (South 2012: 37).  
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Regarding the objects made of copper alloys, most are of common Cypriot types. 

The most interesting bronze objects from Ayios Dhimitrios are the set of weights in various 

shapes (Figure 4.16). They were found together with three hematite weights and a cylinder 

seal in a small hole in the floor of room A2.19 in Building III of the Central Area (South 

2012: 37-38).  

 

 
Figure 4.16: Group of bronze and hematite weights found in Building V of the Central Area (c.f. South and 
Todd 1985: 42). 

 

Apart from the small concentrations of metal scrap in Building IX, the copper alloy 

objects from Ayios Dhimitrios were found all over the site, in various parts of the 

buildings, and thus not concentrated together in deliberately collected or hidden hoards. 

However, there appears a remarkable contrasts between the quantities of bronze objects in 

the various building complexes. The largest amount of copper-containing artefacts in 

number and weight (ca. 60 pieces, ca. 3.50 kg) was found in the Southeast Area, almost 

exclusively in Building IX. Amongst those objects are 3 oxhide ingots fragments, all 

coming from room A.50 (Figure 4.13), and many working tools. Also the Northeast Area, 

and in particular Building X and XIII, counts a large amount of bronze objects (ca. 49 

pieces, ca. 3.35 kg). Despite the fact that Building X is the largest building of the 

settlement, it has comparatively some of the lowest amounts of bronze finds per square 

meter, and only very few objects of particular interest (South 2012: 38).  
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The large total weight, ca. 2.6 kg, as opposed to the fairly small number, 19 pieces, 

of objects from Building III in the Central Area, is a result of the lead that was used to fill 

the bronze weights. Bronze objects are nearly absent from the East and West Areas, but 

again plentiful in the LBA tombs, many of which are located in the Southeast and 

Northeast Areas. These have a total weight of nearly 0.86 kg (South 2012: 38). 

As concluded by A. South (2012), despite the wide distribution of bronze objects 

we cannot argue that the site is particularly rich in metal. Certain variability exists between 

similar types of buildings in the amounts of objects, but this can so far rarely be related to 

the function of these buildings or their occupants (South 2012: 38-39).  

A total of nearly 1.5 kg of copper and bronze scrap was recovered from the site of 

Kalavasos-Ayios Dhimitrios. The largest amount comes from the Southeast Area, where 

ca. 0.95 kg of scrap pieces were found almost exclusively in rooms A.44 and A.50 of 

Building IX. A fairly large quantity of scrap, ca. 0.38 kg, was also recorded in the 

Northeast Area with the large majority coming from Building X. The remaining bits and 

pieces come from either the tombs (ca. 86 g) or the East (ca. 37 g) or the Central (ca. 25 g) 

Area.  

4.2.4 Building IX: a coppersmith’s workshop 

Building IX is a fairly small building (13.5 m E-W) located in the Southeast Area, 

about 140 m south of ashlar Building X. Due to the comparative richness in bronze objects 

and the fairly high amount of metal scrap and metallurgical waste such as slag the 

excavators identified it as a small-scale coppersmith’s workshop. The majority of the 

metallurgical remains were found in the earlier of the two phases of occupation of the 

building, but both date to LCIIC. Building IX is divided into two parts, both of which were 

accessible by a corridor from the street (Figure 4.13) (South 2012: 39).  

The west part was entered from the largest room (A.53) equipped with benches, 

and has therefore been identified as possibly being a reception room where customers 

would have been received. Finds within this room include three fragments of small bars of 

metal, a broken hematite weight, a rare bronze cylinder seal, a kilogram of slag pieces and 

one of the two remarkable ‘slag balls’ found at the site. These slag balls, which will be 

discussed in more detail later, were possibly formed by stirring the charge during the 

smelting or melting process. The adjacent room (A.46) was rich in pottery but 
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metallurgical remains, and may thus have served as storeroom. The two rooms on the back 

were identified as a possible workshop (A.44) and a small pantry (A.45) that contained the 

greatest number of bronze items of any room in the building, being mainly utilitarian 

objects, fragments and scrap, perhaps awaiting repair or recasting. In the workshop (A.44) 

a considerable amount of slag was found, amongst which the second ‘slag ball’, a number 

of slagged ceramic fragments, a ceramic handle encrusted with slag, much ash and very 

little bronze. A probable small hearth or furnace (Figure 4.16: Group of bronze and 

hematite weights found in Building V of the Central Area (c.f. South and Todd 1985: 42). 

was located in the NW corner of this room. It was likely used for the heating of crucibles, 

and contained a small prill of copper. South (2012: 39) described the feature to be 

constructed with clay shaped as a sack, the upper parts of which were not preserved (South 

2012: 39). 

 

 
Figure 4.17: Possible hearth or furnace in NW corner of room A.44 in Building IX (courtesy of A. South) 

 

The eastern half of Building IX is constructed in a similar way but has only one 

room in the back. In this room (A.50) large ingot fragments were found, one of which 

clearly deriving from an oxhide ingot, together with bronze scrap, ash and some slag. In 

the adjacent room (A.52) the only gold object, a simple ring, was found that does not come 

from a tomb (South 2012: 41).  

A. South (2012) has rightfully argued that if there was indeed small-scale 

coppersmithing activity taking place within this building, it may have served the needs of 

the inhabitants of the settlement but is not representative for a large-scale metallurgical 

industry at the site (South 2012: 41). 
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4.2.5 Summary 

 

 
Figure 4.18: Graphs showing the distribution of the various material types within the metallurgical 
assemblage over the different areas of the site of Kalavasos-Ayios Dhimitrios. The relative quantities of slag, 
metal scrap and metal objects per area are given by percent based on the total weight of the material type, 
including (top) or excluding (bottom) the lead-filled weights from the Central Area, 

 

Despite the fact the metallurgical remains from Kalavasos-Ayios Dhimitrios are 

negligible in contrast to those from other contemporary urban centers such as Enkomi, the 

metallurgical assemblage from Ayios Dhimitrios is without doubt the largest amongst the 

different sites of the Maroni and Kalavasos region, and even of the wider south central area 

of Cyprus. Ayios Dhimitrios is though also the most extensively excavated site within this 

area. Slag, technical ceramics, metal objects and scrap were found all over the site, both 

inside and outside buildings and in highly variable quantities. The distribution does 

however show some interesting features. In the two areas with the largest amount of slag 
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the lowest amount of metal scrap and objects were found, and vice versa (Figure 4.18). 

With the exclusion of the Central Area, the totals by weight of slag in each area are thus 

commonly inversely related to those of metal scrap and metal objects.  

4.3 Slag: analytical results and discussion 

4.3.1 Macroscopic grouping, distribution and sampling 

The slag assemblage is described and characterized by means of a tiered method 

that begins with basic techniques such as hand examination of the full assemblage. By 

means of a macroscopic study two major types of slag could be identified amongst the 

assemblage. A third group comprises fragments and lumps with macroscopic features that 

do not seem to coincide with those characteristic for either major types. The slag 

assemblage also contains some miscellaneous shaped fragments and pieces.  

4.3.1.1 Type 1: Tap Slag 

The first type (Figure 4.19) encloses irregular fragments of a rather homogenous 

dark slag with a glossy outer surface. On the upper surface a flow texture is commonly 

visible (Figure 4.19A), while the lower surface of the fragments is usually characterised by 

a knobbly texture (Figure 4.19B).  The profiles of various slag pieces have a clear plano-

convex shape (Figure 4.19C), with a thickness that reaches up to 7.0 cm or more. The cross 

sections reveal a homogenous and rather glassy dark material (Figure 4.19D), sometimes 

with a layered structure and occasionally with shiny/metallic inclusions visible to the 

naked eye. These inclusions are clearer when the samples are polished (Figure 4.20). As 

indicated by the flow texture, the internal layering and the plano-convex shape, the slag 

must have been tapped from the smelting installation in some sort of bowl-shaped pit with 

a diameter of approx. 15 cm. Therefore this slag type is defined as tap slag (abbreviated in 

the tables, graphs and figures as TS). Nearly 2350 fragments of this type were found, with 

a total weight of about 57.4 kg. The fragments have an average weight of only 24 g and do 
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not exceed 10 cm in size. The slag cakes were thus extensively crushed before deposition. 

Possibly this was done to obtain any metal-containing prills still entrapped.  

 

 
Figure 4.19: Fragments of tap slag showing the upper surface (row A), the lower surface (row B), the profile 
(row C) and the cross sections (row D) (Lente Van Brempt). 
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Figure 4.20: Polished sample of tap slag fragment showing shiny/metallic inclusions visible to the naked eye. 

 

The absolute majority of the tap slag, 98% of the total amount, was found in the 

East Area. About 45.6 kg of fragments were recovered from the feature north of Building I 

(Figure 4.8), of which ca. 13.5 kg from context R8C and ca. 32.1 kg from the square 

shaped deposit (context R8A). Another 10.6 kg of tap slag was found inside Building I, in 

room A.18 (ca. 8.8 kg), A.39 (ca. 1.4 kg) and A.11 (ca. 0.4kg). The slag remains coming 

from the East sector thus primarily contain tap slag. Only 4 large lumps, 4.7 kg, of the 

other slag type were found in the subterranean feature (T.10) in room A.30 of Building II 

(Figure 4.11). Another ca. 4.0 kg of slag from the East Area is known to have come from 

the square shaped deposit north of Building I, but was not studied due to a different storage 

location. Inferred from the recorded number, size and weight of the fragments, also this 

assemblage is likely composed of tap slap. 

The remaining fragments of tap slag derive from the Southeast Area, ca. 0.8 kg, the 

Northeast Area, ca. 0.3 kg, and a single fragment was found in the Central Area. Both in 

the Southeast and Northeast Area bits and pieces of tap slag appear in different areas and 

rooms in combination with other slag types, by which they are usually largely 

outnumbered. In the Southeast Area a small cluster of tap slag, i.e. ca. 0.6 kg, was found in 

context A.43 just north of the dual structure of Building IX.  

Overall, the tap slag seems thus to be concentrated in the East Area in relation to 

Building I, and was primarily found as a deposit. One may question the LBA date of this 

deposit and hence the tap slag type, but the relative stratigraphy of the context and the 

presence of sherds of white slip ware within the deposit, one of the new wares that 
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appeared at the beginning of the LBA (Karageorghis 2000: 9; Knapp 2013: 400), have 

assured the excavators that this deposit dates primarily to LCIIC (South 2012; A. South, 

personal communication, 2015). The presence of other smaller clusters of tap slag within 

Building I confirms that tap slag was produced during the LCIIC occupation of Kalavasos-

Ayios Dhimitrios.  

4.3.1.2 Type 2: Furnace Slag 

The second type of slag (Figure 4.21) comprises primarily large lumps measuring 

up to 21 cm that are commonly covered by layers of various corrosion products and 

materials like charcoal pieces or impressions, pebbles or any kind of spillage. The frequent 

occurrence of deep fissures may cause the lumps to break into smaller irregular pieces, 

which are commonly found in association with the larger lumps. Very few lumps seem to 

have some sort of plano-convex shape (Figure 4.21B) and flow or knobbly textured 

surfaces are absent. Therefore it seems that the lumps of this slag type are commonly 

somewhat irregularly formed. The sections (Figure 4.21C) show a heterogeneous 

composition consisting of a rather homogenous and crystalline slaggy material penetrated 

by a secondary large and often corroded phase, and containing some charcoal and shiny 

inclusions. When the sections are polished the secondary phase has a clear lustrous 

appearance, indicating the presence of metal-containing material. The distribution of these 

metal-containing phases within the slaggy material usually does not coincide with the 

orientation following the possible plano-convex shape of the lumps: they do not appear as 

horizontal layering due to the difference in density between the slag and metal-containing 

phases. This phenomenon may either be ascribed to an incorrect orientation of the lumps 

based on their outer shape, i.e. the presumably rounded lower surface appears not to be the 

bottom and the lumps thus seem to be rather irregular in shape, or to the smelting 

conditions, i.e. the different areas of the lumps did not react simultaneously or the slag was 

not fully liquid and hence solidified as lumps without mirroring the structure within which 

it was left to cool down. Based on the macroscopic features it seems very likely that the 

lumps were formed inside the furnace. Therefore they are defined as furnace slag 

(abbreviated as FS in the tables, graphs and figures). As the sections could not ascertain 

that the slag lumps have a rounded lower surface, the furnaces used could be structures 

with a flat or rounded base. In case of the latter the structure may have been built on a 

bowl-shaped hollow in the ground.  
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The sections of some smaller lumps were considerably free of metallic features and 

thus consist mainly of a crystalline slaggy material. Within the sampled assemblage, these 

were separated as Group B, while the larger lumps rich in metal-containing phases are 

brought together in Group A. 

 

 
Figure 4.21: Lumps of furnace slag showing the possible upper surface (row A), the possible profile (row B) 
and the cross sections (row C) (Lente Van Brempt). 

 

This furnace slag type may be similar to some of the slag lumps and pieces that 

were given the undefined term “furnace conglomerate” by previous researchers. Initially 

Bachmann (1980) described furnace conglomerate as “partly decomposed ore and gangue 

particles, charcoal fragments, copper prills; slag formation insignificant (Bachmann 1980: 

108)”. Furnace conglomerate would thus represent the very first step of the pyrotechnical 
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treatment of ores, which resulted in a partial reduction of ores to metal and hence formed a 

mass of individual slightly fused constituents (i.e. decomposed ore nodules, fragments of 

gangue, pieces of charcoal and globules of metallic copper) held together by a “slaggy” 

bonding agent (Bachmann 1980: 108; Hauptmann 2011: 190). Furnace slag, on the other 

hand, Bachmann (1980) described as genuine slag with occasional relics of original charge 

(e.g. quartz fragments) and oxides of spinel type, fayalite, pyroxenes and copper prills 

embedded in the slag. Other characteristics are high loss of copper in the slag, no tapping 

or segregation, and crushing of the slags would have been necessary to recover the metal 

(Bachmann 1980: 108). Slagging would have been achieved during the process, but the 

copper metal reduced from the ore was mainly embedded in the slag. As no tapping was 

involved, Bachman classified this slag type as furnace slag (Bachmann 1980: 108-110). As 

discussed by Hauptmann (Hauptmann 2011: 190-191), scholars have previously used the 

term “furnace conglomerate” to describe what seems like various kinds of irregular and 

rather heterogeneous slag lumps (e.g. Given and Knapp 2003: 67; Karageorghis and 

Kassianidou 1999, 179; Muhly 1989b: 302; 1991: 183-184; Stech, Maddin and Muhly 

1985: 395, 397), some of which may as well fall within the description for furnace slag 

given by Bachmann (1980). Following Bachmann’s classification the lumps from 

Kalavasos-Ayios Dhimitrios can without doubt be defined as furnace slag, as slagging has 

clearly been achieved during the process.  

Following Koucky and Steinberg (1982)’s typology of the slags from Cyprus, they 

may be classified as crucible-shaped slags, despite the fact that many lumps miss the 

distinct curvature at the base and that it is not very clear if the smaller lumps result from 

the breaking of the larger lumps because of the development of cooling shrinkage cracks. 

They have the characteristic large size (between 12-13 x 5-6 cm and 23-24 x 9-14 cm), 

oxidized surfaces and differentiation between a heterogeneous and homogenous subtype, 

which seem to be conform respectively to Group A and Group B. Both subtypes contain 

suspended copper and sulphide prills, which are usually highly altered in the 

heterogeneous slags. These comprise also large irregular cavities lined by wood 

impressions or containing some charcoal (Koucky and Steinberg 1982: 118). 

About 91 lumps and fragments of furnace slag were found within all areas of the 

site with a total weight of ca. 79.2 kg, which means that a single lump or fragment has an 

average weight of nearly one kilogramme, i.e. ca. 0.870 kg. The variability between size 

and weight of the lumps and fragments cannot be ignored. The largest lump recorded 

measures up to 21 cm and has a weight of ca. 4 kg. The largest amount of furnace slag, i.e. 
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52% of the total weight, was recovered from the West Area, Building V (Figure 4.12) in 

particular. Ca. 26.9 kg of furnace slag was found in room A.100, while ca. 11.1 kg comes 

from room A.102. Another ca. 10.1 kg of furnace slag was found in the West Area but the 

exact location is unknown. The remaining 4.5 kg of slag known to have come from the 

West Area was not studied due to another storage location, but taking into account the 

number and size of the lumps catalogued it is not unlikely that also these are of the furnace 

type. Therefore it seems that the slag assemblage deriving from the West Area consists 

entirely of furnace slag.  

Another 20 kg of furnace slag come from various buildings, rooms and areas in the 

Southeast Area (Figure 4.13). In Building VIII ca. 5.7 kg of furnace slag were found in 

room A.54 (ca. 4.7 kg / 2 pcs) and room A.57 (ca. 0.9 kg / 2 pcs). The assemblage of 

furnace slag from Building IX weights about 14.3 kg and was found in various quantities 

in room A.52 (ca. 9.9 kg / 7 pcs), room A.46 (ca. 1.8 kg / 13 pcs), room A.45 (ca. 1.0 kg / 

1pc), room A.53 (ca. 0.9 kg / 1 pc), room A.51 (ca. 0.4 kg / 2 pcs) and room A.81 (ca. 0.2 

kg / 1 pc). Furnace slag is hence also the major type found within the Southeast Area and 

largely outnumbers any other slag type present with 91%wt.  

In the Central Area (Figure 4.14) about 10.9 kg of furnace slag were found, which 

corresponds to 98%wt of the total slag assemblage from this area. The largest quantities 

come from room A.204 (ca. 5.2 kg / 7 pcs), room A.218 (ca. 3.2 kg / 7 pcs) and room 

A.207 (ca. 1.8 kg / 1 pc). Smaller quantities were found in room A.219 (ca. 0.4 kg / 2 pcs) 

and room A211 (ca. 0.2 kg / 1 pc).  

Alongside the large assemblage of tap slag in the East Area, 4.7 kg (4 pcs) of 

furnace slag was found in the subterranean feature (T.10) in room A.30 of Building II. 

Also in the Northeast Area some bits and pieces of furnace slag were found in various 

areas outside the major buildings with a total weight of about 2.4 kg, the largest fragment 

comprising a single lump of 0.8 kg from area A.191. 

Overall, the occurrence of furnace slag seems to be concentrated in the West Area 

in relation to Building V, and in particular in the opposing rooms A.100 and A.102.  

4.3.1.3 Type X 

A third group of slag lumps, called Type X, initially did not seem to belong to 

either type (Figure 4.22). No flow texture can be identified, while their small size seems to 

divide them from furnace slag. They are usually small irregular bits and pieces with fairly 
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corroded surfaces, and some contain a high amount of charcoal. The assemblage of 

fragments classified as Type X has a total weight of nearly 3.0 kg. The average weight of 

the Type X pieces is only 25 g, measuring between 1 and 8 cm in size. When a selection 

was cut for sampling, sections with highly variable compositions appeared. Some are 

composed of a rather heterogeneous, distorted and often-corroded slaggy material, similar 

to furnace slag. Others show a fairly homogenous slaggy material with usually a low 

amount of shiny/metallic phases. A single piece even revealed a lump of metallic copper, 

covered by a thick layer of minerals and corrosion products. To be certain of the material 

type, a section thus has to be made. Most of these small unidentified slag pieces, i.e. 2.3 

kg, come from various buildings, areas and rooms in the Northeast Area, with a major 

cluster of about 1.0 kg from room A.151 in Building X and another 0.350 kg from 

Building XIV. In the Southeast and Central Areas another 10 (ca. 0.5 kg) and 2 (ca. 0.1 kg) 

pieces were found respectively. Further microscopic and chemical analyses of some 

selected samples have however clarified that Type X essentially comprises small irregular 

bits and pieces of furnace slag, and possibly some tap slag with fractured and highly 

corroded surfaces. As the fragments of Type X seemingly cannot only be ascribed to either 

furnace or tap slag based on their macroscopic features, we have maintained this small 

group as a separate type within the slag assemblage. 
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Figure 4.22: Examples of complete fragments and sections classified as Type X. 

 

4.3.1.4 Miscellanea 

A small number of unusual shaped pieces of slag were found in the Southeast and 

Northeast Areas of the site. Two of those are spherical shaped items (Figure 4.23) 

consisting of a dark homogenous material with a similar glossy appearance as the tap slag 

on the outer surface. On one side a cylindrical hole occurs as an incomplete perforation. 

One of the ‘slag balls’ (K-AD M0049) is nicely formed and measures 5.5 cm with a hole 
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of 4.7 cm deep and 0.29 kg in weight. The other ‘slag ball’ (K-AD M0058) is more 

irregularly shaped, with a maximum size of 6.0 cm, a hole of 3.0 cm deep and 0.17 kg in 

weight. Another remarkable feature of these slag balls is the thin layering parallel to the 

edge of the perforation by which the slag seems to have been wound around an elongated 

item, and to my opinion not around the tip of a tuyère as suggested by A. South (South 

2012: 39). Therefore the slag balls may be the result of stirring the slag mass with a stick, 

the movement of which would have caused the slag to cool down as multiple coatings 

around the tip. Both slag balls were found in Building IX in the Southeast Area, in rooms 

A.44 and A.53. Numerous small fragments of possibly similar items were found in the 

Northeast Area. None of these fragments are spherical in shape, but they do consist of thin 

curved layers of slag (Figure 4.24). The largest cluster by weight (K-AD M0086), i.e. 0.57 

kg, comes from room A.161 in Building X and contains 25 fragments between 1.0 and 5.0 

cm in size. The other two clusters come from room A.140 (K-AD M0093) and A.144 (K-

AD M0095) in Building XIII and are respectively 28 and 11 fragments of 0.23 and 0.20 kg 

in weight. 

 

 
Figure 4.23: Two slag balls (K-AD M0049 on the left and K-AD M0058 on the right) (Lente Van Brempt). 
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Figure 4.24: Example of layered slag fragment showing outer surface on the left and a cut section on the 
right (Lente Van Brempt). 

 

One slag fragment of maximum 5.6 cm (K-AD U0013; Figure 4.25), found in an 

undefined area of the Northeast Area, has an irregular shape with a cylindrical impression 

that is partially covered by a thin ceramic layer. It thus seems like the slag was formed 

around a cylindrical clay object, which is very likely to be a tuyère. The curvature of the 

cylindrical impression could indeed fit the tip of a tuyère. Looking at the fragment from 

the side another curve seems to be identifiable. Could it be that this slag item was formed 

around the tips of two tuyères inserted in the furnace side by side? 

Two other very small slag fragments from room A.44 in Building IX are shaped as 

drops (K-AD M0048 and K-AD M0050). Another slag fragment (K-AD M0038; Figure 

4.26) was initially classified as tap slag, but the appearance of a shiny silver-coloured fine 

phase in the section when the fragment was cut set this item apart from the regular slag 

assemblage. 
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Figure 4.25: Irregular slag fragment with cylindrical impression partially covered by ceramics. Photograph 
presenting item from four sides (Lente Van Brempt). 

 

 
Figure 4.26: Section of slag fragment with silver-coloured fine phase (indicated by arrow) (Lente Van 
Brempt). 
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4.3.1.5 Distribution of the slag types  

By means of a macroscopic study of the slag assemblage it becomes apparent that 

the two major types, i.e. tap and furnace slag, must be the result of a different smelting 

process, and that a certain pattern occurs in their distribution on the site. It is remarkable 

that almost the whole slag assemblage of the East Area consists of tap slag, which is 

moreover the absolute majority of the tap slag found on the site. On the other hand, furnace 

slag is the sole slag type found in the West Area, which comprises half of the total number 

of furnace slag found at Kalavasos-Ayios Dhimitrios. The slag assemblage from the 

Central Area also consists, apart from one fragment, only of furnace slag.  By weight, the 

furnace slag largely outnumbers the tap slag within the Southeast Area. It is hence clear 

that the major types are clearly spatially separated from each other as they occur in 

different areas of the site. The further study of the slag assemblage, undertaken within the 

present project and discussed in this chapter, may hopefully reveal the reason behind this 

distribution pattern (Figure 4.27). 
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Figure 4.27: Map of Kalavasos-Ayios Dhimitrios showing the distribution by weight % of the slag 
assemblage, with a total of 150 kg, and the different types on the site. The size of the graphs coincides with 
the relative proportions by weight % (original courtesy of A. South, adapted by Lente Van Brempt). 
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4.3.1.6 Sampling and analytical methodology 

    lump section  SEM 

sample no. area building slag 
type size weight 

(corroded) 
lustrous 

phase 
comments 

# 
sa

m
pl

es
 

U
C

L
 L

 

U
C

L
 Q

 

K-AD 
M0001-01 E B. I TS 11.6 471.3  matte 

inclusions 1 x x 

K-AD 
M0001-05 E B. I TS 7.4 317.7  matte 

inclusions 1 x  

K-AD 
M0002-01 E B. I TS 7.6 140.9   1  x 

K-AD 
M0003-01 E B. I TS 8.6 563.7   1  x 

K-AD 
M0003-02 E B. I TS 8.0 457.8   1 x  

K-AD 
M0005-01 E N. of B.I TS 7.5 235.7   1  x 

K-AD 
M0005-05 E N. of B.I TS 4.4 67.0   1   

K-AD 
M0005-07 E N. of B.I TS 5.7 108.6   1 x  

K-AD 
M0005-10 E N. of B.I TS 4.9 91.5  no outer 

surface 1   

K-AD 
M0010-02 E N. of B.I TS 7.5 182.5   1   

K-AD 
M0010-07 E N. of B.I TS 4.5 51.3   1 x  

K-AD 
M0010-08 E N. of B.I TS 8.6 211.9  no outer 

surface 1  x 

K-AD 
M0037-01 SE B.IX TS 4.6 134.7  matte 

inclusions 1 x  

K-AD 
M0017-01 E B.II FS A 17.5 2493.6 xx  4 3 1, 4 

K-AD 
M0030-01 C B.III FS A 6.0 210.2 xx  1 x  

K-AD 
M0043-01 SE B.VIII FS A 18.0 4758.0 xx  2 1, 2  

K-AD 
M0057-01 W B.IX FS A 11.0 946.0 x  1 x  

K-AD 
M0077-01 W n.d. FS A 13.0 2012.1 xx greenish 

colour 3  1, 3 

K-AD 
M0077-02 W n.d. FS A 11.8 889.4 x charcoal 

inclusions 1 x  

K-AD 
M0079-01 W B.V FS A 10.8 936.0 x surface layer 1 x x 

K-AD 
M0082-01 W B.V FS A 20.4 4076.0 xx  1 x x 

K-AD 
U0005-01 SE B.IX FS A 13.1 2509.4 xx copper 

inclusion 4 4 1, 3 

K-AD 
U0042-01 W B.V FS A 14.2 1886.3 x charcoal 

inclusions 3 1, 
2, 3  

K-AD 
M0026-01 C B.III FS B 8.4 579.7   1 x  
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K-AD 
M0044-01 SE B.VIII FS B 14.3 910.0   1 x  

K-AD 
M0052-01 SE B.IX FS B 4.6 138.3   1 x  

K-AD 
M0056-01 SE B.IX FS B 7.0 469.9   1 x  

K-AD 
M0070-03 NE B.X X     1 x  

K-AD 
M0038-01 SE N. of B.IX Misc    silver 

inclusions 1 x  

K-AD 
M0086-02 NE B.X Misc    layering 1 x  

K-AD 
M0093-03 NE B.XIII Misc    layering 1   

 

Table 4.1: Overview of fragments and lumps of tap slag, furnace slag, type X and miscellaneous slag selected 
for sampling and analysis by means of optical microscopy and/or SEM-EDS. 

 

Based primarily on the occurrence of different types and secondly on their 

distribution within the site, 31 slag lumps and fragments were selected for further 

examination (Table 4.1; Appendix II.1). In total thirteen fragments of tap slag, fourteen 

lumps of furnace slag, amongst which ten large with a high amount of metallic phases (FS 

Group A) and four smaller with a fairly homogenous composition (FS Group B), one 

dubious piece of Type X and three miscellaneous fragments were sampled. As previously 

discussed, all lumps and fragments were cut perpendicular to the surface in order to gain 

profiles. From five larger lumps of furnace slag more than one sample was taken from the 

same section.  

4.3.2 Microstructural and chemical analysis 

Slag is commonly known to be a complex material. Its composition is not 

particularly homogenous (e.g. Humphris et al. 2009) and often highly altered after 

deposition. The characteristic heterogeneity of the material, already observed at a 

macroscopic level, has to be taken into consideration at all times when analysing the 

microstructure and general chemical composition. Despite the variability occurring 

amongst the fragments, the two major slag types could also be characterised by a 

distinctive general microstructural and chemical composition. 
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4.3.2.1 Type 1: Tap Slag 

I. Microstructural composition 

The major components of the microstructures of all samples of tap slag are iron 

silicates embedded in a glassy matrix, iron oxides and sulphides, occurring in variable 

amounts and compositions which are largely defined by the sampled area of the slag 

fragment. Microstructural changes can also be identified amongst the different tapping 

layers within the same sample (Figure 4.28) or within the tap slag assemblage, but these do 

not seem to result from diverse technologies. An overview of the general microstructure of 

every sample can be found in Table 4.2 

The microstructures of the iron-silicate phases of the tap slag are not always clear but they 

appear to consist primarily of elongated lath-shaped fayalite crystals in a glassy matrix. 

These can measure up to 1500 µm. A difference in size of the laths may be visible in the 

different tapping layers of the sample (Figure 4.28). They have also a tendency to decrease 

in size and become finer towards the outer surfaces of both the layers and the samples, 

which can be ascribed to rapid cooling which did not allow the crystals to grow. The slag 

must indeed have been tapped from the furnace and cooled quickly. In the samples K-AD 

M0001-05, K-AD M0005-10 and K-AD M0010-08, the fayalite crystals appear as blocky 

particles rather than elongated laths (Figure 4.29). For the later two samples this could be 

explained by the slower cooling of the central parts of the slag cakes where these samples 

derive from. This we imply from the absence of outer surfaces on the sampled fragments. 

It could though also be because the samples were maybe sectioned at a different angle, 

perpendicular to the fayalite crystals. Chemically no difference can be identified between 

both forms of iron silicates. The average composition for the fayalites in the samples 

analysed is 60.5% FeO, 30.6% SiO2, 5.8% MgO, 1.8% CaO and 0.8% Al2O3. 
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TAP SLAG        
sample no. 

# 
sa

m
pl

es
 

m
at

ri
x 

silicates iron oxides Cu-Fe-sulphides ore remnants? metallic comments 

la
th

s 

bl
oc

ky
 

magnetite/ 
wüstite 

hercynite/ 
magnetite 

matrix 
(<100µm) 

prills 
(<500µm) 

inclusions 
(>1000µm) 

large 
phases 

sulphides 
(corroded) 

Fe-
oxides co

pp
er

 

ir
on

 

 

K-AD M0001-01 1 x xxx  xx  xxx x xx       

K-AD M0001-05 1 xx x xx x  xx  xx       

K-AD M0002-01 1 x xx x xx  xx x        

K-AD M0003-01 1 x xxx  xx  xx         

K-AD M0003-02 1 x xx x xx  xxx xx        

K-AD M0005-01 1 x xxx  xx x xx         

K-AD M0005-05 1 x xxx  xx x xx x        

K-AD M0005-07 1 x xxx  xx xx xx x        

K-AD M0005-10 1 xx  xx x x xx xx  x x x   central part 

K-AD M0010-02 1 x xxx  xx x x x        

K-AD M0010-07 1 x xxx  xxx  x         

K-AD M0010-08 1 xx  xx x x xx xx  x x x x  central part 

K-AD M0037-01 1 x xxx  xx  xxx x xxx       

 13 x xxx (x) xx (x) xx x (xx) (x) (x) (x)    
 

Table 4.2: Overview of the general microstructural features of the samples of tap slag.
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Figure 4.28: Photomicrographs (mag. 100x) of samples K-AD M0010-02 (upper row) and K-AD M0002-01 
(bottom row) showing the variation in crystal growth and general microstructure in the different layers of a 
single sample, from top (left) to bottom (right).  

 
Figure 4.29: Photomicrographs (mag. 100x) of samples K-AD M0005-10 (A), K-AD M0010-08 (B) and K-
AD M0001-05 (C) showing the general microstructure of the central areas in a cake tap slag: blocky fayalite 
crystals (medium grey) embedded in a glassy matrix (dark grey), iron oxides (light grey) and sulphides 
(yellow-orange-pink). 

 

Regarding the iron-oxides, it is commonly assumed that their appearance is 

dependent on the redox conditions of the smelt. Therefore one can differentiate between 

wüstite (FeO), i.e. dendrites, and magnetite (Fe3O4), i.e. angular particles. However, the 

expected chemical composition of the iron-oxide phases does not always correlate clearly 

with their characteristic shape. Ideally the Fe/O ratio should be larger for wüstite (Fe/O = 

3.5) than magnetite (Fe/O = 2.6), which may also contain low amounts of Mg, Mn and Zn 

(di-valent iron) or Al and Cr (trivalent iron) (Bachmann 1982b: 15-16). Hauptmann (2011: 

195) argues it is occasionally difficult to differentiate between wüstite and magnetite. 

Bachman (1982b: 16, 23) clarifies that magnetite can occur either as crystals or skeletons. 

Thus the main focus is therefore placed on the appearance rather than the chemical 

properties of the iron oxides. 
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Fe-oxides occur consistently but in variable quantities in all samples of tap slag, 

primarily as dendrites and/or fine elongated globules (possibly not fully formed dendrites), 

i.e. wüstite. They also appear in fewer quantities as alumina-rich particles, i.e. magnetite-

hercynite. The dominancy of wüstite and the presence of magnetite-hercynite suggest that 

the slag was formed in a smelting process applying rather reducing redox conditions. 

Compositionally the iron oxides range between wüstite and magnetite (av. 74.5% 

Fe, 23.6% O). However, when evaluating the data it appears that a small analytical 

difference exists between the SEM-EDS instruments used as the data acquired at UCL 

London tend to equal magnetite in composition, even for the clearly formed dendrites, 

while those from UCL Qatar give consistently clear wüstite compositions. The angular 

alumina-rich particles have compositions between magnetite (Fe3O4) and hercynite 

(FeAl2O4) (av. 16.9% Al, 48.1% Fe and 31.9% O). The alumina-content in these iron-rich 

spinels can vary from only 5.9% up to 28.2%. No clear analytical difference appears here 

between the SEM-EDS instruments.  

 

 
Figure 4.30: SEM-micrograph (mag. 200x) of sample K-AD M0010-07 showing the interface between two 
tapping layers indicating the difference in quantity and shape of iron-oxides (light grey) between the 
different layers of the sample, and the occurrence of magnetite-bands in between and along the outer 
surface. 

 

As is the case for the iron silicates, differences occur in the frequency and shape of 

the iron oxides in the different tapping layers (Figure 4.28). They may also change 

gradually towards the surfaces of the layers. The interface between the different layers is 

often emphasised by the appearance of bands of angular iron oxides. These bands 

commonly occur on the outer surfaces of the sample and occasionally form within the 
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regular iron-silicate phase (Figure 4.30). These bands of magnetite with variable 

compositions were defined by Hauptmann (2011) as iron-oxides forming “a massive 

cooling rim typical for solidification of an iron-rich silicate liquid under a surplus of 

oxygen (Hauptmann 2011: 196, Figure 19.8)”. The exposure of the slaggy material to the 

air during the tapping process thus causes the formation of these bands along the surfaces 

of the layers and samples (Koucky and Steinberg 1982: 123). They generally equal the 

mineral form of magnetite (av. 72.8% Fe, 25.1% O), but are often composed of two areas 

that compositionally may differ slightly from each other whereby the lighter parts on the 

backscatter images on the SEM are higher in iron and thus chemically equal wüstite. 

In the samples K-AD M0005-10 and K-AD M0010-08 the presence of iron-oxides 

is much less common and they appear as elongated stains and globules (Figure 4.29).  

Iron-copper-sulphides appear in four different forms in the microstructures of the 

tap slag: 1) small irregular phases of max. 100 µm in size embedded within the iron-

silicate phase; 2) defined or rounded prills of max. 500 µm in size; 3) large rounded 

inclusions of min. 1000µm in size and usually identifiable bye naked eye; and 4) large 

irregular phases of 1000 µm or larger in size, often occurring with corrosion products. All 

forms can be identified as matte. 

Small, irregular yellowish iron-rich sulphides with variable compositions appear 

dispersed within the iron-silicate phases of all samples. They are rarely larger than 100 µm 

and their quantity and size can vary considerably, both between the layers of the same 

sample (Figure 4.28) and between the samples themselves. They are often found in close 

association with the iron-oxides (Figure 4.31), which creates difficulties in distinguishing 

between them and often results in increased oxygen and iron levels in the chemical 

composition for the sulphides due to contamination during analysis. With exclusion of the 

results with oxygen levels of 5.0% or higher, the composition of these sulphides averages 

cubanite (CuFe2S) (32.0% S, 41.6% Fe, 23.4% Cu and 2.8% O). At high magnification we 

could identify that many of these sulphide particles consist of a large bright yellow phase, 

often concentrated in the centre of the feature, that tends to be higher in iron with 

compositions towards cubanite (CuFe2S3) and triolite (FeS), while the remaining small 

dark yellow phase, often appearing towards the edges of the feature, is usually higher in 

copper with compositions between chalcopyrite (CuFeS2) and bornite (Cu5FeS4). 

Therefore they are primarily iron-rich in composition. Occasionally these sulphides may 

appear with orange-pink and blue shades that indicate a higher copper content. With the 
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analytical studies of the slag from Politico-Phorades, Kassianidou (2003: 216) identified 

these rather angular sulphides as crushed ore that did not have time to react fully. 

 

 
Figure 4.31: Photomicrograph (mag. 200x) of sample K-AD M0001-05 showing the iron-rich sulphides 
(white-yellow) embedded in the iron-silicate matrix appearing in close association with the iron-oxides (light 
grey). The bright yellow phase of the sulphide is commonly higher in iron, while the darker yellow phase is 
usually higher in copper. 

 
Figure 4.32: Photomicrographs (mag. 40x and 100x) of samples K-AD M0003-02 and K-AD M0037-01 
showing the increase and clustering of the irregular sulphides embedded in the matrix forming copper-iron-
sulphide inclusions composed of different phases with increased iron (yellow-white) or copper (blue) 
contents. 

In some samples (K-AD M0001-01, K-AD M0003-02 and K-AD M0037-01) these 

irregular iron-rich sulphides appear in larger quantities and size. They may cluster 

together, seemingly filling up the cracks between the tapping layers and forming larger 

irregular prills consisting of the same bright yellow iron-rich and the darker yellow copper-

rich phases, and are often accompanied by gas vesicles formed by the release of the 

sulphur during the smelting (Figure 4.32). They may be surrounded by a band of iron-

oxides and even include fine particles of iron-oxides (Figure 4.32A). This increases the 
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oxygen-content of their general chemical composition, which seems to be slightly richer in 

copper than the small sulphide particles. In sample K-AD M0037-01 these sulphides 

phases are characterised by the abundance of blue coloration, indicating highly increased 

copper contents (Figure 4.32B).  

Defined phases or prills of yellowish sulphides with orange/pink and blue shades 

can only be found in very low quantities in some of the samples and do not measure more 

than 500 µm in size (Figure 4.33). They contain iron, copper and sulphide in variable 

ratios, commonly ranging between bornite (Cu5FeS4) and covellite (CuS), with very small 

areas of triolite (FeS). Overall have these prills have a higher copper content than the small 

irregular sulphide particles embedded in the matrix. In sample K-AD M0005-10 and K-AD 

M0010-08 rounded prills of sulphides are more common. These are usually surrounded by 

a band of iron oxides (Figure 4.34). These sulphide prills can be identified as matte. 

 

 
Figure 4.33: Photomicrographs (mag. 100x) of samples K-AD M0005-07 (A), K-AD M0005-05 (B), K-AD 
M0003-02 (C) and K-AD M0002-01 (D) showing iron-copper-sulphide, i.e. matte, prills occurring with 
various compositions and in small quantities in a few samples. 
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Figure 4.34: Photomicrographs (mag. 200x) of samples K-AD M0010-08 (A and B) and K-AD M0005-10 (C) 
showing suphide prills surrounded by a ring of iron oxides 

 

In both sample K-AD M0010-08 and sample K-AD M0005-10, which have 

previously been differentiated by the presence of blocky fayalite crystals rather than laths, 

the lower frequency of iron-oxides and the higher quantity of sulphide prills, also large 

irregular sulphide phases occur (Figure 4.35). These can be up to 800 µm in length and 

consist of areas composed of copper, iron and sulphur in variable ratios: a large 

pink/orange background averaging bornite (Cu2FeS4), small yellow areas of triolite (FeS) 

and light blue veins approaching covellite (CuS) or chalcocite (Cu2S) in composition. 

Overall these large irregular phases have a higher copper content than the small iron-rich 

sulphides embedded in the iron-silicate phase. 

 

 
Figure 4.35: Photomicrograph (mag. 100x) of sample K-AD M0005-10 showing the larger sulphide phases 
embedded in the matrix consisting of areas of triolite (yellow), bornite (orange/pink) and covellite (blue). 
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These sulphides appear in both samples also as large irregular features in 

combination with a silvery-grey coloured phase of corrosion products. These could be 

either highly altered globules of oxidised iron, or corroded iron-copper-sulphides since 

many have variable levels of copper and surprisingly sporadically also low quantities of 

arsenic (<1.1%) (Figure 4.36). The features also contain globules of wüstite (FeO), which 

may be surrounded by bands of iron-oxides, and occasionally comprise small particles of 

metallic copper with little iron (av. 4.8% Fe) (Figure 4.36A). Clusters of iron-oxides 

composed of wüstite (FeO) are also found in both samples (Figure 4.37). These may 

comprise small copper-rich sulphide prills. Both types of features, which are absent from 

all other samples of tap slag, seem to result from an incomplete reaction of the charge, and 

the iron-oxides did not fully separate from the matte to dissolve in the iron-silicate phase, 

which may also be caused by insufficient silica with which the iron-oxides usually react to 

form the iron-silicates. 

 

 
Figure 4.36: Photomicrographs (mag. 40x and 50x) of samples K-AD M0010-08 (A) and K-AD M0005-10 
(B) showing pseudomorph consisting of sulphides (orange-purple-pink), iron oxides, corrosion and 
occasionally metallic copper (indicated by Cu). 

 
Figure 4.37: Photomicrographs (mag. 40x and 50x) of samples K-AD M0010-08 and K-AD M0005-10 
showing clusters of iron oxides (light grey) in slaggy matrix consisting of iron silicates (medium grey) and 
glassy matrix (dark grey) and sulphide phases (yellow-orange/pink-blue). 
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The shiny inclusions that could be identified on macroscopic level in some sections 

(K-AD M0001-01, K-AD M0001-05 and K-AD M0037-01; Figure 4.20) are composed of 

two major copper-iron-sulphide phases (Figure 4.38): an iron-rich bright yellow phase and 

a copper-rich blue-grey phase. These inclusions can thus also be identified as matte, and 

are commonly more copper-rich in sample K-AD M0037-01 than in samples K-AD 

M0001-01 and K-AD M0001-05. Iron-oxides occur frequently as either dendrites within or 

as bands surrounding the matte inclusions (Figure 4.39B), or as very fine particles 

occurring as fan-shaped structures only identifiable at high magnification (Figure 

4.39C&D, Figure 4.40). The relatively high iron and oxygen contents in selected areas of 

these matte inclusions with this fan-shaped texture (Table 4.3; av. 8.4% O, 28.8% S, 30.7% 

Fe and 31.7% Cu) do indeed seem to indicate that they absorbed a considerable amount of 

iron-oxides. Traditionally iron-oxides trapped in matte are explained to be burnt out from 

iron-rich matte but did not have enough time to consequently merge into the iron-silicate 

phase. However, based on the archaeological Baojia slag, experimental work by Liu et al. 

(2015) has illustrated that ion exchange between silicate and sulphide melts exists and iron 

tends to move from the slag into the matte. Some of the iron of the charge may thus have 

crystallised as ferrous oxide within the matte prills, and could consequently be reduced to 

metallic iron under highly reducing smelting conditions (Liu et al. 2015: 156, 158, 161, 

Figs. 8 and 13). It is thus not unlikely that the iron-oxide particles in the matte come from 

the charge rather than being oxidised from the matte. 
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Figure 4.38: Photomicrographs (mag. 200x) of samples K-AD M0001-01 (A & B) and K-AD M0037-01 (C & 
D) showing the microscopic texture of the shiny inclusions identifiable by eye and with a general 
composition averaging chalcopyrite. The intensification of the yellow colour can be related to an increase in 
iron while blue indicates an increase in copper. The iron-oxides can be recognised by their light grey colour. 
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Figure 4.39: SEM-micrographs of samples K-AD M0037-01 (A, mag. 100x & B, mag. 200x), K-AD M0001-
01 (C, mag. 400x) and K-AD M0001-05 (D, mag. 400x) showing the microscopic texture of an irregular 
sulphide prill (A) and shiny/metallic inclusions (B, C and D) and indicating the analysed areas and spots, the 
results of which are given in Table 4.3. 

Sample No.  O S Fe Cu Total 

A. K-AD M0037-01 

Sp. 1 0.5 31.2 4.7 62.4 98.9 
Sp. 2 0.2 27.1 9.5 62.4 99.2 
Sp. 3 23.7 0.1 74.8 0.5 99.1 

Sp. 4 25.0 0.0 72.6 0.4 98.0 

B. K-AD M0037-01 
Sp. 1 n.d. 36.8 61.6 1.2 99.7 
Sp. 2 n.d. 29.4 17.4 53.2 100.0 
Sp. 3 21.2 0.7 75.1 1.8 98.8 

C. K-AD M0001-01 

Sp. 1 2.0 50.1 38.4 9.3 99.8 
Sp. 2 n.d. 33.5 3.5 62.7 99.6 
Sp. 3 11.1 27.3 33.7 26.5 98.6 

Sp. 4 9.7 28.7 28.7 32.3 99.4 

D. K-AD M0001-05 

Sp. 1 39.8 0.7 56.6 0.8 98.0 
Sp. 2 1.5 30.6 20.6 46.6 99.3 
Sp. 3 30.0 0.1 67.9 0.5 98.5 

Sp. 4 7.2 29.0 32.7 31.1 100.1 
Table 4.3: Chemical composition (weight %) of selected areas and spots within the matte inclusions as 
indicated on Figure 4.39, analysed by means of SEM-EDS. 

 

Le
nte

 Van
 Brem

pt



 
 

172 

 
Figure 4.40: Photomicrograph (mag. 400x) of samples K-AD M0001-05 and K-AD M0037-01 showing the 
presence of iron-oxides (dark grey) in the matte inclusion composed of iron-rich sulphides (pale yellow) and 
copper-rich sulphides (dirty blue). 

 

The constant presence of matte as irregular phases, prills or inclusions is indicative 

of the fact that matte was the product aimed for by the ancient smelter in this production 

process. Once cooled down, the cakes of tap slag were probably crushed to collect the 

matte inclusions still entrapped. The composition of the matte produced thus possibly 

equals that of the large matte inclusions within these samples. Bulk analysis of three 

inclusions from samples K-AD M0001-01 and K-AD M0001-05 at a magnification of 

respectively 200x and 400x gave an average composition of 13.4% O, 25.3% S, 35.3% Fe 

and 27.6% Cu. The composition of this matte is thus not what is commonly expected: high 

iron and the presence of (iron-)oxides. This average, however, excludes the matte 

inclusions with higher copper content in sample K-AD M0037-01 as its different 

archaeological context cannot provide solid proof that it comes from exactly the same kind 

of process as the tap slag samples from the East Area.  

According to the microstructural features possibly three groups can be identified 

within the samples of tap slag. The major group (TS Group 1: K-AD M0002-01, K-AD 

M0003-01, K-AD M0005-01, K-AD M0005-05, K-AD M0005-07, K-AD M0010-02, K-

AD M0010-07) includes those samples that are fairly homogenous in composition, with a 

regular occurrence of iron-oxides and small irregular chalcopyritic sulphides embedded in 

the matrix, and very few prills of matte. The few samples in the two other groups 

differentiate themselves from this major group of samples by 1) the high frequency of 

small irregular iron-rich sulphides forming irregular prills of nearly 500µm in size and/or 

the presence of large matte inclusions identifiable by eye (TS Group 2: K-AD M0001-01, 

K-AD M0001-05, K-AD M0003-02, K-AD M0037-01), or 2) the occurrence of copper-
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rich sulphide phases and partially-reacted minerals (TS Group 3: K-AD M0005-10, K-AD 

M0010-08).  

As these groups cannot be assigned to the different archaeological contexts, it is 

very likely that the differences occurring in their microstructures is not the consequence of 

a different technological process but rather the result of the sampling of different parts 

within the slag cakes as it would have been in its complete form. Both samples of the third 

group possibly consist of the centre of such a slag cake as no upper or lower surface could 

be identified on the fragment, which explains the angular iron silicates, indicating slow 

rather that fast cooling. We must be aware that the smelting of ores is a continuum of 

reactions whereby the charge is gradually altered and the earliest product may thus vary 

from the last product. Because no upper or lower surface could be identified their 

microstructural difference could as well be the result of sectioning the fragments at a 

different angle and cutting the iron silicate laths perpendicular to their length. This does 

however not explain the presence of the copper-rich sulphide phases and partially-reacted 

minerals in both samples. 

II. General chemical composition 

The general chemical composition of the slag samples was determined with the 

SEM-EDS, and are based on the averages of minimum three measurements done at a low 

magnification (100x) of representative parts of the Fe-silicate phase, typically analysing 

areas of approximately 1.2 by 0.8 mm, avoiding the rare large sulphidic phases and 

inclusions as well as any other irregularities, but including the small iron-rich sulphide 

particles embedded in the matrix. The complete chemical data can be found in Appendix 

II.2. 

The major oxides occurring in the tap slag are silica (SiO2), iron oxide (FeO) and 

alumina (Al2O3), and the minor oxides are lime (CaO), magnesia (MgO) and soda (Na2O). 

The defining metallic phases are sulphur and copper (Table 4.4). To address the intra- and 

inter-sample variability identified in the microstructures, the coefficient of variation (CV) 

is discussed in detail, following the publication by Humphris et al. (2009). Typically, the 

greater the coefficient the larger the heterogeneity within the slag sample or assemblage. A 

small difference between the samples indicates more or less constant parameters during the 

smelting process. Coefficients of variation lower than 10% are considered to be within the 

range of usual analytical uncertainty (Humphris et al. 2009: 364). 
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K-AD TAP SLAG 
Sample No. 

weight percent (wt%) 
Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

K-AD M0001-01 0.5 1.3 5.4 18.6 9.6 0.5 1.5 0.2 59.0 3.2 99.8 
K-AD M0001-05 0.4 1.7 5.7 24.6 7.0 0.5 1.1 0.2 56.5 1.6 99.2 
K-AD M0002-01 1.2 2.2 7.2 23.7 4.8 0.7 3.3 0.3 55.4 1.1 100.0 
K-AD M0003-01 0.8 1.9 5.4 20.8 5.9 0.6 2.2 0.3 60.3 1.5 99.7 
K-AD M0003-02 0.7 2.1 5.7 21.3 6.2 0.6 2.1 0.3 57.8 2.0 98.8 
K-AD M0005-01 1.4 2.1 7.0 24.9 3.8 0.9 4.1 0.3 54.4 0.9 99.7 
K-AD M0005-07 1.0 1.6 5.4 23.9 3.8 0.7 3.5 0.2 57.4 1.2 98.7 
K-AD M0005-10 2.2 2.6 8.0 27.6 2.9 0.7 3.1 0.3 51.9 0.7 99.9 
K-AD M0010-07 0.5 1.1 4.3 16.5 5.9 0.4 1.3 0.2 67.4 1.7 99.2 
K-AD M0010-08 2.3 2.3 8.3 27.8 2.9 0.7 3.1 0.3 51.1 1.0 99.9 
K-AD M0037-01 1.1 1.8 6.0 23.0 5.7 0.7 2.9 0.2 55.8 1.3 98.5 

MEAN 1.1 1.9 6.2 23.0 5.3 0.6 2.5 0.3 57.0 1.5 99.4 
STDEV 0.7 0.4 1.2 3.5 2.0 0.1 1.0 0.1 4.4 0.7  

Inter CV 60 24 20 15 37 22 39 21 8 46  
Mean Intra CV 22 12 6 5 10 14 19 22 2 18  

 
Table 4.4: Average chemical composition of the Fe-silicate phases of the samples of tap slag determined by 
SEM-EDS. All values are given in weight %. The average, standard deviation, inter-sample variation and 
mean intra-sample variation are calculated for the major and minor oxides. 

 

The tap slag samples have a mean chemical composition of 57% FeO, 23.0% Si2O, 

6.2% Al2O3, 2.5% CaO, 1.9% MgO and 1.1% Na2O. Sulphur and copper average 

respectively 5.3% and 1.5% estimated as their respective oxides. The measurements for the 

three major slag-forming components, i.e. SiO2, FeO and Al2O3, are proportionally fairly 

well related to each other, either inversely, e.g. FeO and Al2O3 or SiO2, or directly, e.g. 

Al2O3 and SiO2, and mirror the microstructural characteristics of the iron-silicate phases. 

Despite the small microstructural difference between the tapping layers in some 

fragments, only little variation exists within the samples. The intra sample CV for the 

major oxides rarely exceeds 10%. Also within the assemblage the inter sample CV for the 

major slag forming components is minor, with 8% for FeO, 12% for SiO2 and 20% for 

Al2O3. Predictably, the mean intra sample CV for the minor oxides (19% for CaO and 12% 

for MgO), sulphur (10%) and copper (18%) are slightly larger but still remarkably low. 

Chemically a fairly large homogeneity exists within the samples. The limited variability 

within the sampled assemblage of tap slag implies that they derive from a relatively 

standardised and well-controlled smelting process within which full liquefaction of the 
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iron-silicate phase was reached and a molten slag was formed. An average K-index13 of 

2.2, which is defined by the ratio between the ‘basic’ and ‘acid’ oxides, indicates a relative 

low viscosity for the liquid slag (Addis et al. 2015: 107; Bachmann 1982b: 19), which 

must have enabled the successful separation of the matte from the slag that was liquid 

enough to be tapped. This agrees well with the relative low amount of metal prills in the 

slag. 

The average copper content of only 1.5wt%, with a single outlier of av. 3.2wt% in 

sample K-AD M0001-01, implies a indeed a rather efficient smelt with a minimum of 

copper remaining in the slag and thus the successful separation of the copper-containing 

matte. The close association between CuO and SO3 in the tap slag (R2 = 0.85) (Figure 4.41) 

indicates that copper primarily appears as matte, namely as the small iron-rich sulphide 

particles embedded in the slag matrix. The high iron content of the matte causes a large 

difference between the general sulphur (5.3%) and copper (1.5%) content. 

 

 
Figure 4.41: Scatter plot of general chemical composition data of K-AD Tap Slag samples determined by 
SEM-EDS: sulphur versus copper oxide. 

 

When plotted on a SiO2-FeO-Al2O3 ternary phase diagram all samples tend to fall 

within the compositional area of typical fayalitic slag, even though they do not cluster very 

well together (Figure 4.42). Following the diagram, the slags were formed at a temperature 

between 1150° and 1200ºC. However, experimental work by Liu et al. (2015) has 

illustrated that high sulphur contents have a significant effect on the melting behaviour of 

slag. Iron-rich sulphides seemingly interact with silicate melts whereby sulphur ions would 

                                                
13 To identify the viscosity of the slag, the viscosity index (Kv) can formulated by calculating the ratio of the 
‘basic’ oxides against the ‘acid’ oxides. The lower the Kv, the higher the viscosity (Bachmann 1982b: 19). 
The formula for K: K = (Σ CaO + MgO + FeO + MnO + AlK2O) / (Σ SiO2 + Al2O3) (Bachmann 1982b: 19), 
which equals K = (CaO + MgO + FeO + MnO + K2O + Na2O) / (SiO2 + Al2O3) (Addis et al. 2015: 107). 

R²	=	0.85218	
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bring down the melting temperature of the silicate system, i.e. slag (Liu et al. 2015: 160-

161). As sulphur thus may have a fluxing effect in the iron oxide-silica system, the liquidus 

temperature of this sulphur-rich slag might be considerably lower than 1150°C.  

 
Figure 4.42: Kalavasos –Ayios Dhimitrios tap slag samples represented on the SiO2-FeO-Al2O3 ternary 
phase diagram (adapted from Maldonado and Rehren 2007: Fig. 8, after Muan 1957: Fig. 10). 

 

As illustrated by the considerably low degree of variability within the slag 

assemblage little clustering occurs within the chemical composition of the samples, but 

both samples of TS Group 3 (K-AD M0005-10 and K-AD M0010-08) are rather low in 

iron, sulphur and copper as small irregular iron-rich matte occurs less frequently in the 

iron-silicate phases of these samples. The measurements also exclude the large copper-iron 

sulphide phases. Also sample K-AD M0001-01 can be distinguished by the high sulphur 

and copper contents that we may assign to the abundance of small irregular sulphides in 

the iron-silicate phase. Sample K-AD M0010-07 has remarkably low measurements for 
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silica and alumina and a very high iron content, which can be explained by its rather fine 

microstructure dominated by incomplete dendrites of iron oxides. 

III. Experimental study 

Experimental lab-based melting was conducted to identify the fluxing effect of 

sulphur and the actual liquidus point of tap slag. Four fragments of tap slag were selected 

(Table 4.5): three samples (K-AD M0001-01, K-AD M0003-01 and K-AD M0003-02) 

with a comparatively high sulphur content in the iron-silicate phase which are partly 

caused by the high occurrence of irregular small iron-rich sulphides, and one sample (K-

AD M0005-10) with a comparatively low sulphur content due to the limited presence of 

iron-rich sulphides in the iron-silicate phase. 

 

Experiment TAP SLAG weight percent (wt%) 

Exp. 
No. Sample No. Weight 

(g) Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Exp. 1 K-AD 
M0001-01 27.24 0.5 1.3 5.4 18.6 9.6 0.5 1.5 0.2 59.0 3.2 99.8 

Exp. 2 K-AD 
M0003-01 41.43 0.8 1.9 5.4 20.8 5.9 0.6 2.2 0.3 60.3 1.5 99.7 

Exp. 3 K-AD 
M0003-02 35.05 0.7 2.1 5.7 21.3 6.2 0.6 2.1 0.3 57.8 2.0 98.8 

Exp. 7 K-AD 
M0005-10 13.09 1.0 1.6 5.4 23.9 3.8 0.7 3.5 0.2 57.4 1.2 98.7 

 
Table 4.5: Sample numbers, weight and general chemical composition of experimental samples of tap slag. 

 

The slag was crushed and set in three graphite-bonded crucibles (Exp. 1, 2 and 3) 

and a single crucible without graphite (Exp. 7) that were placed in the furnace without the 

addition of charcoal or any other materials. The crucibles were thus heated under oxidizing 

conditions. To detect the reaction temperature the furnace was initially set at 1050ºC. If the 

content was not molten after one hour, the temperature was increased by 50ºC. The four 

samples were fully molten at the temperature of 1150ºC. The sulphur content thus does not 

seem to have a particular fluxing effect on the melting behaviour of the tap slag. 

The result in all three experiments is the same: a shiny silver-coloured band was 

formed between the crucible and slag (Figure 4.43). The fact that the same result was 

reached for all four samples may illustrate the homogeneity amongst the assemblage of tap 

slag.  
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The experimental pieces were consequently sampled and placed in resin to produce 

polished blocks following standard metallographic procedures. The samples were analysed 

by optical microscopy only. 

 
Figure 4.43: Cross section of Exp. 3, showing the result and the formation of a silver-coloured band between 
the crucible and slag. 

 

The slag is very glassy, with occasionally tiny sulphides or possibly metallic 

particles and very few tiny iron-silicates (Figure 4.44). Analyses of the slag phases will 

probably detect very high silica levels. Therefore, when plotted on the SiO2-FeO-Al2O3 

ternary phase diagram they would probably indicate much higher melting temperatures.  

The silver-coloured layer at the bottom of the crucibles is partially embedded in the 

slag and composed of metallic iron and copper-iron-sulphides (Figure 4.45). At high 

magnification it appears that these copper-iron-sulphides are a combination of two phases, 

one yellow in colour and one blue in colour (Figure 4.46). As is commonly the case, the 

former one is possibly richer in iron while the latter phase is likely richer in copper. The 

microstructure of this sulphide phase shows similarities with the corroded rounded 

sulphide features (Figure 4.51) and some of the large irregular sulphide phases (Figure 

4.49) occurring primarily in the furnace slag (see section on furnace slag): the grey 

corrosion products seem to occur with a similar pattern and may thus not be altered iron-

oxides but oxidised iron-rich sulphides. At high magnification we could also detect orange-

coloured particles in the cracks of the sulphide phase (Figure 4.46). Whether these are 

metallic copper can only be confirmed by chemical analysis. The same feature of metallic 

iron with copper-iron-sulphides, even though with a different microstructure, and metallic 

copper was identified in the miscellaneous sample K-AD M0038-01 (Figure 4.73) to be 

discussed later. 
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Figure 4.44: Micrographs of samples Exp. 7 (A, mag. 50x) and Exp. 3 (A, mag. 50x, and B, mag. 500x) 
showing the general microstructural composition of the slag layer (A & B) and the sulphide/metallic 
particles (C) embedded. 

 
Figure 4.45: Micrographs (mag. 50x) of samples Exp. 1 (A) and Exp. 2 (B) showing the microstructural 
composition of the metallic phases in the glassy slag, which are composed of metallic iron (white) and 
copper-iron sulphides (dirty brown-yellow). 

 
Figure 4.46: Micrographs (mag. 200x and 500x) of sample Exp. 3 showing the microstructural composition 
of the sulphides in the metallic phases, which are composed of iron-rich (yellowish) and copper-rich (bluish) 
sulphides. Possibly also metallic copper (orange) was occasionally formed. 

 

It has been suggested that the production of iron was accidentally discovered as by-

product in lead and copper smelting practices (Wertime 1980: 2), and that some of the 

earliest iron produced in Cyprus derives from the recycling of copper smelting slags rich in 

wüstite. When not bound to silica as an iron-silicate, these iron-oxides can be reduced to 
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metallic iron at very low temperatures. If the melting point of the slags could be reached, 

the generated metallic iron could even be separated from the slag matrix (Maddin 1982: 

311-312; Snodgrass 1982: 293; Wertime 1980: 17; contra Kassianidou 1994: 78). Based on 

Tholander (1982)’s calculations it would have required a large amount of time (Tholander 

1982: 181). But as indicated by this experiment, metallic iron was fairly easily produced 

by remelting the slag at 1150ºC for only 1 hour, without creating a reducing atmosphere by 

the addition of charcoal. As the fourth sample was not smelted in a graphite-bonded 

crucible it seems unlikely that the carbon in the crucibles would have created the reducing 

atmosphere which is typically required for the production of iron metal (Craddock 2003). 

A series of smelting experiments by S. Liu (S. Liu, personal communication, 

August-September 2015) whereby hematite (Fe2O3) was added to chalcopyrite or matte 

have led to the conclusion that the mineral composition of slag is largely determined by the 

sulphide/oxide ratio in the charge. The same conclusions were drawn from experiments 

undertaken by Rostoker et al. (1986). The process of cosmelting (CuO+CuS) is based on 

the principle that under high temperatures (ca. 1200ºC) the sulphur-rich atmosphere 

created by the supply of sulphide ores to oxide ores acts as a reducing agent in copper 

smelting (Amzallag 2009: 501). The essential condition in co-smelting oxidic and sulphide 

ores is simply a high temperature (Rostoker et al. 1986: 84). The required reducing 

conditions in the furnace for the production of matte, copper, or iron would thus not only 

have been created by the addition of charcoal, but very likely also by the present sulphur in 

the charge. 

IV. Discussion of the results 

The consistent presence of copper-iron-sulphides in the tap slag in various forms 

indicates that the slag must be the result of the smelting of sulphidic ores, possibly 

chalcopyrite. The near absence of metallic copper and the appearance of copper-iron-

sulphides in various forms suggest that matte was the product aimed for in the smelting 

process that produced this tap slag. The composition of the matte produced alongside the 

tap slag is however not what is commonly expected: it has a high sulphur and iron content 

and embedded iron oxides. 

The average Cu/S ratio of the large matte inclusions is 0.98 and thus equals the 

ratio in chalcopyrite (CuFeS2) with typical composition. Despite the fact that we do not 

know the composition of the chalcopyrite ore used in this smelting process, we may 

possibly assume that little sulphur was removed. Therefore it seems that no roasting was 
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undertaken prior to this smelting process. The removal of sulphur by roasting is usually 

expected to be one of the first stages in the smelting of sulphidic ores. The high occurrence 

of the small sulphides embedded in the iron-silicate phase could imply that the primary ore 

treatment involved crushing. 

As the final aim is to produce copper metal, the production of iron-rich matte 

comprising iron-oxide particles is rather confusing. Iron-sulphides and –oxides would have 

to be removed from the matte by a subsequent smelting procedure. Also in the slag iron-

rich sulphides are abundant. The small irregular matte particles entrapped in the iron-

silicate phase tend to be even richer in iron-sulphides than the matte inclusions. This can 

be explained by the fact that the solubility of FeS in iron-silicate slag is much higher than 

of Cu2O, as illustrated by the experimental smelting by Liu (S. Liu, personal 

communication, August-September 2015; Yazawa 1974: 449). This phenomenon is not 

particularly disadvantageous as the unwanted components of the ore, i.e. sulphur and iron, 

are hereby removed by slagging.  

The tap slag is characterised by an overall high iron content. The abundance of 

iron-oxides and iron-rich sulphides in the iron-silicate phase and the iron-rich matte 

inclusions shows an excess of iron that seems unlikely to have derived from solely the 

smelting of chalcopyrite (CuFeS2) with siliceous gangue material. Also the high FeO/SiO2 

ratio in the general composition suggests either the failure to add silica to a possible iron-

rich copper ore, or the intentional addition of an iron-rich material to the charge (Pickles 

and Peltenburg 1998: 71). The use of an iron oxide as flux in the smelting of copper-

sulphide ores, as opposed to silica (Tylecote 1982: 81), has already been suggested 

(Doonan 1994: 94). The addition of oxide ores in the smelting of copper sulphide ores 

would eliminate the need to roast the sulphide ores (Rostoker et al. 1986: 72). 

Burger et al. (2010) have recently tackled and re-established the importance of 

solid-state oxygen over gaseous state oxygen in the furnace atmosphere when addressing 

the co-smelting process (CuO+CuS). S. Liu (personal communication, August-September 

2015) aims to extend this idea and proposes also other metal oxides as solid-state oxidants. 

He therefore conducted a series of smelting experiments within which hematite (Fe2O3) 

was added to chalcopyrite or matte. The following reaction took place: 2CuFeS2 + 6Fe2O3 

+ 7SiO2 = 7FeSiO4 + 2SO2 + 2CuS (in matte). With enough iron ore, i.e. hematite, in the 

system a considerable amount of FeS can be removed and a higher grade matte with a 

large number of iron oxide inclusions may be produced. Even in an oxidising furnace 

atmosphere, hematite can thus be reduced into wüstite and fayalite. Comparing this with 
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the tap slag, the abundant presence of iron-oxides, the iron-oxides in the matte inclusions 

and the FeS-rich matte may according to S. Liu be a positive indicator of this mechanism 

(S. Liu, personal communication, August-September 2015). I do however not see the 

advantage of creating an iron-rich matte, which needs at least one more smelting to remove 

the excess of iron and sulphur in order to produce metal copper. 

It is generally assumed that Cyprus does not have iron ores, but possible sources of 

iron on the island are yellow ochre, umbers and gossan (Kassianidou 1994: 75-76). Large 

deposits of yellow ochre, or goethite (FeO(OH)) occur in the Skouriotissa area, and contain 

about 71.10% of Fe2O3. Umbers are earthy materials often impregnated with iron and 

manganese oxides. They are abundant in Cyprus and may contain between 20 and 60% 

iron oxides and 2 to 18% manganese oxides, and occasionally nickel. Gossan, the 

weathered cap covering the pyrite and chalcopyrite ore deposits, is rich in iron hydroxides 

and has thus a very high iron content. Due to their composition both gossan and umber 

have often been suggested as fluxes, since they may lower the melting point and viscosity 

of the smelt and improve the separation of the metallic compound from the slag 

(Constantinou 2012: 7; Kassianidou 1994: 75-76). As umbers occur in the region of 

Kalavasos (Todd 2013: 14-15), they could have been a local source for the iron-rich flux. 

However, if umbers were indeed used, we should also expect a significant amount of 

manganese in the slag, which is not the case. Nevertheless, the consistent occurrence of 

iron-rich minerals in close vicinity of the chalcopyrite ore sources makes it not unlikely 

that indeed iron ores were added to the smelt. 

Based on the analytical results I suggest that no roasting preceded the procedure, 

and that this tap slag derives from the primary smelting of (crushed) chalcopyrite, likely in 

combination with other iron-rich minerals, and a well-controlled technological process was 

applied within which possibly reducing conditions were maintained in the furnace. The 

slag would have been fully molten at a temperature of 1150ºC and the iron-rich matte 

would consequently have been successfully separated by density from the liquid slag with 

low viscosity, forming a lump on the bottom of the furnace while the slag was removed by 

tapping. The few well-formed matte inclusions still entrapped in the solidified slag could 

easily be removed by the crushing of the slag cakes once they had cooled down. The iron-

rich matte, however, would require further smelting, possibly multiple times, in order to 

remove the excess of iron and sulphur and to gain copper metal. Therefore, despite the low 

copper loss and low occurrence of matte prills within the slag, the smelting process does 

not particularly justify high efficiency.  
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4.3.2.2 Type 2: Furnace Slag 

The primary difference of the furnace slag from the tap slag is without doubt the 

abundance of phases combining often corroded iron-copper sulphides and partially reacted 

features. In addition, many of the samples are largely affected by a high degree of 

distortion and corrosion. Often only 50% of the sample surface could show a clear 

microstructure. The distortion is often encouraged by the presence of charcoal. 

I. Microstructural composition 

The microstructures of all samples of furnace slag are primarily composed of an 

iron-silicate phase of fayalite crystals embedded in a glassy matrix with small quantities of 

iron oxides and sulphides occurring in variable forms and compositions, and a corroded 

sulphide phase that appears to penetrate the silicate phase and can occupy up to 50% of the 

sample surface. These sulphide phases are characterized by a yellow-orange and/or pink-

blue colour with frequently grey blobs of altered iron-oxides and iron-rich corrosion. 

Despite the absence of layering, also in the microstructures of the furnace slag 

samples changes occur. The heterogeneity of the lumps is emphasised by the 

microstructural differences amongst the multiple samples taken from the same section and 

is highly apparent when samples from opposing areas of the section are compared, as 

illustrated by the samples taken from lump K-AD M0043-01 (Figure 4.47). Microstructural 

changes may even occur within a single sample. A general overview of the microstructural 

composition of the sampled fragments of furnace slag can be found in Table 4.6. 
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FURNACE 
SLAG     

sample no. # 
sa

m
pl

es
 

m
at

ri
x 

silicates iron oxides Cu-Fe-sulphides ore remnants? metallic 

comments 

la
th

s 

bl
oc

ky
 

magnetite/ 
wüstite 

hercynite/ 
magnetite 

matrix 
(<100µm) 

prills 
(<500µm) 

inclusions 
(>1000µm) 

large 
phases 

sulphides 
(corroded) 

Fe-
oxides co

pp
er

 

ir
on

 

K-AD M0017-01 4 xx  xx   x   xx x   x  

K-AD M0026-01 1 xx  xx x x x   x x x    

K-AD M0030-01 1 xx  xx   x   x x   x  

K-AD M0043-01 2 xx xx xx x x x x  xx x     

K-AD M0044-01 1 xx  xx  x x         

K-AD M0052-01 1 xx  xx   x   x      

K-AD M0056-01 1 xx  xx  x x   x      

K-AD M0057-01 1 xx xx    x   x   x   

K-AD M0077-01 3 xx xx   x x   x     glassy 

K-AD M0077-02 1 xx xx  x x x   x    x  

K-AD M0079-01 1 x  xxx x x x x    x   surface layer 

K-AD M0082-01 1 xx  xx x xx x   xx  x x x  

K-AD U0005-01 4 xx  xx x x x   xx x x x x  

K-AD U0042-01 3 xx xx xx xx x x x  xx  x x x  

 25 xx xx xx (x) x x (x)  xx x x (x) (x)  
 

Table 4.6: Overview of the microstructural characteristics of the samples of furnace slag
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The matrix is generally more abundant in the furnace slag than in the tap slag, often 

comprising small secondary iron-silicates. The primary iron-silicates commonly occur as 

blocky crystals, sometimes in rather variable quantities and size, slightly fractured and 

with zoning. They average 31% SiO2, 60.34% FeO, 6.47% MgO and 0.84% CaO in 

composition. The presence of blocky fayalite, usually rather large, and the abundance of 

the glassy matrix implies slow rather than fast cooling of the slag and crystal growth was 

possible. However, in a few samples the silicates are primarily lath-shaped. Both forms of 

fayalite crystals may occur in a single lump or even sample (Figure 4.47). Though the 

variability in the shape of the crystals can maybe also be assigned to the angle at which the 

samples were cut, overall the cooling process seems rather slow and not very consistent 

within the assemblage or even lump.  

 

 
Figure 4.47: SEM-micrographs (mag. 100x) of samples K-AD M0043-01 SLAG 1 (row A) and K-AD M0043-
01 SLAG 2 (row B) showing the differences in the microstructures of multiple samples taken from a single 
lump as indicated by the variation in frequency and form of iron silicates (medium grey), the glassy matrix 
(black), the magnetite-wustite (light grey rounded particles), hercynite (dark grey angular particles) and 
sulphides (white-light grey). 

 

Iron-oxides are much less common than in the tap slag. When present, the iron-

oxides appear unevenly and in low quantities. They mainly occur as alumina-rich angular 

particles with compositions between magnetite (Fe3O4) and hercynite (FeAl2O4)  (av. 

35.0% Fe, 38.0% O and 23.9% Al) with higher alumina-contents typically ranging 

between 20.3% and 29.7% and a single case of only 10.1% Al. Also globules of iron-

oxides appear, but in much lower amounts. Their average composition ranges between 
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magnetite (Fe3O4) and wüstite (FeO) (av. 74.0% Fe, 24.0% O) (Figure 4.47). Though iron-

oxides appear only in very small quantities, the presence of fayalite implies reducing 

conditions and an appropriate balance of ferrous and siliceous components. 

Despite the rarity of iron-oxides in the furnace slag, they appear in a fair amount of 

samples as aggregates accompanied by copper-rich matte prills (av. 58.9% Cu, 13.9% Fe, 

24.7% S), sometimes reaching a few mm in size (Figure 4.48). They are possibly remnants 

of the original charge that did not fully react and therefore the present iron-oxide particles, 

which were not absorbed in the iron-silicate phase, prevent the separation of the sulphide 

prills. 

 

 
Figure 4.48: SEM-micrographs (mag. 50x) of samples K-AD U0005-01 SLAG 4 and K-AD U0042-01 SLAG 
3 showing clusters of iron-oxides (light grey globules) in the silicate phase which is composed of iron 
silicates (dark grey) and glassy matrix (dark grey-black), and accompanied by sulphide prills (light grey-
white). 

 

Iron-copper-sulphides appear in four different forms in the microstructures of the 

furnace slag: 1) small irregular phases of max. 100 µm in size embedded within the iron-

silicate phase; 2) defined or rounded prills of max. 500 µm in size; 3) large irregular 

phases of 1000 µm or larger in size, often occurring with corrosion products; and 4) large 

defined or rounded phases with corrosion products of 1000-2000 µm in size. All forms can 

be identified as matte. 

Small, irregular sulphides with variable compositions appear dispersed within the 

iron-silicate phases in nearly all the samples of furnace slag, but in significantly lower 

quantities and size than in the tap slag. In the majority of the samples they occur as very 

small spots in the matrix (Figure 4.47 row A), resulting in high oxygen levels in their 

chemical composition due contamination of the surrounding iron-silicate phase. Only in 

about a third of the samples they are larger in size and usually found in close association 

Le
nte

 Van
 Brem

pt



 
 

187 

with the iron-oxides (Figure 4.47 row B).  Unlike the irregular sulphide particles in the tap 

slag the compositions of those appearing in the furnace slag are less consistent and usually 

slightly richer in copper, with a composition ranging between chalcopyrite (CuFeS2) and 

bornite (Cu5FeS4) (av. 28.0% S, 26.7% Fe, 42.4% Cu), excluding the measurements with 

oxygen levels higher than 5.0%. Since they may possibly result from the crushed ore 

(Kassianidou 2003a: 216), we could imply that the charge was not crushed to the same 

level as in the tap slag. 

Large iron-copper-sulphide phases appear in the majority of the samples, covering 

between 5 and 50% of the sample surface and usually including large amounts of silver-

grey coloured corrosion products (Figure 4.49). This globule-shaped corrosion may 

possibly be highly altered iron-oxides that had burned out from the sulphide. The sulphidic 

areas are composed of different zones with variable compositions ranging from triolite 

(FeS) to chalcocite (Cu2S). These compositional differences can already be identified by 

optical microscopy as they are characterised by a certain range of colours. Starting from 

chalcopyrite (CuFeS2), which is typically yellow in colour, areas with intensified bright 

yellow coloration are commonly richer in iron, while the increase of blue indicates a higher 

copper content. In a single sample sulphide phases rich in either iron or copper can appear. 

No compositional uniformity seems to occur within a sample, and hence the lump. Apart 

from a few exceptions, these large irregular sulphide phases are usually rather copper-rich 

(av. 25.0% S, 24.2% Fe and 49.0% Cu). 
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Figure 4.49: Photomicrographs (mag. 50x) of samples K-AD M0017-01 SLAG 2, K-AD U0042-01 SLAG 1, 
K-AD M0043-01 SLAG 2, K-AD U0042-01 SLAG 2, K-AD M0077-01 SLAG 3 and K-AD M0017-01 SLAG 4 
showing the sulphide phases with variable compositions ‘penetrating’ the silicate phases of the samples. 

 

Occasionally particles (<200 µm) of metallic iron with low quantities of copper 

emerge in the sulphide phases (Figure 4.50). The formation of metallic iron tends to be 

more common in the sulphide phases bordering charcoal inclusions (Figure 4.50B), which 

are the source of the highly reducing CO gas (Craddock 2000: 161). Highly reducing 

conditions are commonly required for the production of iron metal (Craddock 2003), 

which may thus have taken place sporadically in the areas surrounding the charcoal. As in 

the tap slag, small particles of metallic copper were also identified in the corroded areas of 

some sulphide phases. 

 

 
Figure 4.50: Photomicrographs (mag. 100x) of samples K-AD M0056-01 SLAG 1 and K-AD U0042-01 
SLAG 1 showing sulphide phases (yellow) with particles of metallic iron (white) containing respectively 
7.4% and 4.5% copper. Inclusion of charcoal visible left in micrograph B. 
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Figure 4.51: Photomicrographs (mag. 50x) of samples K-AD U0005-01 SLAG 3 and K-AD M0043-01 SLAG 
2 showing a single and multiple rounded ore remnants consisting of sulphides, iron oxides and corrosion. 

 

Apart from these large irregular sulphide phases more clearly defined and rounded 

features of copper-iron sulphides in combination with patterned corrosion products appear 

in a fair amount of the samples and can be nearly 2.0 mm in size (Figure 4.51). The 

network of grey blobs may either result from the alteration of dendritic iron-oxides burned 

out from the sulphide, or the corrosion of globule shaped areas in the copper-iron-sulphide 

phases as implied from the similarity in the microstructural texture of the copper-iron-

sulphide phase created in the experimental smelting of tap slag (Figure 4.46). The non-

corroded areas are commonly composed of copper-rich sulphides. These rounded features 

may thus be identified as either not yet fully composed matte prills: the excess of iron 

could not be removed and remains entrapped as iron-oxides that consequently were highly 

altered by post-depositional decay, or as corroded fully formed matte prills. 

Smaller rounded phases of sulphides without the corrosion products that could be 

identified as matte prills are highly uncommon in the microstructures of the furnace slag, 

but occasionally occur in areas of the samples where iron-oxides are formed as dendrites, 

i.e. wüstite (e.g. K-AD M0079-01 SLAG 1), or in combination with some of the 

aggregates of iron oxides (Figure 4.48). Prills of metallic copper are a rarity. Apart from a 

single prill with about 5% iron that was identified in a sample at high magnification 

(Figure 4.52A), a large copper globule of approx. 2.5 mm was found embedded in the 

bottom surface of lump K-AD U0005-01 (Figure 4.52B). 
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Figure 4.52: SEM-micrographs of samples K-AD M0057-01 SLAG 1 (A, mag. 2500x) and K-AD U0005-01 
SLAG 4 (B, mag. 25x) showing inclusions of metallic copper (white) surrounded by bornite (Cu5FeS4) (A, 
light grey) or copper chloride (B, light grey) with small areas of cuprite (Cu2O) (B, light grey-white). 

 

Overall, the presence of the copper-iron-sulphides in various forms and sizes 

implies that the slag must be the result of the smelting of sulphidic copper-iron ores, and 

that matte was produced in this smelting process, but no metallic copper. Assuming that 

the composition of the matte produced equals that of the various forms of sulphide phases 

in this furnace slag, we can infer that this matte was much poorer in iron and richer in 

copper than the matte resulting from the smelting process that produced the tap slag, and is 

therefore a better outcome. 

With the aim to apply further grouping within the furnace slag assemblage based on 

the microstructural features of the samples, it became clear that the microstructures of 

some of the smaller lumps that are characterised by the limited presence of sulphide phases 

(FS Group B) are largely similar with the sulphide-free silicate phases of some of the 

larger lumps with high amounts of corrosion and sulphides (FS Group A). Also, as 

mentioned when discussing the different phases within the microstructures and illustrated 

by Figure 4.47, no absolute uniformity exists in the frequency, form and composition of 

iron-silicates, iron-oxides and copper-iron-sulphides between the different samples taken 

from a single lump, and even occasionally within different areas of a single sample, as was 

already implied from the macroscopic heterogeneity of the sections. Due to this variability 

grouping based on the microstructural characteristics is rather difficult as samples from the 

same lump could be placed in different groups. In some lumps the different phases forming 

the heterogeneous composition appear evenly distributed and the microstructural 

variability in the sections is rather limited. 

The samples of K-AD M0077-01, which also contain large sulphide phases, can 

however be clearly differentiated by their iron-silicate phase. The major components are 
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equivalent to the other samples, i.e. lath-shaped fayalite crystals embedded in a glassy 

matrix with rather large secondary fayalite crystals, very few irregular sulphides and 

presumably very rare iron-oxides, but the general appearance of the microstructure is very 

glassy and some sort of marbled structure is created (Figure 4.53). When examined by 

SEM-EDS it became apparent that the glassy matrix identified by optical microscopy 

partially consists of black slightly angular alumina-rich particles with an average 

composition of 54.3% SiO2, 28.1% Al2O3, 11.0% CaO, 4.3% NaO, 1.2% FeO and 1.1% 

K2O (Figure 4.54). The rare very fine snowflake-shaped iron-oxide particles contain high 

amounts of titanium (av. 18.0%). It remains unclear where the titanium derives from. 

Towards the bottom of the section some hercynite (FeAl2O4) occurs as well. Surprisingly, 

the microstructure of a smaller lump (K-AD M0077-02) found alongside differs largely 

from this one and has a regular microstructural and chemical composition. The differences 

between these two lumps illustrate how sample selection within an assemblage may affect 

the final results and conclusions. 

 

 
Figure 4.53: Photomicrographs (mag. 100x) of samples K-AD M0077-01 SLAG 1, 2 and 3 showing the 
general silicate phase with glassy matrix (dark), fayalite laths (medium) and sulphides (yellow and blue). 
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Figure 4.54: SEM-micrograph (mag. 300x) of sample K-AD M0077-01 SLAG 1 showing the silicate phase 
with iron silicates (medium grey), matrix (dark grey background), sulphides (white), angular particles high 
in alumina (indicated by ‘Al’; black) and very fine snowflake-shaped iron-oxides rich in titanium (indicated 
by ‘Ti’; light grey). 

 

Equally, the heterogeneity of large slag lumps has to be taken into consideration 

during sample selection. Sectioning before sampling is highly recommended to fully 

comprehend if the selected sample is representative for the complete lump, and to be 

conscious of what we may be including or excluding when tackling the selected sample’s 

microstructure and chemical composition. As illustrated by the microstructural variability 

in this assemblage, which without doubt also affects the chemical composition, one has to 

be very critical with the results and conclusions deriving from the analysis done, for 

example, on a single sample broken off from the outer layers of slag lumps with similar 

heterogeneity. 

II. General chemical composition 

As was the case with the samples of tap slag, the general chemical composition of 

the furnace slag was determined with the SEM-EDS, and are based on the averages of 
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minimum three measurements per sample done at a low magnification (100x) of 

representative parts of the Fe-silicate phase, typically analysing areas of approximately 1.2 

by 0.8 mm. Hereby we had to avoid the large sulphidic phases, corrosion, inclusions and 

any other irregularities. The averages per lump are given in Table 4.7. The complete 

chemical data can be found in Appendix II:2. 

The major oxides in the furnace slags are silica (SiO2), iron oxide (FeO) and 

alumina (Al2O3). The minor oxides are lime (CaO), magnesia (MgO) and soda (Na2O). 

The defining metallic phases are sulphur and copper. Like the tap slag, to address the intra- 

and inter-sample or lump variability identified in the microstructures of the furnace slag, 

the coefficient of variation (CV) is discussed in detail. 

The furnace slag lumps have a mean chemical composition of 44.1% FeO, 33.4% 

Si2O, 9.8% Al2O3, 3.7% CaO, 2.0% Na2O and 2.0% MgO. The sulphur and copper content 

average respectively 1.8% and 1.1%. Despite the large microstructural heterogeneity 

within the samples of furnace slag the variation in the general chemical composition of the 

iron-silicate phases of the furnace slag samples is not extraordinary. The intra lump CV for 

the major oxides rarely exceeds 10% (Mean Intra CV: 8% for FeO, 7% for SiO2 and 12% 

for Al2O3), but expectedly increases for the minor oxides, sulphur and copper (Mean Intra 

CV: 64% for CuO and 28% for SO3). Also for the complete assemblage of furnace slag the 

inter-lumps CV for the major slag forming components is not remarkably high, but are 

much larger for the minor oxides, sulphur (50%) and copper (59%).  
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K-AD  
FURNACE SLAG 

Sample No. 

weight percent (wt%) 

Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

K-AD M0017-01 3.8 1.2 12.0 37.9 1.4 0.4 3.3 0.6 37.9 1.0 99.4 
K-AD M0026-01 1.2 2.2 7.5 29.2 1.8 0.7 2.8 0.1 51.9 1.7 98.9 
K-AD M0030-01 1.8 2.3 12.0 39.4 0.9 0.7 4.0 0.4 36.1 1.6 99.1 
K-AD M0043-01 1.3 1.9 7.8 30.1 2.2 0.5 2.0 0.2 51.6 1.4 99.0 
K-AD M0044-01 2.1 2.1 9.8 35.2 1.5 0.8 3.0 0.3 43.7 0.4 99.0 
K-AD M0052-01 1.6 2.9 10.3 36.4 1.0 0.8 4.7 0.3 40.8 0.4 99.3 
K-AD M0056-01 1.9 2.4 9.8 34.5 1.6 0.8 3.6 0.3 43.5 0.6 98.8 
K-AD M0057-01 2.2 1.6 10.6 36.8 1.4 1.1 5.4 0.7 38.5 1.0 99.3 
K-AD M0077-01 3.0 2.1 15.9 42.7 0.6 1.1 5.0 0.8 28.0 0.5 99.7 
K-AD M0077-02 2.6 1.7 8.4 29.0 3.2 0.7 2.4 0.5 49.5 1.0 98.9 
K-AD M0079-01 2.4 1.4 7.0 26.5 4.1 0.6 2.0 0.3 53.8 1.1 99.2 
K-AD M0082-01 1.1 3.2 10.1 28.6 1.8 1.1 6.0 0.5 46.0 1.1 99.5 
K-AD U0005-01 0.9 1.9 7.7 30.1 1.9 0.7 2.5 0.4 50.4 2.8 99.4 
K-AD U0042-01 2.8 1.1 8.4 30.8 2.2 1.3 4.7 0.4 46.2 0.9 98.8 

MEAN 2.0 2.0 9.8 33.4 1.8 0.8 3.7 0.4 44.1 1.1 99.2 
STDEV 0.8 0.6 2.4 4.8 0.9 0.2 1.3 0.2 7.3 0.6  

Inter CV 40 30 24 14 50 31 36 43 17 59  
Mean Intra CV 20 20 12 7 28 24 22 31 8 64  

 

Table 4.7: Average chemical composition of the Fe-silicate phases of the lumps of furnace slag determined 
by SEM-EDS. All values are given in weight %. The average, standard deviation, inter-lump variation and 
mean intra-lump variation are calculated for the major and minor oxides. 

 

In order to address the expected chemical variability within the heterogeneous 

lumps of furnace slag, the results deriving from lumps K-AD M0017-01, K-AD M0043-

01, K-AD M0077-01, K-AD U0005-01 and K-AD U0042-01 are evaluated in detail 

because multiple samples were taken from their sections (Table 4.8; see Appendix II.1 for 

sampled areas). However, the intra lump CV does not even exceed 9% for the major 

oxides. Only in lumps K-AD M0043-01, from which two samples were taken from 

opposing areas in the section, and K-AD U0005-01 some sort of heterogeneity could be 

detected with intra lump CV’s for the major slag components exceeding 20%. It is 

primarily the copper content that varies within the samples, with a difference up to 8% 

according to the area analysed (see Appendix II.2). 
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 weight percent (wt%) 
K-AD M0017-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Slag 1 3.7 1.3 12.0 37.1 1.3 0.4 3.3 0.6 38.9 1.1 99.7 
Slag 2 3.7 1.0 11.9 39.1 1.5 0.4 3.2 0.7 36.4 1.4 99.2 
Slag 3 4.0 1.4 12.2 37.0 1.3 0.5 3.3 0.6 38.8 0.3 99.6 
Mean 3.8 1.2 12.0 37.7 1.4 0.4 3.3 0.6 38.1 1.0 99.5 

STDEV 0.2 0.2 0.2 1.2 0.1 0.0 0.1 0.0 1.4 0.6 

 Inter CV (%) 5 19 1 3 9 5 3 5 4 59 
Mean Intra CV (%) 13 13 2 2 19 17 5 3 3 56 
K-AD M0043-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Slag 1 2.1 2.0 10.6 36.6 1.3 0.8 3.1 0.3 42.1 0.4 99.2 
Slag 2 0.7 1.8 5.7 24.9 2.9 0.3 1.2 0.1 59.2 2.2 98.9 
Mean 1.4 1.9 8.1 30.8 2.1 0.5 2.1 0.2 50.6 1.3 99.0 

STDEV 1.0 0.1 3.4 8.3 1.1 0.4 1.3 0.1 12.1 1.3 

 Inter CV (%) 74 7 42 27 52 70 61 51 24 99 
Mean Intra CV (%) 42 22 14 7 23 32 26 33 5 38 
K-AD M0077-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Slag 1 3.1 2.0 16.4 42.7 0.6 1.2 5.2 0.8 27.5 0.3 99.7 
Slag 3 2.8 2.1 15.4 42.8 0.5 1.1 4.8 0.8 28.6 0.7 99.6 
Mean 3.0 2.1 15.9 42.7 0.6 1.1 5.0 0.8 28.0 0.5 99.7 

STDEV 0.2 0.1 0.7 0.1 0.0 0.0 0.3 0.0 0.8 0.3 

 Inter CV (%) 8 3 5 0 8 4 5 0 3 66 
Mean Intra CV (%) 8 5 3 2 20 7 8 8 7 56 
K-AD U0005-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Slag 1 1.4 2.5 10.4 36.3 1.3 1.1 4.0 0.5 41.7 0.4 99.6 
Slag 3 0.7 1.8 7.1 31.1 1.5 0.5 1.7 0.4 49.9 4.9 99.5 
Slag 4 0.6 1.5 5.7 22.9 2.9 0.4 1.8 0.3 59.5 3.2 99.0 
Mean 0.9 1.9 7.7 30.1 1.9 0.7 2.5 0.4 50.4 2.8 99.4 

STDEV 0.4 0.5 2.4 6.8 0.9 0.3 1.3 0.1 8.9 2.2 

 Inter CV (%) 47 26 31 23 47 50 53 26 18 79 
Mean Intra CV (%) 22 22 5 7 31 16 18 15 7 42 
K-AD U0042-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Slag 1 3.1 1.2 8.5 30.9 2.6 1.2 3.9 0.5 45.6 1.8 99.1 
Slag 2 2.6 1.2 7.9 30.5 2.2 1.1 4.4 0.3 47.7 0.9 98.8 
Slag 3 3.0 0.9 8.9 31.3 2.1 1.4 5.5 0.4 44.6 0.5 98.7 
Mean 2.9 1.1 8.4 30.9 2.3 1.3 4.6 0.4 46.0 1.0 98.9 

STDEV 0.3 0.2 0.5 0.4 0.2 0.2 0.9 0.1 1.6 0.6 

 Inter CV (%) 10 15 6 1 10 12 19 20 3 61 
Mean Intra CV (%) 5 16 9 4 26 12 18 16 3 42 

 
Table 4.8: Average chemical composition of the Fe-silicate phases of the samples of furnace slag lumps with 
multiple samples determined by SEM-EDS. All values are given in weight %. The average, relative standard 
deviation, inter-lump variation and mean intra-sample variation are calculated for the major and minor 
oxides. 
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We could thus assume that a considerable chemical homogeneity exists within the 

iron –silicate phases of the samples, lumps and the assemblage of furnace slag. Therefore 

we may conclude that a rather standardised and well-controlled smelting process was 

applied. An average copper content of only 1.1% (CV 59%) does indeed suggest a 

successful smelt with a minimum of copper loss in the slag. However, we have to be aware 

of the fact that the results for the general chemical composition are based on the analysis of 

the iron-silicate phase: the large sulphide phases and any other irregularities such as semi-

reacted ore minerals that characterise the heterogeneous composition of the slag lumps are 

excluded. These features are primarily composed of copper, iron and sulphur. To illustrate 

the difference it may make when, for example, iron-copper sulphide phases are included, 

analyses have been done on the same sample, both excluding and including the sulphide 

phases in the determination of the general composition (Figure 4.55; Table 4.9). 

Including the sulphide phases does not particularly augment the iron content, but it 

largely affects the concentrations of sulphur and copper. The average copper content is 

increased by more than 8%, while sulphur rises with 6%. However, the determination of 

the average chemical composition by analysing areas within which the iron-silicate and 

sulphide phases appear nearly equally does not give us a representative result for this slag 

type. The sulphide phases appear in highly variably quantities, are usually distributed 

unevenly within the samples and lumps of furnace slag and differ greatly in their chemical 

composition, which may cause an increase or decrease of the SO3, FeO and CuO 

concentrations. Nonetheless, by including the sulphide phases also the calculated CV for 

nearly all major oxides is doubled, indicating an increase in variability and hence a rather 

poorly controlled or unstable smelting process within which possibly no complete 

liquefaction of the whole charge was reached. Consequently the matte/slag separation took 

place only partly. In contrast to the tap slag, the higher levels of alumina and silica in the 

furnace slag may have a certain undesirable impact on the viscosity of the slag. The ratio 

between the ‘basic’ and ‘acid’ oxides gives an average K-index (Addis et al. 2015: 107; 

Bachmann 1982: 19) of only 1.3 and this indicates a relative high viscosity for the liquid 

slag, which would have hindered the matte/slag separation. Le
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Figure 4.55: SEM-micrographs (mag. 100x) of sample K-AD M0017-01 SLAG 4 showing the areas analysed 
for the determination of the general composition of the iron-silicate phases, excluding (row A) and including 
(row B) the sulphide phases (Im. width: 1.2 cm). 

 weight percent (wt%) 
Bulk without sulphides Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 3.7 1.6 11.7 36.6 1.2 0.4 3.1 0.6 40.2 0.4 99.6 
Bulk 2 4.1 1.3 12.6 37.4 1.4 0.5 3.4 0.6 37.9 0.3 99.6 
Bulk 3 4.3 1.3 12.3 37.1 1.4 0.5 3.5 0.6 38.4 0.3 99.6 
MEAN 4.0 1.4 12.2 37.0 1.3 0.5 3.3 0.6 38.8 0.4 99.6 
STDEV 0.3 0.2 0.5 0.4 0.1 0.1 0.2 0.0 1.2 0.1  

CV 7 13 4 1 8 12 6 4 3 15  
Bulk with sulphides Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 3.2 n.d. 10.6 29.2 5.2 0.3 2.6 0.5 42.6 5.9 100.0 
Bulk 2 2.4 0.6 9.6 25.8 10.1 0.2 2.1 0.4 39.2 9.4 99.9 
Bulk 3 3.2 0.9 10.3 28.1 6.8 0.4 2.7 0.5 36.6 10.5 99.9 
MEAN 2.9 0.7 10.2 27.7 7.4 0.3 2.4 0.5 39.5 8.6 100.2 
STDEV 0.4 0.2 0.5 1.7 2.5 0.1 0.3 0.0 3.0 2.4  

CV 15 29 5 6 34 22 12 7 8 28  

 
Table 4.9: Chemical compositions determined by SEM-EDS of the iron-silicate phases of the same sample, 
excluding and including the sulphide phases. All values are given in weight %. The average, relative 
standard deviation, inter-sample variation and mean intra-sample variation are calculated for the major and 
minor oxides. 

 

In order to address further the heterogeneity of the furnace slag and the irregular 

distribution of the metal-containing phases within the lumps, multiple spot analyses were 

conducted on the surfaces of seven sections by means of pXRF (see Appendix II.3). The 

measurements were done following a grid with an interval of typically 2 cm. Being aware 

of the limitations of the analytical method, the results are only used as an indication for the 
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possible variation in the copper content within the sections. The comparatively high mean 

intra CV for CuO (113%) demonstrates how indeed the heterogeneity of the chemical 

composition increases when corroded, metallic and other irregular features are included. 

Within the same section the copper content can vary between, for example, 0.3 and 20.6%. 

Therefore, to acquire a representative general composition samples should be taken from 

different areas of the lumps and crushed to form powdered samples within which all 

phases are mixed well together. 

The increase of the copper content does as expected coincide with the occurrence 

of (corroded) metal-containing features. These features seem to concentrate towards one 

side of the sections. Due to the difference in the density of the various phases we may 

assume that the metal-containing phases occur in the bottom area of the slag lumps. 

However, their spatial distribution within the sections could usually not be related to the 

orientation of the lumps by means of their macroscopic features, i.e. possible concave 

bottom and flat upper surface. Therefore the lumps seem to be rather irregularly formed. 

When opposing the measured elements in binary diagrams it appears that the major 

components of the iron-silicate phases, Al2O3, SiO2 and FeO, are proportionally well 

related to each other, either inversely, e.g. FeO with Al2O3 or SiO2, or directly, e.g. Al2O3 

and SiO2. As expected, the occurrence of these three compounds can be correlated to the 

microstructural composition. The measurements for sulphur and in particular copper are 

more irregular. The very poor correlation between copper and sulphur (R2 = 0.02) (Figure 

4.56) possibly illustrates that copper does not occur solely as a sulphide but possibly also 

as metal in the iron-silicate phases of the slags. Furthermore, the relative close relation 

between iron and sulphur (R2 = 0.61) (Figure 4.56) indicates that the sulphur is rather 

bound to iron.  
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Figure 4.56: Scatter plots of general chemical composition data of K-AD Furnace Slag lumps determined by 
SEM-EDS: sulphur versus copper oxide, and sulphur versus iron oxide. 

 

When plotted on a SiO2-FeO-Al2O3 ternary phase diagram they clearly show that 

the majority of the samples tend to fall within the compositional area of typical fayalitic 

slag (Figure 4.57). We must remember that the general composition based on the analysis 

of solely the iron-silicate phases excludes the larger iron- and copper-sulphide phases. By 

plotting the previously discussed general compositions determined from the iron-silicate 

phase both including and excluding the sulphide phases of sample K-AD M0017-01 SLAG 

4, it becomes clear how the plots may move slightly towards the FeO corner of the diagram 

when the sulphide phases are included (Figure 4.58). 

Following the diagram, the slags were formed at a temperature of about 1150-

1200°C. However, as discussed for the tap slag, sulphur may have a fluxing effect in the 

iron oxide-silica system. Therefore we have to keep in mind that possibly the liquidus 

temperature of this sulphur-rich slag may have been considerably lower than 1150°C, as 

was possibly the temperature applied during the smelting process producing this furnace 

slag (Liu et al. 2015: 160-161).  
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Figure 4.57: Kalavasos –Ayios Dhimitrios furnace slag samples represented on the SiO2-FeO-Al2O3 ternary 
phase diagram (adapted from Maldonado and Rehren 2007: Fig. 8, after Muan 1957: Fig. 10). 
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Figure 4.58: The measured general compositions of sample K-AD M0017-01 SLAG 4 represented on the 
SiO2-FeO-Al2O3 ternary phase diagram, including (blue) and excluding (red) the sulphidic phases (adapted 
from Maldonado and Rehren 2007: Fig. 8, after Muan 1957: Fig. 10). 

 

Initially no clear grouping appears. Only the previously discussed samples of lump 

K-AD M0077-01 can easily be differentiated by their low concentrations of iron and 

sulphur, and high SiO2 and Al2O3, reaching up to 15.4-16.4%. Therefore they also appear 

separated from the other samples of furnace slag on the ternary diagram indicating that 

they were formed at a much higher temperature. Generally, the multiple samples coming 

from a single lump, e.g. K-AD M0017-01 and K-AD U0042-01, tend to cluster fairly well 

together, but one of the samples taken from K-AD U0042-01, SLAG 3, differs a little in 

composition from the other two, SLAG 1 and 4, which may be partly due to the fact that it 

was analysed by a different SEM-EDS instrument. The multiple samples taken from lumps 

K-AD M0043-01 and K-AD U0005-01, whose heterogeneity has been discussed before, 

appear widely spread within the cluster of furnace slag.  
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III. Experimental study 

Experimental lab-based melting was conducted to identify the fluxing effect of 

sulphur and the actual melting point of furnace slag. Three fragments of furnace slag were 

selected (K-AD M0043-01, K-AD M0079-01 and K-AD U0042-02) (Table 4.10). 

 

Experiment            
FURNACE SLAG weight percent (wt%) 

Exp. 
No. 

Sample 
No. 

Weight 
(g) Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Exp. 4 K-AD 
M0043-01 81.45 1.3 1.9 7.8 30.1 2.2 0.5 2.0 0.2 51.6 1.4 99.0 

Exp. 5 K-AD 
M0079-01 70.75 2.4 1.4 7.0 26.5 4.1 0.6 2.0 0.3 53.8 1.1 99.2 

Exp. 6 K-AD 
U0042-01 33.25 2.8 1.1 8.4 30.8 2.2 1.3 4.7 0.4 46.2 0.9 98.8 

 
Table 4.10: Sample numbers, weight and general chemical composition of experimental samples of furnace 
slag. 

 

The slag was crushed and set in graphite-bonded crucibles, which were placed in 

the furnace without the addition of charcoal or any other materials. The crucibles were thus 

heated under oxidizing conditions. To detect the reaction temperature the furnace was 

initially set at 1050ºC. If the content was not molten after one hour, the temperature was 

increased by 50ºC. The three samples were fully molten at a temperature of 1100ºC, which 

is lower than the tap slag. Even though a lower sulphur content was detected in the iron-

silicate phase of the furnace slag, the experimental samples also include the sulphide-rich 

phases which are not included in the general chemical composition, and may thus increase 

the sulphur levels fundamentally as illustrated in Table 4.9. As the sulphur content of these 

furnace slag experimental samples may even be higher than the tap slag experimental 

samples, it is not unlikely that sulphur does indeed have a fluxing effect and may lower the 

melting temperature of slag.  

The results of the three experimental samples are very different (Figure 4.59, 

Figure 4.60). In Exp. 4 a good slag cake was formed which could be removed from the 

crucible without destroying it (Figure 4.59). Most interesting, on the lower surface there 

are large prills of a possibly metallic compound. Smaller metallic prills also occur in the 

section. The result for Exp. 5 is a fairly porous slag within which no metal-containing 

phases can be identified at a macroscopic level (Figure 4.60A). In Exp. 6 a porous slag was 
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formed and a silver-coloured band underneath, as seen in the tap slag experimental 

samples (Figure 4.60B).  

 

 
Figure 4.59: Results of Exp. 4. Upper (A) and lower (B) surface of the reacted cake with copper prills 
attached to the bottom surface. Cross section (C) within which copper prills are visible. 

 
Figure 4.60: Cross sections of Exp. 5 (A) and Exp. 6 (B) showing the different results and hence reaction, 
with the formation of a silver-coloured band between the crucible and slag in Exp. 6. 

 

The iron-silicate phase of the Exp. 4 slag is mainly composed of elongated fayalite 

laths embedded in a glassy matrix with abundant iron-oxides and frequent prills of 

sulphides and metallic copper (Figure 4.61A). The iron-oxides occur primarily as angular 

particles with zoning (Figure 4.61B). They cluster well together and a clear separation is 
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formed with a large part containing very few iron-oxides and sulphide prills (Figure 

4.61C). In this area the iron-oxides occur as very fine dendrites or snowflake-shaped 

particles (Figure 4.61D). The blue colour of the sulphide prills indicate that they are rich in 

copper, possibly with very few or no iron. The prills of metallic copper are slightly less 

common and are often surrounded by blue sulphides. Both the copper and sulphide prills 

thus primarily occur in areas rich in iron-oxides. Possibly the iron-oxides increase the 

viscosity of the slag and the copper and sulphide prills remain entrapped.  

Most interesting, an average of 1.0% arsenic was detected in the copper prills by 

means of SEM-EDS. Arsenic is commonly not present in Cypriot ores, but are known to 

appear in some of the copper deposits within the region of Limassol Forest (Gass et al. 

1994: 185). However, arsenic is a volatile element and unlikely to be found in such 

quantities after two or possibly even more smelting processes (Koucky and Steinberg 

1989: 300). As arsenic was not even detected in such high quantities in the furnace slag it 

remains unclear where the arsenic within these copper prills comes from. 

 

 
Figure 4.61: Micrographs of sample Exp. 4 showing the general microstructure of the areas rich in iron-
oxides (A, mag, 50x, & B, mag. 200x) and poor in iron-oxides (C, mag. 50x, & D, mag. 100x). 
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Figure 4.62: Micrograph of sample Exp. 4 (mag. 100x) showing the clear separation between the area rich 
in iron-oxides and sulphides, and poor in iron-oxides and sulphides. 

 
Figure 4.63: Micrographs (mag. 500x) of sample Exp. 4 showing the prills of metallic copper and copper-
rich sulphides appearing together with iron-oxides. 

 

The iron-silicate phase of the Exp. 5 slag is mainly composed of fayalite laths 

embedded in a glassy matrix with abundant iron-oxides and occasionally large sulphide 

inclusions with few prills of metallic copper (Figure 4.64A). The iron-oxides appear as 

multiple connected clusters and a few areas are formed with very few and much smaller 

iron-oxide particles (Figure 4.64B). The iron-oxides occur primarily as slightly rounded 

angular particles, occasionally with sulphides seemingly entrapped in their centre (Figure 

4.65). Despite the limited presence of sulphide/metallic prills embedded in the iron-silicate 

phase, blue copper-sulphides occur as very large angular inclusions with smaller particles 

of metallic copper towards the edges and in the fissures (Figure 4.64A, Figure 4.66).  In 

comparison to Exp. 4 the sulphides thus managed to separate from the iron-oxides. 
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Figure 4.64: Micrographs (mag. 50x) of sample Exp. 5 showing the general microstructure of the areas rich 
in iron-oxides, often occurring as clusters, (A) and poor in iron-oxides (B). 

 
Figure 4.65: Micrograph (mag. 500x) of sample Exp. 5 showing a cluster of iron-oxides (medium grey) and 
sulphide particles (yellow-pink-blue) and the sulphide-rich centre of some of the angular iron-oxide particles 
(indicated by white arrow). Le
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Figure 4.66: Micrograph (mag. 50x) of sample Exp. 5 showing a part of a large angular copper-sulphide 
(blue) inclusion with small prills of copper (pale orange) at the edges and in the fissures. 

 

The iron-silicate phase of the very porous Exp. 6 slag is mainly composed of 

fayalite crystals embedded in a glassy matrix with frequent iron-oxides and rare sulphide 

and copper prills (Figure 4.67). The iron-oxides are not evenly distributed and appear 

primarily as fine angular particles with zoning (Figure 4.68A). In certain areas of the slag 

they occur as clusters (Figure 4.67A & C; Figure 4.68B). Tiny prills of copper-sulphide 

and metallic copper occur consistently in very low quantities embedded in the matrix 

(Figure 4.68), but appear also in much larger size and amounts in some areas (Figure 

4.67A, Figure 4.69A), and occasionally as very large inclusions (Figure 4.69B) similar to 

those in Exp. 5. Most interesting, the silver-coloured band at the bottom of the crucible is 

again composed of metallic iron, similar to the experimental tap slag samples, but with 

very few copper-iron sulphides (Figure 4.70). 
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Figure 4.67: Micrographs (mag. 50x) of sample Exp. 6 showing the general microstructure of the iron-
silicate phase, with the frequent occurrence of clusters of iron-oxides (A & C) and occasionally sulphide 
prills (A). 

 
Figure 4.68: Micrographs (mag. 500x) of sample Exp. 6 showing the zoning in the iron-oxides (A) and 
occurring as clusters (B), and the consistent presence of tiny sulphide prills (blue and yellow) embedded in 
the iron silicate phase. 

 
Figure 4.69: Micrographs (mag. 100x & 50x) of sample Exp. 6 showing copper-sulphide (blue) prills with 
small particles of copper (pale orange). Le
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Figure 4.70: Micrograph (mag. 200x) of sample Exp. 6 showing metallic iron (white) with very few copper-
iron sulphides (dull yellow-brown). 

 

The fact that three different results were reached must be indicative for the 

variability amongst the assemblage of furnace slag. The ratios between slag and sulphide 

phases of the various experimental samples differ largely, and hence also the copper, iron 

and sulphur contents. Consequently Exp. 4 may have comprised the largest amount of 

sulphide phases, while Exp. 6 possibly the lowest. This difference may also be partly due 

to the sampling prior to the experiment: only the remains of the sections were used for the 

experimental samples. 

The fact that copper was produced after only 1 hour under 1100ºC in all three 

samples, be it in variable quantities, illustrates the high copper levels of the sulphide 

phases in the furnace slag and indicates that this slag type is near to the actual production 

of copper. In a following stage copper could thus easily created from the copper-rich 

matte. Also here it is remarkable that metallic iron was created without the addition of 

charcoal.  

IV. Discussion of the results 

The consistent presence of copper-iron-sulphides in the furnace slag indicates that 

the slag must be the result of the smelting of sulphidic ores, likely chalcopyrite. In addition 
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with the limited occurrence of metallic copper it appears that matte was the product aimed 

for in the smelting process.  

The chemical composition of the matte phases embedded in the slag implies that 

the produced matte was of a good quality with a respectable copper content and regular 

quantities of iron and sulphur which could easily be removed in the subsequent matte-

melting stage to form copper metal. Also the presence of a single copper prill, the poor 

correlation between the sulphur and copper content in the general chemical composition, 

and the creation of copper metal by resmelting the matte-rich furnace slag proves that this 

slag types derives from a process that produced a matte that is already in a state close to 

the final product, i.e. copper. 

The average Cu/S ratio of the large matte phases is 1.96, which is much higher than 

the ratio in chalcopyrite (CuFeS2) with typical composition. Similar Cu/S ratios are 

calculated for the irregular sulphide particles embedded in the iron-silicate matrix, in the 

sulphide prills occurring with the iron-oxide clusters, and for the sulphidic components of 

the corroded rounded features. Despite the fact that we do not know the composition of the 

chalcopyrite ore used in this smelting process, we may possibly assume that sulphur was 

possibly already partially removed prior to this smelting stage, possibly by roasting or 

another smelting process 

On the other hand, the occurrence of incomplete reacted minerals of the original 

charge could imply that this furnace slag results from the primary treatment of the ores. 

The fact that a liquid slag was formed cannot eliminate the possibility of a roasting 

process. After all, Doonan (1994) managed to create nodules containing fayalite slag with 

little magnetite and prills or stringers of copper metal by the experimental roasting of 

chalcopyrite (Doonan 1994: 93). The semi-reacted features can also be remnants of the 

product of the first smelting stage, or derive from ores or other minerals added to the 

charge of this secondary smelt. 

Nonetheless, a silicate slag was formed and thus both the matte, which has a lower 

liquidus point, and slag were fully liquefied. Despite the fact that sufficient high 

temperatures were reached, large quantities of matte and not-fully reacted features are still 

entrapped in the furnace slag. Possibly the duration of the smelt was hence not adequate 

for a complete reaction of the whole charge and for the matte to percolate through. 

However, according to Bamberger (1996) the production of a fluid slag and the successful 

separation of the matte are rather defined by the correct ratio between the ore and fuel in 

the charge. An imbalance would result into inhomogeneous and more viscous mushy slag 
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that could retain metallic copper as prills (Bamberger 1996). Indeed, the low viscosity of 

the liquid slag as calculated for the furnace type would have been disadvantageous for the 

matte/slag separation. 

The presence of both matte-rich and relatively matte-poor slag lumps and the 

heterogeneity of many of the slag lumps, as well as their rather irregular shape and the low 

presence of irregular sulphides embedded in the iron-silicate phase, also implies that the 

roasted ore lumps, with variable composition, may have been added in their complete 

form. The crushing of the ore would have offered a more homogenous charge and 

facilitated a simultaneous reaction.  

Another scenario could be that the furnace conditions were not well controlled and 

a certain lack of uniformity inside the smelting construction may have caused that certain 

parts of the charge, which may have been added to the furnace at once, did fully react 

while in other areas rather poor-quality slag was formed with large amounts of matte. 

Possibly this furnace slag thus derives from a rather poorly controlled smelting 

process within which reducing conditions were maintained and a temperature of at least 

1100ºC was reached which must allow the formation of a molten slag and the separation of 

the matte by density, possibly forming a lump on the bottom of the furnace. However, the 

charge may not have been sufficient homogeneous, the fuel to ore ratio was maybe not 

adequate, the smelt might not have been maintained for enough time or the conditions in 

the furnace were not ubiquitous for the complete charge to fully react. Therefore a fair 

amount of the matte remains entrapped in the rather viscous slag and could not be removed 

by crushing, resulting in a fairly great copper-loss. Therefore this appears not to be a 

particular efficient smelt despite the good quality of the matte produced. 

4.3.2.3 Miscellaneous slag samples 

Two samples (K-AD M0086-02 and K-AD M0093-03) were taken from the 

clusters of irregular fragments composed of fine curved layers of slag. They are possibly 

part of items similar to the slag spheres that may have been formed at the end of a rod used 

to stir the smelting or melting charge. Due to the very fine microstructure difficulties arise 

to differentiate the different components. The iron-silicate phases seem to consist 

predominantly of very fine elongated lath-shaped fayalite crystals embedded in a glassy 

matrix and abundant iron-oxides primarily occurring as very fine dendrites, i.e. wüstite, in 

combination with fewer large angular particles, i.e. magnetite (Figure 4.71). The 
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microstructure is characterised by layering, as was already implied from the macroscopic 

features of the samples, and crystal growth of the iron-silicates occurs towards the lower 

surfaces. The iron-oxides change in composition, shape and frequency resulting in the 

formation of magnetite bands. In the initial sample examined by SEM-EDS, i.e. K-AD 

M0086-02, no metallic prills could be identified. In sample K-AD M0093-03 very small 

rounded prills of possibly metallic copper were detected in small quantities by optical 

microscopy (Figure 4.72). Also a few very small prills of bluish copper-rich sulphides 

were identified in this sample. The sample was unfortunately not analysed by SEM-EDS.  

 

 
Figure 4.71: SEM-micrograph (mag. 100x) of samples K-AD M0086 and photomicrograph (mag. 100x) of 
sample M0093-03 showing the iron-silicate phase with very fine iron-silicate laths (medium grey) embedded 
in a glassy matrix (dark grey) and iron oxides (light grey) shaped as dendrites, angular particles or forming 
bands of magnetite. 

 
Figure 4.72: Photomicrograph (mag. 200x) of sample K-AD M0093-03 showing iron-silicate phase with fine 
fayalite laths (medium grey) embedded in glassy matrix (dark grey), iron oxides (light grey) and prills of 
possibly copper (shiny rounded particles). 
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The general chemical composition of sample K-AD M0086-02 was determined 

with the SEM-EDS and is based on the average of three measurements done at a low 

magnification (100x), typically analysing areas of approximately 1.2 by 0.8 mm (Table 

4.11; Appendix II.2). The low but consistent presence of sulphur, averaging 1.1%, implies 

that this slag was formed in a process within which sulphidic ores were smelted or 

resmelted. Due to the occurrence of prills of possibly metallic copper in one of the samples 

it seems not unlikely that copper was produced. Therefore this material seems to derive 

from copper melting or remelting processes, or maybe even the treatment of matte. In case 

of the latter, the aim was to remove the sulphur and iron to extract the copper as a metallic 

compound from the matte. By microstructural analysis ceramic remains were detected on 

the inner curve of one fragment. Maybe these layered slag fragments were formed around 

the tip of a tuyère. The remains could however also derive from a ceramic stick, or 

something similar, around which the slag was wound. This is not unlikely to be the case 

for the ‘slag balls’ of which the cavity is too small to be formed around the tip of a tuyère.  

 

 weight percent (wt%) 
K-AD M0086-02 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

MEAN 0.4 3.6 3.9 23.5 1.1 0.5 6.0 0.2 59.4 0.7 99.3 
STDEV 0.0 0.2 0.2 0.5 0.2 0.1 0.5 0.0 0.8 0.1  
CV (%) 12.4 6.5 4.2 2.1 15.6 15.2 8.4 23.9 1.4 12.4  

 

Table 4.11: Average chemical composition of sample K-AD M0086-02 determined by SEM-EDS. All values 
are given in weight %. The average, relative standard deviation and intra-sample variation are calculated 
for the major and minor oxides 

 

The microstructural composition of the iron-silicate phase of sample K-AD 

M0038-01 is characterised by regularly sized blocky fayalite crystals embedded in a glassy 

matrix with small secondary iron-silicates. Small irregular iron-rich sulphides appear 

consistently but in low quantities. Iron-oxides are missing, but the presence of fayalite 

implies reducing conditions and an appropriate balance of ferrous and siliceous 

components. Despite the considerably regular appearance of the iron-silicate phase, this 

sample can be clearly differentiated from the samples of tap and furnace slag by the 

presence of large irregular phases composed of metallic and sulphidic compounds (Figure 

4.73). These phases could be distinguished by eye as shiny features in the section, but do 

not occupy more than 1% of the total surface area, which is largely captured by small 

rounded gas vesicles. The phases are characterised by a dull purple-grey background with 
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an internal structure of crossed laths, an irregular intermediate bright orange phase, and an 

upper phase composed of silver-blue globules. The background was identified to be 

composed of an iron-copper-sulphide averaging the composition of bornite (Cu5FeS4), 

while the orange phase consists of copper with low concentrations of iron (ca. 3.3wt%), 

and the silver-blue globules comprise iron with up to 10.0wt% copper (Figure 4.74; Table 

4.12). These irregular phases of matte contain thus particles of metallic copper and metallic 

iron as inclusions. The formation of the metallic iron can be taken as an indication of a 

smelting process applying high temperatures and strongly reducing conditions, which is 

required to avoid iron to enter the slag as iron oxide (Liu et al. 2015: 156). 

 

 
Figure 4.73: Photomicrographs (mag. 40x and 200x) of sample K-AD M0038-01 showing the metallic-
sulphidic phases embedded in the iron-silicate phase, and composed of a copper-iron sulphide background 
(dirty purple-grey), metallic copper (bright orange) and metallic iron (silver-blue).  
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Figure 4.74: SEM-micrographs (mag. 400x) of sample K-AD M0038-01 showing the microstructure of the 
metallic-sulphidic phases and indicating the analysed areas, the results of which are given in Table 4.12. 

 

	 	 weight percent (wt%) 

  O Na S Fe Cu Total 

A 
S1: copper 0.6 1.2 0.1 3.3 94.5 99.5 
S2: iron 0.4 n.d. 0.1 88.0 10.4 98.9 
S3: matte n.d. 0.1 27.5 18.2 53.7 99.5 

B 
S1: copper 0.5 1.6 0.0 3.4 94.0 99.5 
S2: iron 0.2 n.d. 0.0 90.4 8.8 99.5 
S3: matte 0.6 n.d. 26.2 15.4 57.1 99.3 

MEAN 
copper 0.5 1.4 0.0 3.3 94.2 99.5 
iron 0.3 n.d. 0.0 89.2 9.6 99.2 
matte 0.6 0.1 26.8 16.8 55.4 99.8 

 

Table 4.12: Chemical composition (weight %) of selected areas within the metallic-sulphidic phases of 
sample K-AD M0038-01 as indicated on Figure 4.74, analysed by means of SEM-EDS. 

 

Similar features were identified in the archaeological slag from Baojia, China: 

matte prills containing particles of metallic iron (Liu et al. 2015: 156, Fig. 10). These slags 

derive from the extraction of silver from silver-bearing sulphidic lead ores, so obviously no 

copper was detected. As discussed before, in addition with further experimental work, Liu 

et al. (2015) managed to illustrate that ion exchange exists between silicate and sulphide 

melts, whereby iron has a strong preference to move from the slag into the matte. Liquid 

matte can therefore dissolve large amounts of ferrous oxide that can then be reduced to 

metallic iron, even without strongly reducing conditions (Liu et al 2015: 159-161). As seen 

regularly in the tap slag, globules of iron-oxides occur frequently in the matte prills and 

phases. In this sample, highly reducing conditions may consequently have caused the 

further reduction to metallic iron, and possibly also the formation of metallic copper. The 
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same feature of metallic iron, with lower quantities of sulphides and near-absence of 

metallic copper, was created by the remelting of tap slag and resulted from the reduction of 

the abundant iron-oxides in the iron-silicate phase. Since this result was reached without 

the addition of charcoal, indeed no strongly reducing furnace is needed. The present 

sulphur would have facilitated the reduction of the iron oxides to metal. 

The fact that only one slag fragment was detected with this feature indicates that it 

likely did not result from a conscious technological choice, but was rather accidentally 

formed. 

4.3.3 Provenance studies: lead isotope analysis on the slag from the Kalavasos valley 

As discussed in the introduction to this chapter, provenance studies undertaken by 

Oxford Isotrace Laboratory on the LC copper slags and artefacts from Kalavasos-Ayios 

Dhimitrios has resulted in the conclusion that the slags derive from the smelting of ores 

coming from various deposits, including Apliki, but not from the Kalavasos mining region. 

Similarly it was argued that for the production of the copper artefacts no local ores were 

used (Gale and Stos-Gale 2012: 79). Another remarkable result of the Lead Isotope 

Analysis is that the isotope ratios for some of the Uluburun ingots dated to the end of the 

14th century BC are consistent with some of the slags from Ayios Dhimitrios (Stos-Gale 

2011: 206), and a single slag lump from Enkomi shows an overlap with Kalavasos ore 

deposits (Hauptmann 2011: 199). Little information is however given about the find 

context and type of the Ayios Dhimitrios slags analysed. To assess the possibility that the 

two major slag types derive from the smelting of different ores and a possible 

chronological change in the exploitation of the local mines, four samples from both tap and 

furnace slag as well as three slag samples from the lowest stratum of the slag heap at 

Kalavasos-Skouries, which was dated from the 4th century BC to the 1st century AD 

(Kassianidou 2013c: 67), were sent to the Geo-Institute of KU Leuven for Lead Isotope 

Analysis. The results can be found in Table 4.13. 
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Sample no. Site Area Context Slag Type 207Pb/206Pb 208Pb/206Pb 206Pb/204Pb 

K-AD M0001-05 K-AD E A.18 TS 0.838 2.070 18.650 

K-AD M0003-02 K-AD E A.39 TS 0.839 2.072 18.600 

K-AD M0005-10 K-AD E R8A TS 0.839 2.070 18.567 

K-AD M0010-02 K-AD E R8A TS 0.840 2.073 18.613 

K-AD U0042-01 K-AD W A.100 FS 0.840 2.072 18.558 

K-AD M0082-01 K-AD W A.102 FS 0.841 2.074 18.535 

K-AD U0005-01 K-AD SE A.52 FS 0.841 2.073 18.538 

K-AD M0043-01 K-AD SE A.54 FS 0.841 2.072 18.542 

Kal-Sk01 K-S  slag heap TS 0.833 2.063 18.740 

Kal-Sk02 K-S  slag heap TS 0.823 2.050 18.960 

Kal-Sk03 K-S  slag heap TS 0.823 2.051 18.937 

Table 4.13: Lead Isotope Analysis of slag samples from the LCIIC site of Kalavasos-Ayios Dhimitrios (K-
AD) and the slag heap from Kalavasos-Skouries (K-S) dated to 4th cent. BC - 1st cent. AD. 

 

Plotting of the data on binary diagrams opposing 207Pb/206Pb and 208Pb/206Pb, 
207Pb/206Pb and 206Pb/204Pb, or 208Pb/206Pb and 206Pb/204Pb,  clearly shows how the LBA 

slag samples from Ayios Dhimitrios cluster well together, despite a small but very clear 

difference between the two major types (Figure 4.75). They are clearly separated from the 

post-Bronze Age samples from Skouries and from two other localities analysed previously 

by the Oxford team, namely Kalavasos-Platies and –Petra, the latter of which comes 

actually from the same Skouries slag heap14. With a few exceptions also the data for the 

LBA bronze and copper objects and scrap from Ayios Dhimitrios cluster primarily in the 

same area of the LBA slag. 

In comparison with the isotopic analyses of some major ore sources in Cyprus, the 

later slag samples, with the exception of one from Skouries, show an overlap with the 

Kalavasos ores. This is not the case for the LBA slag samples from Ayios Dhimitrios 

(Figure 4.76). Previous analyses of the LBA metal objects by the Oxford team lead to the 

same results (Gale and Stos-Gale 2012: 76; South 2012: 49). As archaeological evidence 

has shown already, the local mines were indeed used during later historical periods but 

based on the results from lead isotope analysis we can assume that they were not known 

during the LBA. What ore sources the LC metallurgists at Ayios Dhimitrios were 

exploiting remains now to be determined. 

 

                                                
14 The data for the Kalavasos-Petra and Platies slag derive from the Oxford Archaeological Lead Isotope 
Database (OXALID) available online (http://oxalid.arch.ox.ac.uk/).  
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Figure 4.75: Lead isotope compositions of tap and furnace slags from the LBA site of Kalavasos-Ayios 
Dhimitrios and the post-Bronze Age sites of Kalavasos-Skouries, Kalavasos-Petra and Kalavasos-Platies. 
The analyses for Ayios Dhimitrios and Skouries were conducted by the Geo-Institute of KU Leuven. The 
analyses for Petra (i.e. Skouries) and Platies were conducted by the Oxford Isotrace Laboratory. 
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Figure 4.76: Lead isotope analyses of Late Bronze Age Kalavasos-Ayios Dhimitrios slags (red triangles) and 
metal objects (yellow diamonds), and post-Bronze Age Kalavasos valley slags (blue triangles) compared with 
the isotopic analyses of ores from the Kalavasos mines (dark turquoise dots) and some other major Cypriot 
ore sources. 
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Figure 4.77: Lead isotope analyses of Late Bronze Age Kalavasos-Ayios Dhimitrios tap slag (red triangles) 
and furnace slag (blue triangles) compared with the isotopic analyses of ores from mines located in the 
southern part of the island and some major copper sources. 

 

By zooming in on the plots for the data of the Ayios Dhimitrios slag, possible ore sources 

can be suggested for the copper produced at the LBA site (Figure 4.77). The furnace slag 

shows an overlap with the Apliki ores, while the tap slag seems to move more towards the 

plots for the Larnaca axis and Limassol Forest ores. This however depends largely on 

which isotopes are opposed to each other, as seen in the various graphs of Figure 4.77. It 

remains difficult to assign with certainty a certain ore source to the tap slag but, with the 

exception of one sample, the minor but clear isotopic difference between both slag types is 

nevertheless very interesting and illustrates that likely different ores were selected. The 

tight cluster of the furnace slag is indicative of the fact that the same ore source was used, 

possibly from the region of Apliki. The wider distribution of the tap slag samples may be 

caused by the less careful selection of the ore minerals or the addition of iron-rich 

materials that may have been locally available. The mixing of ores and minerals may thus 

have deranged the results of the Lead Isotope Analysis and therefore we cannot be certain 

that no local ore sources were used. 
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4.3.4 Discussion of the results: facing the complexity of sulphide smelting 

4.3.4.1 Loose boundaries and Type X 

As already implied from the macroscopic features of the fragments and sections, 

the microscopic and chemical composition of some of the sampled pieces of Type X do 

indeed suggest that they can be classified as bits and pieces of either furnace or tap slag. 

Despite the clear macroscopic and microscopic classification, the boundary between both 

major types is not always that well defined. This is clearly illustrated by their wide 

distribution and the overlap in the general chemical composition when plotted on a SiO2-

FeO-Al2O3 ternary phase diagram (Figure 4.78). The low frequency of sulphide phases and 

unreacted ore remnants within the microstructure of some smaller lumps of furnace slag 

would have resulted in the identification of another slag type, had they not have been 

found in combination with other characteristic lumps. On the other hand, within the 

assemblage of tap slag some samples with fragmented surfaces and hence deriving from 

the central part of the slag cake (K-AD M0005-10 and K-AD M0010-08) have 

microstructures that comprise features that are characteristic for the furnace slag: blocky 

fayalite crystals, large sulphide phases and unreacted ore remnants. If they would not have 

been part of a larger assemblage of unmistakably tap slag, it would have been difficult to 

ascribe them to either slag type, as illustrated by Type X sample K-AD M0070-03. 
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Figure 4.78: Tap slags (red) and furnace slags (blue) represented on the SiO2-FeO-Al2O3 ternary phase 
diagram (adapted from Maldonado and Rehren 2007: Fig. 8, after Muan 1957: Fig. 10). 

 

A single sample (K-AD M0070-03), representative for a small assemblage without 

clear macroscopic features of either furnace or tap slag, clearly illustrates this complexity 

for the samples initially classified as Type X. The homogeneity of the slaggy material in 

the section and the smooth surface would classify the sample initially as tap slag, but the 

microstructure is rather dubious. The blocky fayalite crystals, the presence of hercynite 

rather than dendrites, the limited occurrence of irregular sulphides embedded in the matrix 

and the various semi-reacted ore remnants would place it together with furnace slag. 

However, the apparent fractured surfaces, the presence of nicely formed matte prills and 

the absence of large distortion, microstructural variability and large sulphide phases shows 

large similarities with the samples of tap slag deriving from the central areas of the slag 

cakes. 
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4.3.4.2 Tap slag vs. furnace slag: facing the complexity of sulphide smelting 

Both major slag types must have been the result of the processing of copper-rich 

sulphide ores such as chalcopyrite (CuFeS2), the dominating ore type available in Cyprus 

(Constantinou 2012: 5), and some of its partially weathered products. The differences on a 

macroscopic level, in the microstructure and in the chemical composition of the furnace 

and tap slag suggest that they evolved from two different processes, but the presence of 

copper-iron sulphides in various forms, such as small particles, prills, inclusions or large 

irregular phases, is indicative for the fact that in both processes matte was produced. This 

matte though differs in composition between the two processes. 

The tap slag is the result of a seemingly well-controlled smelt within which 

complete liquefaction and consequently a good separation of the matte from the slag was 

reached. The smelting process that produced the furnace slag, on the other hand, appears to 

have been poorly controlled and less efficient. It seems that the charge was too 

heterogeneous, the ratio between ore and fuel disadvantageous, the duration of the smelt 

was insufficient or the conditions were not uniform in the furnace and as a result not the 

complete charge could reach full liquefaction. Consequently semi-reacted minerals and 

large solidified copper-containing phases are still entrapped in the slag. However, despite 

the seemingly low efficiency of the smelting process the matte produced alongside the 

furnace slag was of a much better quality with a higher copper content as opposed to the 

iron-rich matte produced in the tapping process.  

Typically, prior to the smelting the copper sulphide ores would have been roasted 

under oxidizing conditions to remove the sulphur (Bachman 1982: 22; Tylecote 1982: 99). 

As a silicate slag was formed, temperatures of minimum 1100ºC were reached, and 

seemingly reducing conditions were applied in both processes, we may exclude the 

possibility that the furnace and the tap slag derive from such roasting practices that 

typically operate at much lower temperatures and under oxidising conditions. With the 

presence of copper-rich matte and occasionally prills of metallic copper, the furnace slag 

may be interpreted to be the deliberate product of a roasting and subsequent primary 

smelting process. On the other hand, the Cu/S ratio of the matte phases in the tap slag 

implies that no roasting was conducted prior to this smelting process, but the ore-treatment 

involved only crushing. 

It has been suggested that the similar heterogeneous lumps of “furnace 

conglomerate” and “crucible slags” found at other contemporary urban centres result from 
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the secondary rather than primary smelting (Koucky & Steinberg 1982: 128; Stech 1982: 

106). Through the investigation of some slags from Kition, and Enkomi, also Hauptmann 

(2011) recently proposed that these heterogeneous slags lumps with high amounts of Cu-

(Fe-)sulphide phases are likely partially the result of a secondary smelting of Cu-rich slag 

that was collected together with matte and/or pure copper at the smelting sites and 

transported to the urban settlements for further treatment (Hauptmann 2011: 200). Could it 

be that the furnace slag found at Kalavasos-Ayios Dhimitrios derives from a similar 

process? 

As unmistakably two different processes were applied within the same site, one 

may assume that these formed a sequence in the complicated multi-stage process of 

sulphide smelting (see Chapter 2) within which different slag types are produced during 

the different stages (e.g. Addis et al. 2015). In contrast to the general composition of the 

small irregular sulphide particles embedded in the iron-silicate phases (Figure 4.79) and 

the large matte inclusions of the tap slag, a large amount of iron and sulphur was already 

removed prior to the process producing the furnace slag either by roasting or another 

smelting process. In case of the latter, the tap slag could result from the primary smelting 

process within which an iron-rich matte (Matte A) was created and the slag was tapped off. 

A secondary smelting of Matte A would have been required to remove the excess of 

sulphur and iron. With the addition of ores, slag or other minerals this could consequently 

have produced a copper-rich matte (Matte B) and the furnace slag. Thereafter Matte B 

would have to be further refined to produce metal copper. Of this final stage no clear 

evidence has (yet) been found at Kalavasos-Ayios Dhimitrios. We could thus assume that 

the tap slag results from the first stage in the smelting of sulphide ores, possibly in 

combination with iron ores, while the furnace slag derives from the second stage. This may 

hence explain why tap slag is commonly not found in large quantities at contemporary 

LBA urban sites. 
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Figure 4.79: Binary diagram opposing the copper and sulphur and copper and iron contents in the 
composition of the small irregular sulphide particles embedded in the iron-silicate phases of the tap slag (red 
diamonds) and furnace slag (blue diamonds). 

 

However, if indeed both slag types would derive from a single smelting process, no 

isotopic difference should occur between them. An isotopic distinction can still be caused 

by the addition of ores, fluxes or other materials in the second stage of the process, but the 

clear clustering of the data for the ‘secondary’ furnace slag as opposed to the ‘primary’ tap 

slag seems to prove the contrary. Therefore the prospect that both slag types do derive 

from two completely different and disconnected smelting processes seems highly probable 

and is strongly supported by the spatial distribution of the slag types. One may not 

overlook that the LCIIC period spans nearly 100 years, a timeframe within which different 

craftsmen or households could have undertaken diverse smelting practices at different 

areas of the site. Therefore the existence of two different slag types can simply be assigned 
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to a difference in the ore treatment, the charge composition and a different technological 

process.  

It has been highlighted that the ores used during the Bronze Age were probably 

very mixed in geological terms, i.e. chalcopyrite (CuFeS2) and its by-products such as 

covellite (CuS), cuprite (Cu2O), bornite (Cu5FeS4), chalcocite (Cu2S), hematite (Fe2O3) 

and pyrite (FeS2). Some of these ores would readily produce copper upon smelting, while 

others would not. Because they yielded variable amounts and types of copper which 

required different treatments, the smelting of mixed ores, either intentionally or 

accidentally, would consequently also result in the several different types of slags that have 

been found (Stech 1982: 111).  

4.3.4.3 Copper loss and smelting conditions 

The high copper-loss in the furnace slag remains however very confusing. As the 

aim of the re-melting of Cu-rich slag would have been the further extraction of the copper 

still entrapped, it is surprising that the copper content within the heterogeneous slag lumps 

Kition still reaches up to 26% towards the bottom (Hauptmann 2011: 194), and similar 

levels (ca. 20.6% Cu) were detected by pXRF in the furnace slag from Kalavasos-Ayios 

Dhimitrios.  

Though “efficiency” may be perceived differently in modern and ancient times, the 

purpose behind the production of this “low-quality” slag occurring frequently in LBA 

Cyprus remains an open question. Common explanations given are (Doonan et al. 2012: 

55): 1) the lack of knowledge and skills by the copper smelter, which we can immediately 

refute by the presence of successful tap slag at the earlier LCI primary smelting site of 

Politiko-Phorades (Knapp and Kassianidou 2008) or the contemporary agricultural site of 

Arediou-Vouppes (see Chapter 7); 2) the abundance of copper-rich ores and hence the 

indifference to extract the maximum of the copper present in the charge as matte; or 3) the 

shortage of fuel that may have restricted the smelter to hold the temperature for a longer 

period (Doonan et al. 2012: 55) or might have caused an imbalance in the required fuel to 

ore ratio (Pickles and Peltenburg 1998: 82-83). Another possibility is, as suggested by 

Doonan et al. (2012) in relation to the slag assemblage from Maroni-Vournes, that the 

smelting process producing these low-efficiency slag lumps were simply a product of 

performance and the practice of smelting rather than the economic gain is of primary 

importance (Doonan et al. 2012: 55). Can we, however, imply this as well for the slag 

Le
nte

 Van
 Brem

pt



 
 

228 

assemblages found at the urban sites of Enkomi and Kition where well-organised and 

extensive metallurgical workshops were uncovered (Karageorghis & Kassianidou 1999; 

Kassianidou 2012b; 2013d)?  

The lead isotope data for the furnace slag indicates that it is very likely that ores 

from the Apliki region were used. The Apliki mine would have provided the copper for the 

vast majority of the copper oxhide ingots found in the Eastern Mediterranean (Gale and 

Stos-Gale 2012; Kassianidou 2013b: 41). Apliki lies within the richest mining region of 

Cyprus, i.e. the Solea axis, which also includes the mines of Mavrovouni and Skouriotissa. 

Not only were these ore deposits rich in copper (up to 20% in the secondary enrichment 

zones that were possibly exploited by the ancient miners), they were also easy to mine 

(Constantinou 2007: 340-342; Kassianidou 2013b: 41). The wealth of this mining region 

and hence the abundance of copper may therefore indeed have caused the ancient 

metallurgist not to worry too much about high efficiency in the smelting process. 

But, we should not forget that the size of metallurgical assemblage from Kalavasos-

Ayios Dhimitrios is not indicative for large-scale copper production at the site. As already 

suggested by South (2012) the amount of copper produced at the urban centre may have 

been just enough for local and maybe regional use. Probably the scale of the smelting 

activities at this site were largely limited by the possible lack of local copper sources 

during this period. Nonetheless, as the copper produced at Ayios Dhimitrios is unlikely to 

have been destined for export, there may have been no high need for maximum copper 

extraction and efficiency.  

4.3.4.4 Copper smelting at Ayios Dhimitrios: Spatial distribution of the smelting process 

The slag assemblage of Kalavasos-Ayios Dhimitrios was recovered in various 

quantities from both inside and outside buildings in all areas of the site. The spatial 

separation of both slag types implies that the different smelting processes were taking 

place in various areas of the settlement and can possibly also chronologically be separated 

from each other. 

As nearly all the tap slag recovered from the site was found in the square shaped 

deposit north of the building, and in rooms A.18 and A.39, we may suggest that a well-

controlled primary smelting of the sulphide ores was taking place once or maybe multiple 

times at or in close vicinity of Building I in the East Area of the site. Consequently the slag 

cakes would have been crushed in order to extract the iron-rich matte prills still entrapped 
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and the debris would have been deposited. Despite the succesful matte/slag separation, 

multiple smeltings of the iron-rich matte would have been required to gain copper metal. 

No clear evidence of these practices has been found so far. The question is though how 

much copper could have been extracted from this iron-rich matte. Which copper ores were 

used remains to be determined. Due to the possible addition of iron-rich minerals Lead 

Isotope Analysis was not conclusive. The rather wide distribution of the plotted data 

implies that the composition of the furnace charge may not have been thoroughly 

consistent, which leads one to assume that the selection of the ores and other minerals was 

not that well controlled as the actual smelting process.  

A seemingly less controlled smelting process of possibly already partially roasted 

ore took place in or near Building V of the West Area. Apart from the slag, any other 

evidence for metallurgical activities is however missing from this area. The same smelting 

process may also have taken place at or nearby Building IX, i.e. the metallurgical 

workshop, of the Southeast Area. For these smelting processes ores were collected from 

the Apliki mine within the richest mining area of Cyprus. This careful selection resulted in 

the production of a high grade copper-rich matte, which needed another smelting to create 

copper. No evidence was discovered at the site for the matte smelting, but maybe it was 

done nearby Building IX where clear evidence for copper and/or scrap melting and bronze 

alloying has been found.  

The scale and variability of the slag assemblage from Ayios Dhimitrios prove that it 

did not result from a single-time event. Possibly copper smelting took place at this site on a 

regular basis but at a modest scale and maybe a technological change took place over time 

resulting in different slag types and matte with compositional differences. However, due to 

the lack of remains from smelting installations it is difficult to localise the actual primary 

smelting activity within the known site. We must thus consider the possibility that the 

smelting processes were taking place in the still unexcavated parts of the site, or much 

closer to the mines as is commonly suggested because of the noxious fumes produced in 

the smelting of sulphide ores (South 2012; Tylecote 1982). Le
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4.4 Technical ceramics: analytical results 

The fragments of technical ceramics were differentiated from the non-domestic 

ceramics based on their finding context and macroscopic features such as marks of high 

firing, vitrification and slagging. 

4.4.1 Macro analysis 

Macroscopic investigation of the fragments of technical ceramics could identify 

some major differences in shape and fabric that could guide to primary assumptions 

regarding their use and function in the smelting of ores or melting of metals. The principal 

characteristics of the pieces of technical ceramics are summarized in Table 4.14 (Appendix 

III:1). Amongst the fifteen larger fragments seven crucible, four crucible or furnace, two 

tuyère and one handle fragment could be identified. The smaller fragments (K-AD X0117) 

comprise various pieces of crucibles. 
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Find No. Type Area Max. 
Size 

Max. 
Thickness Weight Max. Thickness 

Slag Layer 
Fabric 
group 

High-
fired 

Low-
fired 

Bloated/ 
vitrified Slagged Copper 

sign 
Polished 
section 

Thin 
Section 

K-AD M0400 crucible NE 2.2   6.0 - 1 x   x         

K-AD M0401 crucible NE 4.8 2.4 39.6 0.7 1 x   x x x x x 

K-AD M0402 crucible NE 2.7 1.3 6.9 - 1 x   x   x     

K-AD U0037 crucible NE 3.6 1.7 10.3 1.7 1 x   x         

K-AD M0410 tuyere NE 6.4 2.2 56.0 2.2 L x   x     x x 

K-AD M0404 crucible SE 7.0 2.6 82.0 0.3 1 x   x x x x x 

K-AD M0405 crucible SE 7.8 3.1 90.0 2.5 1 x   x x x x x 

K-AD M0408 crucible SE 6.0 2.6 6.8 1.2 1 x   x x x x x 

K-AD M0409 crucible SE 6.5 2.6 56.0 0.7 1 x   x x x x x 

K-AD X0117 crucible SE fragments 452.0 n.d.  1 x   x x       

K-AD M0406 handle SE 6.4 2.6 46.0 0.5 L   x x x     x 

K-AD M0407 crucible/furnace E 4.3 2.7 26.0 0.5 2 x   x x   x x 

K-AD U0006 crucible/furnace E 3.5 1.8 20.0 0.5 L   x x x   x x 

K-AD U0007 crucible/furnace E 5.5 2.0 44.0 2.0 2 x   x x   x x 

K-AD U0009 crucible/furnace E 4.2 1.8 18.0 0.7 L x   x x   x x 

K-AD M0403 tuyere E 10.0 2.0 250.0 - 1?   x   x     x 

 
Table 4.14: Overview of the macroscopic features of the fragments of technical ceramics from Kalavasos-Ayios Dhimitrios.Le
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4.4.1.1 Crucible and/or furnaces 

The majority of the fragments derive from crucibles or furnaces. They are all 

incomplete and do not exceed 7.8 cm in size. Therefore it is very difficult to reconstruct 

the shape of the reaction vessels in their complete form, or to even verify how many 

different crucibles they derive from. Following the macroscopic features of the fragments 

two major groups could be identified, alongside two singular pieces. 

 

 
Figure 4.80: Photographs of crucible or furnace fragments (Left: K-AD M0405; Right: K-AD M0404) 
classified as Ceramic Group 1 showing the inner surfaces (upper row) and profiles (bottom row). 

 

Macro Group 1 (K-AD M0400, M0401, M0402, M0404, M0405, M0408, M0409, 

U0037 and X0117) (Figure 4.80) includes those fragments made of an oxidized dark-red 

coloured fabric with a sandy texture and low porosity. The largest pieces exist as either rim 

fragments (K-AD M0401, M0404, M0409 and U0037) or body fragments with a thickness 

ranging from 1.4 to 2.6 cm and with curved surfaces. 
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The fragments have a strong thermal/redox profile, from an oxidized red-brown 

outer surface, through a black reduced core and pinkish red inner area, to a highly fired 

brown/black inner surface. The inner surfaces are bloated or vitrified and a slag layer of 

between 0.3 and 2.5 cm in thickness covers the majority of the fragments. These slag 

layers have extensive copper staining, possibly indicating a high copper-content and thus 

low efficiency. From fragment K-AD M0405 the slag layer was separated, leaving some 

residue of slag adhered to the inner surface of the ceramic. The bloated inner surfaces, the 

highly fired dark coloured rims and the only slightly fired exterior indicates that the 

fragments must have been part of one or more crucibles that were heated from above, 

which is a most common practice for the Bronze Age (Martinón-Torres and Rehren 2014: 

113-114; Freestone 1989: 157). Possibly the firing lasted for a relatively short time. 

 

 
Figure 4.81: Photographs of crucible or furnace fragments (Left: K-AD M0407; Right: K-AD U0007) 
classified as Ceramic Group 2 showing the inner surfaces (upper row) and profiles (bottom row). 

 

Group 2 (Figure 4.81) includes only a small rim fragment (K-AD M0407) and 

irregular body fragment (K-AD U0007) that can be differentiated from the others by a 

fabric with a very fine texture and high porosity possibly created by the addition of a large 
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amount of organics. The fabric is lighter in colour, but the fragments also have a 

thermal/redox profile running from beige-brown on the outer surface through pink-red and 

grey-brown on the inner surface. Both fragments are about 2.1 cm thick, and not larger 

than 5.5 cm. Therefore the curvature could not be calculated but it seems to be bigger than 

that of the fragments of Fabric Group 1. The inner surface of the rim was heavily bloated 

and vitrified. Also on one of the surfaces, likely the inner, a small area shows similar signs 

of firing to high temperatures. Also these fragments derive from reaction vessels that were 

heated from one side, possible the inside, but likely from a part at some distance of the 

core of the process. 

 

 
Figure 4.82: Photographs of crucible or furnace fragment U0006 showing the inner surface (left) and profile 
(right). 

 

The following two fragments are very small and irregular, and are composed of a 

fabric dissimilar to the other fragments. Fragment K-AD U0006 (Figure 4.81) is composed 

of a beige coloured rather fine-grained fabric with low porosity and larger inclusions. It 

only measures about 5.0 cm and is irregularly shaped but heavily bloated or slagged on one 

side. Initially fragment K-AD U0009 was classified in Group 2, but once sectioned slightly 

different macroscopic features were revealed. The fragment is composed of a reddish 

fabric with clay-like texture and larger black and brown-red inclusions. One side of the 

irregular fragment is heavily bloated with some charcoal adhered. 

Surprisingly the different groups can be assigned to different archaeological 

contexts. The fragments from Group 1 were found either in Building IX of the Southeast 

Area, in the adjacent rooms A.44 (K-AD M0404, M0405, M0409 and X0117) and A.45 

(K-AD M0408), or in the Northeast Area, Building XIII (K-AD M0400 and M0401), 

Building XV (K-AD M0402) and an unrecorded location (K-AD U0037). Both samples of 

Group 2 (K-AD M0407 and U0007) were found together with the tap slag assemblage in 
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the square-shaped deposit north of Building I in the East Area. From the same context 

derive both fragment K-AD U0006 and U0009. 

4.4.1.2 Tuyères 

 
Figure 4.83: Photographs of tuyère fragment (K-AD M0403) showing the length (upper row), a fractured 
end with perforation filled with slag (down, left) and the partially fractured tip (down, right). 

 

A large tuyère fragment (K-AD M0403, Figure 4.83) was found on top of the slag 

deposit in the square-shaped feature north of Building I, East Area. The cylindrical 

fragment is about 10.0 cm long, with a maximum diameter of 5.8 cm. The diameter of the 

perforation does not exceed 2.0 cm. The tip of the tuyère is fairly well preserved, while the 

other end is fractured. The fabric is pale reddish in colour showing very little traces of high 

firing, and has a rather sandy texture and low porosity comparable to the crucible 

fragments of Group 1. On the outer surface little droplets of slag are adhered. In contrast to 

the signs of only limited exposure to high temperatures, the perforation is surprisingly 

filled up by slag.  
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Figure 4.84: Photographs of tuyère fragment (K-AD M0410) showing the inner (left) and outer (middle) 
surfaces and the profile (right). 

 

Another much smaller tuyère fragment (K-AD M0410, Figure 4.84) was found in 

Building XIII of the Northeast Area. Only half of the cylindrical shape was preserved, with 

a maximum size of 6.5 cm and a thickness of about 2.0 cm. The fabric is red-brown in 

colour, darkening towards the inner surface. It has a very fine texture but with high 

porosity and inclusions identifiable by eye. Mixing the clay with an organic temper created 

fairly large voids. No slag was adhered to the fragment, but signs of high firing are clearly 

visible on the outer and inner surface of the fragment.  

Despite the fact that both fragments were used for the same purpose, the 

macroscopic features imply the use of two different fabrics.  

4.4.1.3 Crucible or ladle handle 

A peculiar fragment was found in room A.44 of Building IX, Southeast Area. This 

ceramic piece is probably part of the handle of a crucible, or maybe a ladle (K-AD M0406; 

Figure 4.85). The fragment is about 6.4 cm in length and has an ellipsoid shaped section, 

with a maximum thickness of 2.0 cm, which flattens and widens towards one end that 

likely consisted of a shallow bowl-shaped part, being a crucible or ladle. Both ends were 

broken of. The possible upper surface of the fragment is thickly slagged (approx. 0.5 cm) 

and mostly towards the flattened end. The fragment has a strong thermal/redox profile, 

with a blackened reduced core changing through a reddish colour towards a pale outer 

area, with marks of high firing on the surface. The fabric has a medium grain-size with a 

sandy texture and low porosity, without any clearly visible larger inclusions. The fabric is 

hence comparable to Group 1, but lighter in colour, which can simply be assigned to the 

fact that it was exposed to lower heat. It may thus be that the fragments of Group 1 derive 

from crucibles with handles. This can be clarified by further microstructural analysis.  
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Figure 4.85: Photographs of handle fragment (K-AD M0406) showing the slagged upper surface (upper left), 
the lower surface (upper right), the profile (lower left) and a cross section (lower right). 

4.4.1.4 Sampling 

Due to the limited presence of technical ceramics and their highly fragmented 

condition, the majority of the larger fragments were sampled to enable us to extract as 

much information as possible from the little material that was found, and to draw reliable 

conclusions. Polished sections were prepared for microstructural analyses by means of 

optical microscopy and SEM and chemical analysis by means of SEM-EDS. The samples 

reveal a section of the fabric from the outer surface to the inner surface which 

demonstrates clearly the sequence of coloration and the interface with the slag layer. Thin 

sections were also prepared, with the same sample strategy, for a petrographic study of the 

fragments. This technique facilitates the investigation of the microstructural composition 

of the fabric. 

The fragments sampled for polished sections are: K-AD M0401, M0404, M0405, 

M0407, M0408, M0409, M0410, U0006, U0007 and U0009.  

The fragments sampled for thin sections are: K-AD M0401, M0403, M0404, 

M0405, M0406, M0407, M0408, M0409, M0410, U0006, U0007, U0008 and U0009. 
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4.4.2 Investigation of the fabrics 

4.4.2.1 Microstructural analysis 

Microscopic analysis revealed that differences also occur in the microstructural 

composition of the fabrics that coincide very well with the macroscopic classification. 

These microstructural differences are largely defined by the clay and the abundance and 

distribution of non-plastic inclusions and organic materials. Non-plastic inclusions were 

commonly added to the plastic clay to gain greater toughness (i.e. the ability to withstand 

physical shock) and to improve thermal shock resistance (i.e. ability to withstand stress 

caused by sudden changes in temperature), which is also largely affected by the presence 

of voids created by the addition of organic temper. The presence of voids also increases the 

thermal insulation of the ceramic body (Bayley and Rehren 2007: 47; Martinón-Torres and 

Rehren 2014: 108, 123; Quinn 2013: 158-159; Tite et al. 2001: 321).  

 

Sample No. Area Type Fabric 
group Calcareous Organic 

inclusions 

Non-
plastic 

inclusions 
Comments 

K-AD M0401 NE crucible 1 x x xx  
K-AD M0404 SE crucible 1 x x xx  
K-AD M0405 SE crucible 1 x x xx  
K-AD M0408 SE crucible 1 x x xx  
K-AD M0409 SE crucible 1 x x xx  
K-AD M0407 E crucible/furnace 2 x xxx x  
K-AD U0007 E crucible/furnace 2 x xxx x  
K-AD U0006 E crucible/furnace L xxx  xx slag inclusions 
K-AD U0009 E crucible/furnace L   xx  
K-AD M0403 E tuyere 1? xx x xx clay mixing 
K-AD M0410 NE tuyere L  xx x  
K-AD M0406 SE handle L (x)  x quartz inclusions 
 

Table 4.15: Overview of the general microstructural features of the fabric of the technical ceramic samples 

 

Fabric Group 1 (K-AD M0401, M0404, M0405, M0408, M0409) (Figure 4.86) is 

characterised by a rather porous and uniform fabric with a frequent occurrence of sub-

angular inclusions in the clay matrix that range between ca. 0.1 and 0.9 mm in size. The 

inclusions appear well sorted, with close to single-spacing and without a preferred 
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orientation. The presence of meso-voids is somewhat common, usually vugh-shaped and 

without a clear alignment.  

The matrix is composed of low-calcareous clay, orange-brown in colour and highly 

optically active in the low-fired areas towards the outer surfaces of the samples.  The 

colour changes to dark red-brown towards the inner surface and even black in the cores 

and at the inner surfaces and rims. In these areas the optical activity of the matrix is largely 

reduced which indicates that they were exposed to high firing (Quinn 2013: 190-191). 

Secondary calcite appears regularly in some of the samples (K-AD M0405, M0408 and 

M0409), usually along the edges of the voids. Occasionally textural concentration features 

are visible in the low-fired areas of the samples. 

The inclusions comprise various minerals, i.e. mono- and polycrystalline quartz, 

orthopyroxenes, amphiboles and hornblende. Many of those are heavily altered towards the 

highly fired areas of the sample, and seem to be the constituent minerals from decomposed 

igneous rock fragments. The great abundance, occupying 50% or more of the sample, and 

the large and coherent size of the inclusions do imply that their presence is the result of a 

technological choice.  

This can be confirmed by the petrographical study of the contemporary domestic 

pottery from the same site (Dikomitou Eliadou et al. in press). Cooking pots were made of 

the same igneous fabric, but with lower abundance of the characteristic non-plastic 

inclusions. The raw materials for the cooking pots are readily available in the southern 

Troodos foothills, north of Kalavasos (Todd 2013: 14). The same resources were thus used 

for the technical ceramics, but with the aim to improve the refractoriness even further the 

fabric was adapted by the addition of possibly a local sandy temper, composed of identical 

igneous rock fragments and minerals, and small amounts of organic material. 
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Figure 4.86: Photomicrographs (Mag. 40x, XP) of samples K-AD M0401 (A), M0405 (B) and M0409 (C) 
showing the typical microstructural composition of Ceramic Group 1 in the low fired (1) and high fired (2) 
areas. 

 

Sample K-AD M0403 (Figure 4.87), taken from the large tuyère fragment, can be 

placed within Fabric Group 1 according to the microstructural features of the fabric, i.e. the 

abundance of similar coarse non-plastic inclusions in an orange-brown clay matrix with 

high optical activity. This sample does however differ from the others by the low degree of 

firing, the slightly lower number of voids, the occurrence of amorphous concentration 

features and calcite inclusions and seemingly more calcareous clay. Interestingly clay 

mixing is clearly visible in the microstructure whereby it becomes apparent that two 
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different clays were selected: calcareous river clay relatively free of inclusions, and non-

calcareous clay with high abundance of non-plastic inclusions (Figure 4.88). The later clay 

largely corresponds with the fabric used for the samples within Fabric Group 1, and may 

thus as well have been intentionally tempered to increase the abundance of the inclusions. 

It may be possible that also the crucible fragments within Fabric Group 1 are likewise 

partially composed of calcareous clay, but the absence of calcite inclusions and seemingly 

lower calcareous clay matrix seems to refute this supposition. The use of calcareous clay, 

igneous inclusions and only little organic temper are not particularly favourable for the 

thermal stresses tuyères commonly have to endure. Also the clear evidence of clay mixing 

may indicate that little attention was paid to producing a refractory tuyère that could 

successfully withstand the thermal and mechanical stresses during the metallurgical 

process. Despite the remains of slag within the perforation and on the outer surface, in the 

microstructure there is little evidence that the tuyère was exposed to high temperatures, as 

we would expect. Possibly because of its low refractoriness, it thus seems that the tuyère 

was only used for a very short time, but maybe long enough for the slag to enter the 

perforation. Tuyère fragment K-AD M0403 was found in the East Area, not in relation to 

the crucible fragments of Fabric Group 1. 

 

 
Figure 4.87: Photomicrographs (Mag. 40x, XP) of sample K-AD M0403 showing the microstructural 
composition in two different areas. 
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Figure 4.88: Photomicrograph (Mag. 40x, XP) of sample K-AD M0403 showing clay mixing. 

 

The fabrics of Fabric Group 2 (K-AD M0407 and U0007) (Figure 4.89) differ 

from the previous group by the much lower frequency of inclusions and large abundance 

of voids, the latter being larger and more elongated. Few inclusions occur poorly sorted 

and open-spaced in the clay matrix. Some inclusions measure up to about 1.0 mm, but 

these are very rare. Mega-voids appear frequently in the samples following a certain 

alignment, and are primarily channel-shaped. The voids are created by mixing the clay 

with a large amount of fibrous organic temper, and are often filled up by secondary calcite. 

The matrix is composed of low-calcareous clay, which is commonly rather 

homogenous, orange-brown in colour and highly optically active in the low-fired areas of 

the samples.  The colour may change to dark red-brown and even black in the blackened 

areas of sample K-AD M0407, within which the matrix is optically inactive indicating high 

firing. Textural and amorphous concentration features appear on a regular basis. 

The primary inclusions are not bigger than only 0.2 mm, do not occupy more than 

ca. 20% of the sample surface, occur moderately sorted, double- to open-spaced, are sub-

rounded with sharp to merging boundaries and are part of the clay matrix. Occasionally 

inclusions appear that measure up to about 1 mm, comprising singular minerals and 

igneous rock fragments such as mono- and polycrystalline quartz, plagioclase, 

orthopyroxenes, gabbro and dolerite (diabase). They are often highly altered, but not to 

such a degree that the rock fragments decompose as could be seen in Fabric Group 1. 

The low occurrence of larger non-plastic inclusions suggests that they occur 

naturally in the selected clay and that they were thus not added consciously to improve the 

physical and thermal properties of the fabric. These were primarily controlled by the 
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addition of a large quantity of organic temper that burned out upon firing, creating voids. 

This can be confirmed by the fabric composition of the contemporary cooking pots from 

Kalavasos (Dikomitou Eliadou et al., in press). Locally available low-calcareous clay with 

igneous inclusions was thus selected and adapted for certain metallurgical purposes. The 

addition of high amounts of organics rather than non-plastic temper may imply that 

fragments M0407 and U0007, which were both found in the East Area, were possibly 

destined for other practices than the crucibles, i.e. furnaces. Ancient furnaces are usually 

characterised by lower refractoriness and higher porosity (Freestone 1989: 156; Freestone 

and Tite 1986: 45). Furthermore, on the outside of the rim of sample K-AD M0407 a small 

area of about maximum 4.0 mm composed of a different fabric was detected, which is very 

similar to Fabric Group 1 and tuyere sample K-AD M0403, and is possibly the remains of 

another piece of technical ceramics that may have been in contact (Figure 4.90).  

 

 
Figure 4.89: Photomicrographs (Mag. 40x, XP) of samples K-AD M0407 (A) and U0007 (B) showing the 
typical microstructural composition of Ceramic Group 2 in the low fired (1) and high fired (2) areas. 
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Figure 4.90: Photomicrographs (Mag. 40x, XP) of sample K-AD M0407 showing external layer of fabric, 
with microstructure similar to Ceramic Group 1, adhered to the outer surface of highly vitrified rim. 

 

The fabric of sample K-AD M0410 (Figure 4.91), deriving from a small tuyère 

fragment, shows large similarities with the fabrics in Fabric Group 2, but is composed of 

seemingly non-calcareous clay and has a lower density of mega-voids, while meso-voids 

of the vugh and vesicle type are more common. The inclusions of the coarse fraction 

encompass again the regular minerals and igneous rock fragments: amphibolite, 

plagioclase, orthopyroxenes and dolerite. These are commonly heavily altered due to high 

firing, which also largely affects the fabric matrix that has turned optically inactive. As 

expected for a tuyère, this fragment was exposed to excessive temperatures which is why 

local non-calcareous igneous clay was selected and adapted by the addition of organic 

temper. This tuyère fragment was found in the Northeast Area. 

 

 
Figure 4.91: Photomicrographs (Mag. 40x, XP) of sample K-AD M0410 showing the typical microstructural 
composition in the low fired (1) and high fired (2) areas 
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Sample K-AD U0009 (Figure 4.92) is composed of a highly distorted fabric. The 

red-brown and black colour of the matrix, which shows optical inactivity, is indicative for 

high firing. The fabric is characterised by the dominant presence of inclusions appearing 

moderately sorted, both as a fine and coarse fraction measuring up to ca. 2.5 mm (with the 

exception of a large elongated rounded inclusion of ca. 8.0 mm). They comprise minerals 

and igneous rock fragments, i.e. mono- and polycrystalline quartz, feldspars and altered 

basalt and dolerite, and are largely altered and as a result only the constituent minerals, 

primarily quartz and plagioclase, remain. Also amorphous concentration features appear on 

a regular basis. The abundance of volcanic inclusions, which relate to the geological 

environment of the site as discussed before, indicates that locally available igneous clay 

was selected and adapted by the addition of a sandy temper. This fragment was found in 

the East Area. 

 

 
Figure 4.92: Photomicrographs (Mag. 40x, XP) of sample K-AD M0410 showing the microstructural 
composition in different areas. 

 

Sample K-AD U0006 (Figure 4.93) is an exception in many aspects. The fabric 

with low porosity is composed of dark brown-black fine-grained and seemingly calcareous 

clay. The optical inactivity of the clay matrix is indicative for high firing. Fairly large sub-

angular inclusions, between ca. 0.2 and 1.0 mm, are common and appear well-sorted and 

single- to open-spaced. Voids are rare, occur primarily as micro-vesicles and are often 

filled up by secondary calcite. The inclusions primarily encompass the regular minerals 

and igneous rock fragments that are often largely altered.  
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Figure 4.93: Photomicrographs (Mag. 40x, XP) of sample K-AD U0006 showing the microstructural 
composition in different areas. 

 

This fabric, however, stands out from the others by the presence of very few sub-

angular slag inclusions with a maximum size of ca. 0.4 mm (Figure 4.94). Their rather 

angular shape implies that they were crushed before being added as a temper to the 

calcareous clay. Possibly many of the slag inclusions are slightly distorted with changing 

compositions whereby the characteristic slag features, i.e. iron silicates and iron oxides, are 

not always clearly visible by optical microscopy. This we can likely assign to the use of the 

reaction vessel and the re-heating of the slag. It is also possible that, since the fabric shows 

much higher porosity in the thin sections, the slag inclusions were probably accidentally 

removed during the preparation of the sections. Therefore the slag inclusions could only be 

detected by careful examination of the sample by SEM-EDS. Overall they are composed of 

iron-silicates of highly variable sizes, globules of iron oxides and some irregular copper-

iron sulphides embedded in the matrix. Iron-rich sulphides may also appear as a boundary 

around the slag inclusion. The inclusions can thus be identified as crushed copper slag 

deriving from sulphide ores. 
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Figure 4.94: SEM-micrographs (mag. 300x) of sample K-AD U0006, showing slag inclusion in ceramic with 
iron silicates (medium grey), iron oxides (light grey) and copper-iron sulphides (whitish) embedded in a 
silicate matrix (dark grey).  

 

The use of crushed slag as a temper is no unknown practice during the Bronze and 

Iron Ages of the Eastern Mediterranean, and does not only relate to technical ceramics. At 

the copper production sites in Wadi Faynan and Timna, for example, slag-tempering is 

well-known in both domestic pottery and refractory ceramics such as furnace walls and 

linings, tuyères and crucibles (Freestone 1989: 156; Martin et al. 2013: 3788). Slag 

remains are often found as crushed pieces and are the result of the common practice in the 

early periods of copper production to crush slag with the aim to extract residual copper as a 

complete separation of metal was rarely achieved (Martin et al. 2013: 3788). However, as 

illustrated by the remains from Iron IIA Wadi Faynan and Timna, the practice of crushing 

slag continued even when more efficient smelting processes were applied. Therefore 

mechanical beneficiation of slag to obtain copper prills still entrapped was no longer 

profitable. It has thus been suggested that crushed slag was used for additional purposes, 

i.e. as flux and construction material, and also for the tempering of ceramics (Martin et al. 

2013: 3788). A comparative study has concluded that slag-tempering at the copper 

production sites in the Arabah is essentially an Iron Age phenomenon, with only very few 

examples dated to the LBA, and that this practice is best known in Iron IIA, coinciding 

with technological innovations taking place at that time (Martin et al. 2013: 3789). As 

discussed before, non-plastic temper, such as slag, is commonly used to improve the 

toughness and thermal shock resistance of the ceramic body. As the use of crushed slag 

does not seem to have any particular advantages in comparison to other non-plastic 

inclusions, it has been suggested that the use of slag temper in the Arabah copper districts 

can be explained from a cultural rather than a technological perspective whereby it can be 

related to habitus, religion or superstition of the potters working in a region that was 
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established in the first half of the Iron Age as the primary copper provider of the southern 

Levant. As suggested by Ben-Yosef (2010), “it is highly likely that slag had an extra value, 

a symbolic quality and a social function (Ben-Yosef 2010: 692)”. The use of slag in the 

production of domestic, and technological, ceramics may thus indeed represent embedded 

social meanings, and possibly identify the social group working at the smelting sites (Ben-

Yosef 2010: 691-693; Martin et al. 2013: 3789-3790).  

In Cyprus, however, evidence for the use of slag temper in either technological or 

domestic ceramics dated to the LBA is highly limited. In the metallurgical ceramics from 

Politiko-Phorades small slag fragments and metallic inclusions of typically 100 µm in size 

were detected, but based on their infrequent occurrence they are likely the result of 

contamination during the smelting process and not intentionally added (Hein et al. 2007: 

146). Since there is only one fragment with slag inclusions known from within the 

assemblage from Kalavasos-Ayios Dhimtirios and as the exact frequency of the slag 

inclusions within the sample is difficult to measure, the accidental contamination with 

crushed slag cannot be excluded. However, their occurrence in a clay matrix that can be 

differentiated from any of the other fragments by its compositional features can possibly be 

explained by a technological choice consciously made by the ancient metallurgist. With the 

abundant presence of crushed slag nearby this practice is not completely unreasoned. The 

use of slag temper in the Arabah is primarily related to a period within which advanced 

technologies were applied, may this fragment which was found along with the “higher 

quality” tap slag also imply a possible technological change within a single site? To 

confirm this assumption further evidence and analysis are required. 

 

The fabric of sample K-AD M0406 (Figure 4.95) is composed of dark black-brown 

clay, turning red towards the outer surface of the sample. The optical inactivity and 

distortion of the clay matrix indicates high firing. Very small quartz inclusions occur 

frequently, in combination with very few igneous rock fragments. The common coarse 

fraction encompasses sub-rounded quartz inclusions up to 800µm in size and moderately 

sorted. Large angular igneous or calcite inclusions occur rarely. The fabric of this handle 

fragment differs thus largely from the crucible fragments of Fabric Group 1, despite their 

macroscopic similarity. Hereby we can reject the assumption that the crucibles would have 

had a handle. The fabric of this handle fragment is overall characterised by a fairly good 

refractoriness. Quartz, which is abundant in this sample, is commonly known to be highly 

resistant to thermal and mechanical stresses and is thus a much favourable material for the 
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tempering of domestic and metallurgical ceramics (Rice 1987: 23; Quinn 2013: 159). The 

rounded shape and sorting of the quartz inclusions may indicate that they did occur 

naturally in the clay. Due to the high firing it is difficult to tell with certainty, but the clay 

seems not to have been particularly calcareous in nature. Low-calcareous clays are 

commonly known to be more resistant to heat (Martinón-Torres and Rehren 2014: 121). It 

is thus not unlikely that this fragment may derive from an object that was intended to be 

used in processes within which high temperatures were reached. For this reason the fabric 

components, being either a clay naturally rich in quartz inclusions or a quartz temper, were 

carefully selected. The refractoriness could however be easily further improved by the 

addition of other materials such as organics and more angular inclusions. 

 

 
Figure 4.95: Photomicrographs (Mag. 40x, XP) of sample K-AD M0406 showing the microstructural 
composition in different areas. 

4.4.2.2 Chemical analysis 

The general chemical composition of the fabrics was determined with the SEM-

EDS and are based on the averages of minimum three measurements per sample, typically 

analysing areas of approximately 2.4 by 1.8 mm. Large voids that occur in some of the 

samples were avoided. 
The major oxides occurring in the fabrics are silica (SiO2), alumina (Al2O3), lime 

(CaO), magnesia (MgO) and iron oxide (FeO). The minor oxides are soda (Na2O), potash 

(K2O), titanium oxide (TiO2), chromium oxide (Cr2O3), manganese oxide (MnO) and 

barium oxide (BaO) (Appendix III:2). The percentages of the major oxides can vary 

significantly, and therefore different groups could be differentiated. They largely coincide 

with the groups distinguished by macro- and micro- analysis (Table 4.16, Figure 4.96). 

Overall, alumina is known to improve the resistance to heat, while an increase in lime, 
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magnesium, soda and potash, decreases the refractoriness of a ceramic (Martinón-Torres 

and Rehren 2014: 120; Bayley and Rehren 2007: 47). 

 

 
Figure 4.96: General chemical composition of the fabric of the Kalavasos –Ayios Dhimitrios technical 
ceramic samples represented on the SiO2-CaO-Al2O3 ternary phase diagram. 
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Sample No. weight percent (wt%) 

Fabric Group 1 MgO Al2O3 SiO2 CaO FeO Na2O K2O TiO2 Cr2O3 MnO BaO SO3 CuO SnO2 Total 

K-AD M0401 Fabric 7.6 10.6 61.2 8.0 8.1 0.6 1.3 0.6 0.2 0.2 0.2 0.1 1.3 0.2 100.2 

K-AD M0404 Fabric 8.8 10.9 60.2 8.6 8.3 0.8 1.0 0.5 0.3 0.2 0.4 0.3 n.d. n.d. 100.2 

K-AD M0405 Fabric 8.1 10.1 59.3 9.9 8.1 0.6 1.5 0.5 0.2 0.2 0.2 0.1 0.1 0.2 99.1 

K-AD M0408 Fabric 8.1 10.2 60.3 9.6 8.2 0.8 0.9 0.5 0.4 0.2 0.2 0.2 0.2 n.d. 99.8 

K-AD M0409 Fabric 8.6 10.8 59.2 9.4 8.6 0.8 1.0 0.7 0.4 0.2 n.d. 0.2 n.d. n.d. 100.0 

MEAN Group 1 8.2 10.5 60.1 9.1 8.3 0.7 1.1 0.6 0.3 0.2 0.3 0.2 0.5 0.2 100.2 

STDEV 0.5 0.4 0.8 0.8 0.2 0.1 0.2 0.1 0.1 0.0 0.1 0.1 0.7 0.0   

Fabric Group 2 MgO Al2O3 SiO2 CaO FeO Na2O K2O TiO2 Cr2O3 MnO BaO SO3 CuO SnO2 Total 

K-AD M0407 Fabric 3.0 16.3 58.6 8.5 8.9 1.0 2.0 0.9 n.d. 0.3 1.2 0.3 n.d. n.d. 101.0 

K-AD U0007 Fabric 3.1 16.0 59.3 7.8 8.7 1.3 1.9 0.9 0.2 0.3 1.3 0.3 n.d. n.d. 101.0 

MEAN Group 2 3.0 16.1 59.0 8.1 8.8 1.2 1.9 0.9 0.2 0.3 1.2 0.3 n.d. n.d 101.1 

STDEV 0.1 0.3 0.5 0.5 0.1 0.2 0.1 0.0   0.0 0.1 0.0       

 MgO Al2O3 SiO2 CaO FeO Na2O K2O TiO2 Cr2O3 MnO BaO SO3 CuO SnO2 Total 

K-AD M0410 Fabric 2.9 17.1 56.9 2.4 14.5 1.6 1.1 0.9 n.d. 0.0 0.2 1.0 0.6 0.2 99.3 

K-AD U0009 Fabric 2.6 17.7 57.6 2.8 12.7 3.6 0.6 1.2 n.d. 0.3 n.d. 0.2 0.8 n.d. 100.0 

K-AD U0006 Fabric 7.3 11.0 50.3 16.8 9.5 1.9 1.3 0.7 n.d. 0.2 0.4 0.5 n.d. n.d. 100.0 
 

Table 4.16: Average chemical composition of the fabrics of the K-AD ceramic samples determined by SEM-EDS. All values are given in weight %. The averages and standard 
deviations are calculated for the major and minor oxides 
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Sample No. weight percent (wt%) 

Fabric Group 1 MgO Al2O3 SiO2 CaO FeO Na2O K2O TiO2 Cr2O3 MnO BaO SO3 CuO Total 

K-AD M0401 Fabric 3.0 16.1 63.1 2.8 10.2 0.7 2.5 0.8 0.1 0.2 n.d. 0.1 0.1 99.5 

K-AD M0404 Fabric 4.7 18.6 60.2 2.6 10.4 0.5 1.8 0.8 0.2 0.1 n.d. 0.4 n.d. 100.3 

K-AD M0405 Fabric 3.1 14.2 65.4 3.9 9.1 0.4 2.6 0.7 0.2 0.2 0.2 0.1 0.1 100.0 

K-AD M0408 Fabric 4.3 15.2 61.5 5.0 10.6 0.6 1.5 0.6 0.4 0.1 n.d. 0.1 0.1 99.9 

K-AD M0409 Fabric 3.5 18.6 60.2 3.0 9.8 1.2 2.4 0.6 0.3 1.0 n.d. n.d. n.d. 100.7 

MEAN Group 1 3.7 16.5 62.1 3.5 10.0 0.7 2.2 0.7 0.2 0.3 0.2 0.2 0.1 100.3 

STDEV 0.8 2.0 2.2 1.0 0.6 0.3 0.5 0.1 0.1 0.4   0.2 0.0   

Fabric Group 1 MgO Al2O3 SiO2 CaO FeO Na2O K2O TiO2 Cr2O3 MnO BaO SO3 CuO Total 

K-AD M0407 Fabric 3.3 18.8 57.0 8.1 8.9 0.7 2.0 0.8 n.d. 0.1 0.5 0.2 n.d. 100.5 

K-AD U0007 Fabric 3.3 18.3 57.6 7.8 9.2 0.9 2.1 0.8 n.d. 0.2 0.4 n.d. n.d. 100.4 

MEAN Group 2 3.3 18.5 57.3 8.0 9.1 0.8 2.0 0.8 n.d. 0.2 0.5 0.2 n.d. 100.5 

STDEV 0.0 0.4 0.4 0.2 0.2 0.1 0.0 0.0   0.1 0.1       

  MgO Al2O3 SiO2 CaO FeO Na2O K2O TiO2 Cr2O3 MnO BaO SO3 CuO Total 

K-AD M0410 Fabric 1.8 18.5 57.6 2.4 12.2 1.9 1.3 0.6 n.d. 0.1 0.1 1.5 0.8 98.7 

K-AD U0006 Fabric 4.1 13.5 49.2 19.2 7.9 2.3 1.6 1.0 n.d. 0.2 0.6 0.6 n.d. 100.1 

 
Table 4.17: Average chemical composition of the clay matrix of the fabrics of the K-AD ceramic samples determined by SEM-EDS. All values are given in weight %. The averages 
and standard deviations are calculated for the major and minor oxides. 
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Generally the samples within Fabric Group 1 (K-AD M0401, M0404, M0405, M0408 

and M0409) are chemically composed of 60.1% SiO2, 10.5% Al2O3, 8.3% FeO, 9.1% CaO 

and 8.2% MgO. The copper content ranges between non-detectable levels and 1.3% CuO, 

with an average of 0.5%, while the sulphur levels average 0.2% SO3. 

Fabric Group 2 (K-AD M0407 and U0007) includes fabrics that are characterised 

by elevated levels of Al2O3 (av. 16.1%) and a major decrease in MgO (av. 3.0%). Copper 

could not be detected, but the sulphur content averages 0.3% SO3.  

Sample K-AD M0410 has similar high Al2O3 (17.1%) and low MgO (2.9%) as 

Fabric Group 2 but differs by increased measurements for FeO (14.5%) and much lower 

CaO (2.4%). It has relatively high measurements for copper (0.6%) and sulphur (1.0%). 

Despite their microstructural differences, sample K-AD M0410 compares 

chemically very well to sample K-AD U0009, which has a similar increase in Al2O3 

(17.7%) and FeO (12.7%), and lower contents for CaO (2.8%) and MgO (2.6%). It has also 

elevated measurements for Na2O (3.6%). Copper and sulphur were detected in the ceramic 

fabric with respectively 0.8% CuO and 0.2% SO3. 

Sample K-AD U0006, can be differentiated from the other samples by its 

remarkable high measurements for CaO (16.8%), which may partially be ascribed to the 

presence of secondary calcite, and somewhat low SiO2 (50.3%) levels. No copper was 

detected but surprisingly 0.5% SO3 was given. Could it be that the sulphur in the ceramics 

results from the penetration of the sulphur in its gaseous state during the smelting of the 

ores? 
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Figure 4.97: Scatter plot comparing the refractoriness of the various fabric groups and sole samples by 
plotting selected oxides from their chemical analysis (Based on Martinón-Torres and Rehren 2014: Fig. 
6.15). 

 

Figure 4.97 illustrates the refractoriness of the various fabric groups and sole 

samples by plotting selected oxides from the chemical analysis. The measurements for 

alumina are plotted against those for the alkalis (i.e. Na2O, MgO, K2O and CaO). 

Typically, those ceramics with higher alumina and lower alkali levels are more resistant to 

heat (Martinón-Torres and Rehren 2014: 121, Fig. 6.15). 

Chemically sample K-AD U0006 shows very poor refractoriness, which may 

explain the highly fragmented nature of the fragment. The most refractory fabrics are those 

used for sample K-AD M0410 and U0009, which was possibly largely affected by the low 

calcium levels. Both samples have also high measurements for iron oxide, which we may 

assign to the use of the fragments as will be discussed later. The fabrics of the crucible 

samples within Fabric Group 1 are not particularly refractory, which may explain the 

abundance of non-plastic and organic temper as a means to improve the ceramic’s thermal 

properties. However, these non-plastic inclusions have a considerable impact on the 

calcium and magnesium levels of the general composition. 

Evidently both the clay matrix and the inclusions determine the differences in the 

general composition of the ceramics. Therefore the composition of the clay matrix was 

determined with the SEM-EDS. The averages per sample are based on the measurements 

of minimum three selected small areas in the clay matrix of the fabrics (Table 4.17). 

Despite the fact that we have to keep in mind that these measurements do not include the 

fine fraction of the inclusions that may occur naturally in the clays, they may give an 
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indication of the composition of the clays selected without the additional temper. The 

analysis shows that indeed a clay with a highly calcareous matrix was used for the 

manufacturing of fragment K-AD U0006 (av. 19.2% CaO). The clay matrixes of the 

samples within Fabric Group 1 and sample K-AD M010 are low calcareous (av. 3.5% 

CaO). The fragments within Fabric Group 2 are composed of a clay matrix with regular 

levels of CaO (av. 8.0%). Despite the rather large uniformity in the measurements for CaO 

in the general composition of the fabrics, as shown in Table 4.17, a large difference occurs 

in between Fabric Group 1 and 2 in the lime content of the clay matrix, as shown in Table 

4.17. The increase in CaO for the general composition of Fabric Group 1 can thus possibly 

be explained by the presence of secondary calcite and inclusions with high calcium levels. 

The same can be said for the differences in the magnesium content between the general 

composition and clay matrix. Inclusions rich in MgO and/or CaO (i.e. possibly pyroxenes) 

were detected in the ceramic by means of SEM-EDS. Chemically the addition of MgO and 

CaO-rich temper to a rather refractory clay matrix (Figure 4.98) seems not profitable, but 

the refractoriness of a ceramic body is partially defined by its physical features and hence 

the presence of non-plastic inclusions. The higher CaO levels for the ceramic matrix of 

Fabric Group 2 seems to imply that possibly a fine calcareous river clay was added. 

 

 
Figure 4.98: Scatter plot comparing the refractoriness of the clay matrix of the various fabric groups and 
sole samples by plotting selected oxides from their chemical analysis (Based on Martinón-Torres and Rehren 
2014: Fig. 6.15) 

4.4.3 Investigation of the crucible slags 
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4.4.3.1 Microstructural analysis 

The slag layers adhered to the crucibles are often largely distorted by corrosion and 

therefore difficulties arise to characterise the microstructural features by optical 

microscopy. The major components differentiated in all crucible slags by means of SEM-

EDS are iron silicates embedded in a glassy matrix, iron oxides and sulphidic or metallic 

particles occurring in variable amounts and compositions (summarised in Table 4.18). 

Similarly to the ceramic fabrics, the microstructural and chemical composition of the slags 

from samples K-AD U0006 and K-AD U0009 differ from the samples classified within 

Fabric Group 1 (K-AD M0401, M0404, M0405, M0408 and M0409), and will therefore be 

discussed separately. 

 

 

Sample  
No. Area Type Fabric 

group 
Fe-

silicates 
Fe-

oxides 
Sulphides 
(matrix) 

Sulphide 
prills 

Cu 
prills 

Sn-
oxide Comments 

K-AD 
M0401 NE crucible 1 xxx xxx x x   

high Ca Fe-
silicates 

K-AD 
M0404 SE crucible 1 xxx xx x     
K-AD 
M0405 SE crucible 1 xxx xx x x x x  
K-AD 
M0408 SE crucible 1 xxx xx x x x   
K-AD 
M0409 SE crucible 1 xxx xx x x   

high Ca Fe-
silicates 

K-AD 
U0006 E crucible/

furnace L xx xxx x x    
K-AD 
U0009 E crucible/

furnace L xxx x xx xx   sulphide layer 

 

Table 4.18: Overview of the general microstructural features of the slag layers of the crucible and 
crucible/furnace samples. 

 

Within Fabric Group 1 (K-AD M0401, M0404, M0405, M0408 and M0409), 

fayalite crystals are a frequent feature in the crucible slags, with differences in size and 

shape between different areas within the same sample. They range from fine elongated 

laths to small euhedral crystals, which may indicate that the crucibles cooled relatively 

rapidly. Chemically the iron-silicates vary significantly from sample to sample, with as 

major difference high calcium levels in sample M0401 (av. 18.3% CaO) and M0409 (av. 

17.2% CaO), which averages only 1.0% in the other samples, and the variability in the 

magnesium contents ranging from 0.0 to 8.6% MgO. This variability can possibly indicate 
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inconsistent formation conditions and a non-standardised charge of minerals and fuel. This 

can also be implied from the usual formation of the other major slag phases that also alter 

considerably between the different samples. 

Iron oxides are likewise a common feature within the crucible slags, but may 

appear with a rather irregular distribution and in various forms. Overall, the major form is 

angular particles, i.e. magnetite (Fe3O4), that occasionally evolve towards dendritic 

structures, i.e. wüstite (FeO) (Figure 4.99). Optically, the dominancy of angular iron 

oxides suggests that rather oxidizing conditions were applied during the melting process. 

Chemically there is little difference between the compositions of both forms. SEM-EDS 

spot analyses gives the following averages for the principal elements: 65.0% Fe, 29.6% O 

and 2.5% Al. In comparison to the other samples, the microstructure of sample K-AD 

M0401 is defined by the predominance of these angular iron oxides that also appear 

occasionally as bands (Figure 4.100). In sample K-AD M0409 iron oxides occur as 

globules and small dendrites, i.e. wüstite, which largely increase in frequency towards the 

upper surface of the slag layer (Figure 4.101). The iron oxides also appear as angular 

alumina-rich particles with compositions between magnetite (Fe3O4) and hercynite 

(FeAl2O4), which occasionally also emerge in the other crucible slags towards the interface 

with the ceramic. Chemically the wüstite dendrites average 73.3% Fe, 25.1% O and 0.2% 

Al. The iron-rich spinels with compositions between hercynite and magnetite have an 

average elemental composition of 56.1% Fe, 31.9% O, 8.1% Al and 1.2% Ti.  
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Figure 4.99: SEM-micrographs (mag. 100x) of samples K-AD M0405 and M0404 showing general 
microstructural composition of the slag layers: iron silicates (medium grey), glassy matrix (dark grey), 
magnetite (light grey angular particles) and sulphides (white-light grey tiny particles). 

 
Figure 4.100: SEM-micrograph (mag. 100x) of sample K-AD M0401 showing general microstructural 
composition of the slag layer and the formation of magnetite bands: corrosion (medium grey), magnetite 
(light grey angular particles), and sulphides (tiny white- light grey particles).  

 

Figure 4.101: SEM-micrograph (mag. 100x) and photomicrograph (mag. 100X) of sample K-AD M0408 
showing general microstructural composition (A) of the slag layer: iron silicates (medium grey), glassy 
matrix (dark grey), wüstite (light grey dendrites), magnetite-hercynite (light-medium grey angular particles) 
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and sulphides (tiny white- light grey particles); and the microstructural changes towards the surface with the 
increase of dendritic iron oxides, i.e. wüstite (B). 

 

Tiny particles of copper-rich sulphides with compositions averaging bornite 

(Cu5FeS4) occur in very small quantities in the matrix of the iron-silicate phases of all 

samples. Larger well-formed prills are rather uncommon, but occasionally occur with 

similar compositions in sample K-AD M0409 (max. 115 µm). In sample K-AD M0401 a 

single inclusion (max. 300 µm) was detected that is composed of rectangular particles of 

covellite (CuS) separated by an intermediate phase of iron-rich corrosion products (Figure 

4.102).  

 

 

Figure 4.102: SEM-micrograph (mag. 200x) of sample K-AD M0401 showing sulphide inclusion composed 
of covellite angular particles (white) and corroded iron-oxide borders (medium grey). 

 

Towards the upper surface of sample K-AD M0408 very small rounded prills (max. 

20 µm) emerge that are composed of metallic copper, or occasionally covellite (CuS), with 

low iron contents (av. 3.2wt%). Copper metal with low levels of iron (3.3wt%) and tin 

(1.3wt%) was also detected at high magnification (mag. 1000x) in one of the tiny sulphide 

particles. 

An exception amongst the samples within Fabric Group 1 is sample K-AD M0405. 

By SEM-EDS spot analysis could be identified that the tiny particles embedded in the 

matrix are not only composed of sulphides, but comprise copper-rich sulphides, copper-

oxides and metallic copper with low concentrations of iron, tin and occasionally nickel. 

Clusters of tin-oxide crystals (Figure 4.103) occur towards a distorted area of the sample 
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within which small particles of copper and tin oxides appear more frequently alongside 

larger (max. ca. 150 µm) particles of metallic copper with low concentration of tin and 

iron, and rounded prills of copper-rich sulphides composed of covellite (CuS) and 

chalcocite (Cu2S) (Figure 4.104).  

The consistent presence of sulphide particles and prills in the slag layers does 

indicate that products deriving from sulphide ores were melted within the crucibles of 

Fabric Group 1. The high levels of copper in these sulphide particles and prills, and the 

presence of metallic copper implies that these crucibles were used in some of the final 

stages of the copper production process, i.e. the smelting of matte, the melting of copper, 

or the alloying of bronze as implied from the occurrence of tin-oxides in sample K-AD 

M0405. 

 

 
Figure 4.103: SEM-micrograph (mag. 150x) of sample K-AD M0405 showing area in the slag layer with 
cluster of tin oxides (white spiky particles) and corroded iron oxides and cuprite (medium grey). 
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Figure 4.104: Photomicrograph (mag. 100x) and SEM-micrograph (mag. 100x) of sample K-AD M0405 
showing distorted area in the slag layer with metallic copper, particles of cuprite (with low amounts of tin) 
and prills of copper-rich sulphides (blue). 

 

The microstructural composition of the slag layer of sample K-AD U0006 can be 

easily differentiated from the other samples by the highly glassy appearance of the iron-

silicate phase and the fayalite crystals can only be differentiated at higher magnification 

(Figure 4.105). Iron silicates are a somewhat common feature in this crucible slag but 

appear unevenly and usually as fragmented elongated laths. Their glassy appearance we 

may possibly ascribe to the high calcium levels (av. 16.0%). Some areas of the samples 

seem to be free from iron silicates, while in other areas they can be differentiated more 

easily, seemingly because they have regular calcium levels (av. 0.9%). There exists thus a 

compositional variability also within this sole sample.  

Iron oxides are a dominant feature. They appear primarily as small angular 

particles, i.e. magnetite (Fe3O3), and occasionally as clearly formed dendrites, i.e. wüstite 

(FeO). Small clearly rounded prills (<20 µm) of copper-rich sulphides with compositions 

between bornite (Cu5FeS4) and chalcocite (Cu2S) occur in small quantities, more 

frequently in some areas than other. Maybe the fragment is part of the vessel construction 

used in the smelting of matte, but because of its small size it is difficult to say whether it 

was a crucible or furnace wall. 
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Figure 4.105: Photomicrograph (mag. 200x) of sample K-AD U0006 showing general microstructural 
composition of the slag layer: fayalite laths (medium grey) in glassy matrix (dark grey), iron oxides (light 
grey angular particles and dendrites) and sulphides (light blue rounded phases). 

 

The microstructure of the slag layer of sample K-AD U0009 differs from the other 

samples because of its rather distorted appearance, comparable to the microstructural 

characteristics of the ceramic fabric (Figure 4.106). The iron-silicate phase seems to 

consist of blocky fayalite crystals, sometimes slightly elongated, and a porous or distorted 

matrix. The presence of iron-oxides is rather uncommon, but they occur as fragmented 

angular particles, possibly with compositions between magnetite (Fe3O4) and hercynite 

(FeAl2O4). Sulphides appear more frequently than in the other samples, both as tiny 

chalcopyrite particles embedded in the matrix and as large rather irregular phases towards 

the upper surface. Most remarkable is the surface of the slag, which comprises a layer of 

corroded sulphides with compositions between chalcopyrite (CuFeS2) and covellite (Cu2S) 

(av. 2.0% O, 32.9% S, 17.9% Fe and 47.3% Cu) and measuring up to 0.5 mm in thickness 

(Figure 4.107). Slag also penetrates the ceramic fabric, and a copper-rich sulphide 

inclusion of about 1.2 mm has formed with a composition between covellite (CuS) and 

chalcocite (Cu2S) (Figure 4.108). 

The slag layer is separated from the ceramic by a porous glassy layer. At high 

magnification iron-silicates were identified, varying in shape from blocky to fine elongated 

laths, embedded in a matrix within which secondary fayalite crystals clearly appear. Also 

angular iron-oxides are a rather common phase, as well as tiny sulphides embedded in the 

matrix as indicated by area analysis conducted with SEM-EDS on this glassy phase. The 

general composition differs from the general slag composition by slightly lower 

measurements for FeO and Cu, and an increase of a few per cent in Al2O3 and CaO. The 
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thick layer of sulphides suggest that this fragment was possible part of a furnace wall 

rather than a crucible.  

 

 
Figure 4.106: SEM-micrograph (mag. 200x) of sample K-AD U0009 showing general microstructural 
composition of the slag layer: fayalite crystals (medium grey) in distorted glassy matrix (dark grey - black), 
hercynite (medium-dark grey angular particles with relief) and sulphides (light grey-white). 

 

 
Figure 4.107: Photomicrograph (mag. 50x) of sample K-AD U0009 showing the layering of highly vitrified 
ceramics (bottom), slag layer (middle) and surface layer composed of sulphides with compositions between 
chalcopyrite and covellite. 
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Figure 4.108: Photomicrograph (mag. 50x) of sample K-AD U0009 showing the copper-sulphide inclusion 
embedded in the fabric. 

4.4.3.2 Chemical analysis 

The general chemical composition of the crucible slags was determined with the 

SEM-EDS, and is based on the averages of minimum two measurements per sample, 

typically analysing representative areas of approximately 1.2 by 0.8 mm (mag. 100x), or 

0.6 by 0.4 mm (mag. 200x). The major oxides occurring in the slags are silica (SiO2), iron 

oxide (FeO), alumina (Al2O3), lime (CaO) and magnesia (MgO). The defining metallic 

phases are copper, sulphur and tin (Table 4.19; Appendix III.3). To address the intra- and 

inter-sample variability identified in the microstructures and to accordingly evaluate the 

variation in the charge and operating conditions in the crucibles, the coefficient of 

variation (CV) was discussed into detail. This method was illustrated by Humphris et al. 

(2009) for the study of iron smelting slags, and applied by Pryce (2009: 138-140) in his 

doctoral thesis for the study of crucible slags. The slag variability within metallurgical 

crucibles resulting from the combined effects of within-crucible and assemblage-wide 

variability and the effects it has on sampling, analysis and interpretation was more recently 

studied in detail by Rademaekers and Rehren (in press). 
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Sample No. weight percent (wt%) 
Fabric Group 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 
K-AD M0401 Slag 0.2 1.5 3.9 25.3 1.4 0.6 3.9 0.1 60.3 1.5 0.1 98.8 
K-AD M0404 Slag 0.5 4.3 5.6 33.3 0.4 0.5 6.8 0.2 47.6 0.4 n.d. 99.6 
K-AD M0405 Slag 0.2 4.7 4.2 29.8 0.5 0.4 7.9 0.1 48.3 2.6 0.4 99.1 
K-AD M0408 Slag 0.5 3.5 5.0 26.6 0.9 0.4 6.0 0.2 55.2 0.6 n.d. 98.9 
K-AD M0409 Slag 0.7 4.0 4.5 26.3 0.9 1.1 11.5 0.2 47.9 2.2 0.3 99.6 
MEAN 0.4 3.6 4.6 28.3 0.8 0.6 7.2 0.2 51.9 1.5 0.3 99.3 
STDEV 0.2 1.3 0.7 3.3 0.4 0.3 2.8 0.1 5.7 1.0 0.2  
Inter CV 58 32 18 14 59 46 33 40 12 101 92  
Mean Intra CV 40 15 11 10 33 21 17 38 8 38 40  
K-AD U0006 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 
K-AD U0006 Slag 2.2 3.2 7.4 30.4 1.1 1.4 7.5 0.4 43.4 2.6 n.d. 99.6 
Intra CV 47 28 11 11 81 30 19 27 14 78    
K-AD U0009 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 
K-AD U0009 Slag 0.8 1.3 7.7 33.6 1.7 0.4 2.5 0.8 48.9 2.1 n.d. 99.8 
Intra CV 5 11 16 25 13 12 26 13 12 40    

 
Table 4.19: Average chemical composition of the slag layers adhered to the K-AD ceramic samples 
determined by SEM-EDS. All values are given in weight %. The averages and standard deviations and 
coefficients of variation are calculated for the major and minor oxides. 

 

By comparing across the crucible samples within Fabric Group 1, the major 

chemical components of the slag microstructure are FeO (av. 51.9%), SiO2 (av. 28.3%), 

CaO (av. 7.2%), Al2O3 (av. 4.6%) and MgO (av. 3.6%). Their CVs suggest that there was 

no absolute standardisation of charge and/or operation conditions amongst the crucible 

fragments, as was already implied from the microstructural composition. The mean reading 

for sulphur is 0.7%. An average of 1.6% for CuO is not remarkably high, but a CV of 

101% suggests a high variability in process efficiency. Sulphide and/or metal prills are not 

abundant in the microstructure and appear indeed not consistently in all the samples, as is 

also the case for SnO2 that is only detected in 2 samples (K-AD M0405 and M0409). The 

constant measurements of 0.3% SnO2 in sample K-AD M0409 can however be disputed 

due to the large number for sigma (σ = 0.09). Therefore only sample K-AD M0405 attests 

with certainty the practice of alloying at the site.  

Looking within the individual samples, the average intra-sample CV for the major 

components, which ranges between 8 and 17%, implies that the crucible slag reacted fairly 

equally, apart from possibly samples K-AD M0408 and M0409. The high CVs for CuO 

and SO3 mirror the irregular distribution of metallic and sulphidic copper prills as could be 

identified in the microstructures. A CV of 95% for SnO2 in sample K-AD M0405 can be 
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easily explained by the highly localised occurrence of tin oxides in the microstructure of 

the crucible slag. The same can possibly be said for the CV of 99% for CuO. 

The compositional variability amongst the samples within Fabric Group 1 is clearly 

illustrated by the increase and decrease of the measurements for the major oxides, and no 

clear pattern and relationship between the different compounds can be detected, nor with 

the microstructural features. We can thus assume that no absolute standardised charge 

recipe or operating procedures were applied, despite the use of the same fabric. This can 

partially be explained by the melting of different metals, as could be understood already 

from the microstructural composition. The absolute absence of SnO2 from the majority of 

the samples is an indicative that no alloying was done. The only exception is fragment K-

AD M0405 which must have been used for the melting of bronze.  

On the other hand, possibly the inter- and intra-sample discordance was also 

partially affected by sample selection (e.g. Rademakers and Rehren, in press). The samples 

derive from various fragments, which may or may not derive from different crucibles but 

also from different areas of the same reaction vessels, within which it is unlikely that a 

uniform temperature and redox condition was maintained across the whole crucible 

surface. This may cause also an alteration in the interaction between the ceramic fabric and 

the charge: the general composition of the slag layers may be altered through the 

absorption of various oxides from the ceramic body of the reaction vessel.  

The major chemical components of crucible slag sample K-AD U0006 (Table 4.19) 

are FeO (43.4%), SiO2 (30.4%), CaO (7.5%), Al2O3 (7.4%) and MgO (3.2%). The 

measurements for CuO and SO3 are respectively 2.6 and 1.1%, and their CVs mirror the 

irregular distribution of metallic and sulphidic copper prills as could be identified in the 

microstructures.  

The major chemical components of crucible slag sample K-AD U0009 (Table 4.19) 

are FeO (48.9%), SiO2 (33.6%), CaO (2.5%), Al2O3 (7.7%) and MgO (1.3%). The average 

measurements for CuO and SO3 are respectively 2.1 and 1.7%. 

When plotted on the ternary diagram for SiO2-Al2O3-FeO, the variability amongst 

the samples is clearly illustrated by their dispersed occurrence (Figure 4.109). However, 

the general composition of all samples is fayalitic in nature. We could conclude that the 

slag adhering to the crucibles within Fabric Group 1 was exposed to temperatures between 

ca. 1150 and ca. 1200°C. These high temperatures are not required for copper melting or 

alloying, but are commonly taken as an indication of slagging. This could imply that the 

crucibles were used for matte smelting, though alloying is clearly presented by the 
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presence of tin in the slag layer of sample K-AD M0405. For samples K-AD U0006 and 

U0009 the temperatures appear to have been slightly lower. Despite the variability within 

the crucible slags, the samples differentiate themselves clearly from the regular tap and 

furnace slag (Figure 4.110). 

 
Figure 4.109: Kalavasos –Ayios Dhimitrios crucible slag samples represented on the SiO2-FeO-Al2O3 
ternary phase diagram (adapted from Maldonado and Rehren 2007: Fig. 8, after Muan 1957: Fig. 10). 
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Figure 4.110: Kalavasos –Ayios Dhimitrios tap slag (red) and furnace slag (blue) lumps and crucible slag 
(violet) samples represented on the SiO2-FeO-Al2O3 ternary phase diagram (adapted from Maldonado and 
Rehren 2007: Fig. 8, after Muan 1957: Fig. 10). 

 

By the analysis of various areas in the highly vitrified surface of sample K-AD 

M0407 low concentrations of tin oxide (av. 0.4%) were detected (Table 4.20). Spot 

analysis from a certain unidentified phase even detected over 2.0% SnO, in combination 

with 3.6% CuO. However, due to problems that occurred during the carbon coating of the 

sample it is possible that errors may have occurred during the analysis. They thus should 

be considered as qualitative rather than quantitative. Nonetheless, it appears to be very 

likely that tin may have been part of the charge. Furthermore, the presence of copper and 

the near absence of sulphur therefore suggest that this fragment was part of a reaction 

vessel used in secondary rather than primary smelting practices, and possibly even for the 

alloying of bronze. 
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Sample No. weight percent (wt%) 
K-AD M0407             
Glass Phase Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO CuO SnO2 Total 

Bulk 1 2.6 4.0 18.5 58.0 2.6 6.6 0.8 0.2 5.9 0.5 0.3 100.0 

Bulk 2 3.2 3.6 19.0 58.3 3.4 7.0 0.8 n.d. 4.3 0.4 n.d. 100.0 

Bulk 3 3.6 4.3 21.2 60.4 2.0 5.3 0.6 0.2 2.5 n.d. n.d. 100.0 

Bulk 4 2.3 3.6 15.3 50.7 3.6 14.8 0.9 0.2 7.2 0.8 0.4 99.7 

Bulk 5 2.7 3.5 17.4 54.6 2.8 11.4 0.8 0.1 6.3 0.4 n.d. 99.9 

Bulk 6 2.2 3.3 15.1 53.7 3.3 13.9 0.8 0.2 6.7 0.6 0.4 100.0 

MEAN 2.8 3.7 17.8 55.9 2.9 9.8 0.8 0.2 5.5 0.5 0.4 100.2 

STDEV 0.5 0.4 2.3 3.6 0.6 4.1 0.1 0.0 1.7 0.2 0.1  
CV 19 10 13 6 20 41 13 17 32 33 13  

 

Table 4.20: Chemical composition of various selected areas in the glass phase or vitrified surface of sample 
K-AD M0407 determined by SEM-EDS. All values are given in weight %. The average, relative standard 
deviation (STDEV) and coefficient of variation (CV) are calculated for the major and minor oxides. 

4.4.4 Discussion of the results 

Comparative studies have indicated that ancient metallurgical ceramics were not 

exceptionally heat resistant as craftsmen commonly had to work with locally available raw 

materials for their production. These local clays, which were also used for domestic 

pottery, were carefully selected, refined and tempered in order to meet the functional 

requirements of the ceramic body, i.e. to withstand thermal and physical stresses, as far as 

possible (Bayley and Rehren 2007: 46; Freestone 1989: 156; Freestone and Tite 1986: 55).  

We can assume that also at LBA Kalavasos-Ayios Dhimitrios local clay deposits 

were exploited for the preparation of both the domestic pottery (e.g. Dikomitou Eliadou et 

al., in press) and the technical ceramics. The clay was consequently adapted to improve its 

refractoriness. The differences between the fabrics of the cooking pots and refractories are 

thus the result of technological choice, which was determined by the function of the 

ceramic in the metallurgical process, i.e. crucible, furnace or tuyère. The metallurgical 

processes within which they were used may be the primary or secondary processing of 

sulphide ores, but also copper refining and alloying. 

Low-calcareous clay with low quantities of coarse igneous inclusions, readily 

available in the nearby southern Troodos foothills, was selected and mixed with (a 

combination of) non-plastic temper, organic material or calcareous river clay. Thermal 
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shock resistance and toughness of the ceramic body are qualities typically expected for 

crucibles, and commonly improved by the addition of non-plastic temper. Another 

important advantage is thermal insulation, which can be increased by the porosity of the 

fabric. Therefore also fibrous organic materials are commonly found as temper in 

prehistoric smelting crucibles (Martinón-Torres and Rehren 2014: 123-124).  

From microstructural and chemical analysis we may conclude that all the fragments 

within Fabric Group 1 derive from crucibles. The local igneous clay was admixed with 

some organics and a sandy temper to increase the amount of non-plastic inclusions. From 

the macroscopic features it seems that these crucibles were rather thickly walled and had a 

shallow open form to facilitate the firing from above. They had to withstand temperatures 

of about 1100°C, but for a relatively short time. The crucibles were used for the refining of 

copper or the alloying of copper with tin to produce bronze. Also the smelting of matte 

appears to be a possibility. No absolute standardized procedure seems to have been 

applied. The inequality in the crucible slags could be the result of the difficulties to 

maintain a uniform temperature and redox condition within the reaction vessel, which 

means that the sampling of a certain area of the crucibles may have affected the results. 

The variation may also be caused by a difference in the charge and type of technological 

process, i.e. the smelting, refining or alloying. Fragments of these crucibles were found in 

Building XIII and XV of the Northeast Area, and in certain rooms of Building IX, the 

coppersmith’s workshop, of the Southeast Area. 

A fabric with seemingly similar microstructural composition was also used for a 

tuyère fragment (K-AD M0403) but it was mixed with a calcareous river clay. Because of 

the fabric’s poor properties, the tuyère found on top of the tap slag deposit in the East Area 

could possibly not withstand the thermal and mechanical stresses. Furthermore, the good 

preservation of the fragment and the limited signs or distortion by high firing may suggest 

that the tuyère was never used. The presence of slag however suggests that the tuyère must 

have been used in metallurgical practices, but for only very little time or without being 

directly exposed to high temperatures. It is thus unlikely that the tuyère was inserted into 

the smelting furnace or crucible. 

No standardised fabric was used for the manufacturing of tuyères at the site, which 

may imply a different purpose and thus different smelting or melting procedures. Another 

very small tuyère fragment from Building XIII of the Northeast Area, where also some 

crucible fragments were found, is composed of a very different and more refractory fabric. 

This fabric is basically prepared of non-calcareous clay mixed with organic temper. The 
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low occurrence of non-plastic inclusions may have caused the collapse due to limited 

resistance to thermal shock. In contradiction to the other tuyère fragment, this sample was 

heavily used which is why only a small part of it was found.  

The addition of high amounts of organics rather than non-plastic temper may imply 

that fragments M0407 and U0007, which were both found in the East Area, were possibly 

destined for other practices than the crucibles. Ancient furnaces are usually characterised 

by lower refractoriness (Freestone 1989: 156; Freestone and Tite 1986: 45). The main 

concern would have been to keep the heat inside the structure, which would be largely 

defined by the thermal insulation of the furnace walls. This can be improved by increased 

porosity of the fabric, i.e. the addition of organic temper. The same practice was observed 

for the furnace fragments from Politiko-Phorades (Hein et al. 2007: 146-147). The fabric 

composition as well as the absence of a slag layer, the lower direct impact of firing and the 

limited curvature of the surfaces may imply that these fragments were part of constructions 

with a larger diameter, being smelting furnaces rather than melting crucibles. They likely 

derive from an area of the furnace that may not have been exposed to high temperatures, 

i.e. the upper part. Is it possible that a tuyère was inserted from above, leaving some 

remains behind on the rim of the furnace (K-AD M0407) with the characteristic fabric 

composition as the tuyère (K-AD M0403) found within the same deposit? However, the 

possible presence of tin in the highly vitrified surface layer of sample K-AD M0407 brings 

some doubt that this fragment was part of a furnace wall. 

The low porosity and hence possibly the absence of organic temper makes it 

unlikely that fragment K-AD U0009 was part of a furnace structure. The high abundance 

of non-plastic inclusions in non-calcareous clay suggests the fragment was part of a 

crucible, which was exposed to high temperatures for a relatively long period of time as 

the highly altered microstructure seems to indicate. However, the increased sulphur levels 

and higher occurrence of sulphide phases in the slag and the presence of a surface layer 

composed of sulphides with slightly higher iron contents than the previously discussed 

crucible fragments might imply that this fragment was part of a reaction vessel that was 

used in an earlier stage of the processing of copper-sulphide ores. The fragment was found 

in the East Area, together with the tap slag that derives from the primary smelting of 

sulphide ores, possibly with iron-rich material as flux. 

Fragment K-AD U0006, also recovered from the East Area, is different in many 

aspects from the other technical ceramics found at the site of Kalavasos-Ayios Dhimitrios. 

Clearly different choices were made, as rather than an igneous, a calcareous river clay was 
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used and mixed with non-plastic inclusions amongst which crushed copper slag. This 

fragment derives from a reaction vessel produced from raw materials closest at hand: little 

attention was paid to the refractoriness of the fabric. Maybe the crucible was used for the 

smelting of matte, as no tin or metallic copper prills could be identified. 

 

Different technical choices were made for the preparation of the fabrics of the 

refractories, that do not only seem to be defined by the technological function of the 

ceramics, but also by the archaeological context as illustrated by the spatial distribution of 

the fabric groups and samples. It is thus not unlikely that these functional and contextual 

differences can be related to the distribution of the different slag types. The possible 

furnace fragments were found in relation with the tap slag, which possibly derive from the 

primary smelting of sulphide ores. The crucible fragments, on the other hand, are primarily 

found in the Southeast Area where primary smelting slag was found alongside evidence for 

copper-working and bronze-alloying. The matte produced in combination with the furnace 

slag would require another smelt to remove the excess of sulphur and iron in order to 

produce copper. The presence of matte prills with high copper contents, metallic copper 

and tin-oxide in the crucible slags is indicative for the fact that the reaction vessels could 

have been used in the smelting of matte and further steps such as copper melting and 

bronze alloying or recycling. 

4.5 Copper and bronze objects and scrap: analytical results 

4.5.1 Macroscopic grouping and the spatial distribution of the objects, fragments and 

scrap 

A total of 203 objects made of copper or copper alloys were catalogued by the 

excavator, weighing altogether about 10.17 kg. The majority of the metal objects have 

been published (South et al. 1989) and discussed (South 2012). A detailed typological 

study will hence not be included.  

Many of the objects are highly fragmented and thus the complete items or 

identified fragments count only 142 in total and are of various types (Table 4.21). They 
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comprise primarily large and small tools such as awls, axes, chisels, blades and styluses, 

and items of weaponry such as daggers and spears. Also four hemispherical bowls, a single 

handle and over eleven fragments of possibly a vessel were found. Personal items include 

mostly rings and pins. The vast majority of the bronze objects are thus items of daily use 

that do not have any artistic or religious value. As noted by A. South (2012), most of these 

objects could have been made with simple smithing techniques or cast in one-piece moulds 

(South 2012: 37). Also eight ingot fragments were found on the site, all in Building IX, 

three of those possibly deriving from oxhide ingots.  

 

Tools Weaponry Personal items Bowls/vessels Miscellanea Fragments 
Awl 3 Dagger 16 Bead 2 Bowl 4 Chain 3 Fragment 86 
Axe 2 Spear 3 Bracelet 1 Handle 1 Cylinder seal 1 Scrap 1 
Blade 4 Armour  

attachment 1 
Earring 1 Vessel? 1 Ingot 8 Pril 1 

Chisel 3 Fibula 1     Stud 31 Sheet 174 
Knife 2   Ring 16     Weight 11 Strip 6 
Plow 1   Pin 7     n.d. 7 Wire 2 
Sickle 2   Pinhead 2     Point 2 Needle/Pin 7 
Stylus 4             Rod 6 
Spatula 1                  
Tweezers 1                  
Total 23 Total 20 Total 30 Total 6 Total 63 Total 283 
        TOTAL 142           

 
Table 4.21: Overview of the various types of metal objects found at Kalavasos-Ayios Dhimitrios. 

 

Bronze studs with gold foil caps are also numerous and occur occasionally inserted 

in ivory or glass discs. The most discussed items, however, are a set of eleven weights in 

various shapes: domed cylinders, animals and a single human head (Figure 4.16). Some of 

them are filled with lead. They were found together with three hematite weights and a 

cylinder seal in a small hole in the floor of room A.219 in Building III of the Central Area. 

These objects were possibly made by the lost wax technique and are hence representative 

for the knowledge of a more complicated manufacturing technique and the development of 

artistic sophistication. Some of them seem to have parallels in Cyprus and elsewhere in the 

East Mediterranean. As argued by the excavator, the most artistic bronze objects found at 

the site were thus destined for a strictly practical use, like weights (South 2012: 37-38).  

Another 283 fragments of copper or bronze metal were counted. They derive from 

objects that could not be identified with any certainty, and some may simply be sheet or 

irregular bronze fragments and other kinds of scrap metal. 
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The majority of the metal objects and fragments, both by count and weight, were 

recovered from the Southeast (ca. 3.5 kg / 65 pcs) and Northeast (ca. 3.4 kg / 46 pcs) 

Areas. In both areas with the largest quantities of slag only one metal item was found: a 

link of a chain in Building I of the East Area and a fragment of a blade in the West Area. 

In the Central Area the metal objects, apart from the set of weights, are commonly rather 

fragmented and comprise one spearhead, a broken stylus (or awl), a fragment of a chain, a 

ring, some dagger fragments and three other unidentified fragments. 

The artefacts from the Southeast Area, which are mainly found in Building IX, 

comprise primarily functional tools: axes (1), spatulae (1), knifes (2), plows (1), cutting 

blades (1), chisels (2), sickles (1) and tweezers (1). One bronze bowl filled with ochre was 

also found here, as well as some weaponry such as a spearhead, a spearbut and some 

fragments of a dagger, and personal items like pins (2), rings (2) and a cylinder seal. On 

the other hand there are more than 50 fragments of metal sheets, strips, rods and wires, 

some of which may derive from unidentified objects, and seven ingot fragments of which 

three are possible oxhide ingots. 

In the Northeast Area the artefacts were primarily found in Building XIII and 

Building X, but they appear widely distributed and comprise various types of objects such 

as daggers (5), bowls (3), styluses (2) and awls (3), one of which may as well be a 

fragmented stylus, axes (1), sickles (1), chisels (1) and blades (1). The more decorative 

items are a ring, three pins and an earring. In addition there are about seventeen fragments, 

irregular or sheet, rod or strip shaped, and a single thick fragment that might be an ingot. 

In the tombs, as we could expect, functional metal artefacts are absent. The metal 

grave goods are mostly rings (11), studs (29) often covered by a gold foil cap, daggers (7), 

pins (3), blades (3) and a bracelet. Also irregular (10) and sheet (21) fragments that 

possibly derive from objects such as bowls were found. 

In addition to these complete and fragmented objects and fragments 141 items of 

scrap metal were catalogued, often composed of more than one piece per catalogue number 

leading to a total of about 404 pieces with a weight of 1.47 kg. The absolute majority of 

those, 63% by weight, were found within the confines of Building IX in the Southeast 

Area, with a major cluster in room A.45. Another quarter by weight of the scrap metal 

comes from the Northeast Area, with a major cluster in Building X. 
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4.5.2 Previous analytical studies 

Primary compositional analysis of some metal ingot fragments and other objects 

were undertaken by R. Maddin in collaboration with J. Muhly (South 2012: 44-45). The 

unpublished data suggest that the analysed oxhide ingot fragment is composed of very pure 

copper. Two fragments of smaller possible bar ingots would according to Maddin and 

Muhly derive from a primary rather than a secondary smelting operation while another 

fragment possibly results from the recycling of scrap metal. Some scrap fragments that are 

probably parts of vessels are made of fairly standard bronze with between 8 and 10% tin 

(South 2012: 44-45).  

Provenance studies undertaken by the Oxford Isotrace Laboratory under direction 

of N. Gale and S. Stos-Gale on copper objects, fragments and scrap from Kalavasos-Ayios 

Dhimitrios have resulted in the conclusion that the copper used for their manufacture did 

not originate in the local Kalavasos mines (Gale and Stos-Gale 2012: 79). The exact 

copper source could not be identified with certainty. The lead isotope data appear widely 

scattered in the plots, which causes difficulties to trace them back to one or more specific 

ore sources (Figure 4.111). Could this be the result of mixing copper ores? The isotope 

ratios of two objects, bronze fragments (KAD 15) and a copper bowl (KAD 207a) were 

however correlated to those of the ores from the Taurus Mountains in south-east Turkey, 

while another lump of tin bronze (KAD 11) shows an overlap with Lavrion, Greece (Stos-

Gale and Gale 2010: 394-395, Table 3). 
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Figure 4.111: Data of the lead isotope analyses conducted by the Oxford Isotrace Laboratory on LBA 
Kalavasos-Ayios Dhimitrios metal objects and scrap compared with the isotopic analyses of ores from the 
Kalavasos mines (dark turquoise dots) and some other major Cypriot ore sources (data collected from the 
OXALID database available online). 

4.5.3 Chemical analysis 

With the aim to identify the alloys used for the copper-based artefacts and to relate 

those to their function and certain technical processes, the general chemical composition of 

the objects, fragments and scrap was determined by means of pXRF. A minimum of three 

corrosion-free spots was aimed for, but due to the poor condition of the surfaces the 

amount of measurements regularly had to be reduced and slightly corroded surfaces may 

have been analysed. The possible effect of corrosion was taken into consideration when 

processing the data: the corrosion of bronzes can bring along the increase of both tin and/or 

copper (Meeks 1993: 265). Being aware of the restrictions of surface analyses of fairly 

corroded artefacts the pXRF analysis of the metallurgical assemblage was considered to be 

a qualitative rather than a quantitative study, with the major aim to identify the type of 

alloys used.  

Initially 106 objects were analysed. In all items copper was detected. In only nine 

objects (7 rings and 2 beads) the copper does not exceed 5%. These objects are almost 

entirely made of lead or silver and are hence excluded from the further study of the objects 
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made of copper or copper-alloys. One ring made of 48.7% silver was also left out. Another 

category of objects that was eventually omitted from the following discussion are the studs 

which are often found with gold foil caps. They may contain up to 55% gold and/or 7.2% 

silver, and rarely contain more than 1% tin. There are though very few examples that are 

made of almost pure copper, but because of the difficulties in deciding on a minimum 

copper content all studs were excluded. 

The following discussion thus includes 78 objects made of copper or copper-alloys 

with a minimum of 60% copper. An overview of the analysed items can be found in Table 

4.22. For some objects different parts were analysed to detect a possible difference in 

chemical composition. As a result more than 95 analyses were conducted (Appendix IV:1). 

In addition 87 fragments (Appendix IV:2) and 128 pieces of scrap metal (Appendix IV:3) 

were also analysed. The analysis of the surfaces of the objects, fragments and scrap pieces 

by means of pXRF have indicated that the large majority are composed of copper-tin 

alloys, with lead, iron, and zinc being the major metallic impurities. The measured 

quantities of some of the typical metallic impurities occasionally reach levels that imply 

that they were added intentionally. The result will therefore be discussed by the different 

metal components and subsequently by material type, i.e. object, fragment and scrap. 

 

Tools Weaponry Personal items Bowls/vessels Miscellanea Fragments 
Awl 3 Armour 

attachment 1 
Bracelet 1 Bowl 2 Chain 3 Fragment 38 

Axe 2 Earring 1 Handle 1 Ingot 8 Sheet 32 
Chisel 2 Dagger 14 Fibula 1 Vessel? 1 Point 2 Strip 5 
Knife 1 Spear 2 Ring 7     n.d. 6 Needle/Pin 7 
Sickle 2    Pin 7       Rod 5 
Stylus 4    Pinhead 2         
Tweezers 1      

 
           

Blade 4                   
Total 19 Total 17 Total 19 Total 4 Total 19 Total 87 
        TOTAL 78           

 
Table 4.22: Overview of the copper and copper-alloy objects and fragments from Kalavasos-Ayios 
Dhimitrios analysed by pXRF. 
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4.5.3.1 Copper 

As it is unlikely to be able to remove all unwanted components of the copper ores 

during the production process of copper metal, naturally occurring impurities such as iron 

and zinc are to be expected in the copper alloys of a Cypriot origin. Objects, fragments or 

scrap entirely composed of copper are hence unlikely to be found.  

Of the three fragments that were identified as parts of oxhide ingots by the 

excavator (KAD-0471, KAD-0468 and KAD-0588) only one (KAD-0588: 99.3% Cu, 

0.6% Fe and 0.1% Pb) may compositionally be identified as such since they are supposed 

to be composed of pure copper. Yet, if made of Cypriot copper ores lead should not be 

detected. The other two fragments contain 0.7% Sn (KAD-0468) and 8.2% Sn (KAD-

0471). The latter fragment, which was initially identified as the ear of an oxhide ingot, is 

therefore composed of bronze rather than copper. 

4.5.3.2 Tin 

Tin (Sn) is generally added to copper to reduce the melting temperature and to 

improve the hardness and the corrosion resistance of an alloy. The standard binary bronzes 

of the LBA have a tin content of typically between 8 and 10% Sn. 10% is generally 

accepted to be an optimal tin concentration in which the hardness and brittleness are in 

balance (Catling and Jones (1977: 65); Charalambous et al. 2014: 210; Craddock 1980: 

171; Hodges 1989: 64, 69). Most ancient bronzes usually contain up to ca. 14% tin (Meeks 

1993: 247). Also in the bronzes from Palaepaphos-Skales two well defined groups were 

detected at either side of a tin concentration of 13% (Charalambous et al. 2014: 210). 

Therefore are regular bronzes within this project considered to fall compositionally within 

the reach of 2 and 14% Sn. 

According to Craddock (1980: 171) low amounts of tin, i.e. less than ca. 2% Sn, do 

not improve the physical properties of the object. However, since Cypriot copper ores do 

not contain tin, very low concentrations (<1% Sn) are commonly assigned to the melting of 

copper metal with bronze scrap that originally contains a higher amount of tin (Balthazar 

1990: 73; Charalambous and Kassianidou 2012: 301; Charalambous et al. 2014: 210; 

Muhly 1999: 18). 

Up to 17% Sn bronze can be cold-worked and annealed. If the tin content is 

between 17% and 19% the alloy can neither be hot- or cold-worked, while above 19% Sn 
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the bronze can be hot-worked (Scott 1991: 26). Defined by these technical boundaries 

high-tin bronzes are considered to contain 17% Sn or more (Meeks 1993: 247). 
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Figure 4.112: Histogram showing the Sn content of the analysed objects. 

 

89 out of the 94 measurements for the objects point to bronzes with a minimum of 

0.1% tin. The total average of tin in the bronze objects is only 5.1 ± 4.2%, with a major 

concentration between ca. 0.2 and 7.0% Sn (Figure 4.112). The objects are thus 

characterised by rather low tin-contents. 

About 22 measurements fall within the range of the low-tin bronzes (<2.0% Sn), 

which include various types of objects such as stylus fragments (2), daggers (2), ingot 

fragments (2), spears (2) and a handle fragment. Some of these object types are supposed 

to require harder alloys if they were actually used. One of the measurements contains a 

high amount of lead. This is the average of the knobs attached to an unidentified item. 

About ten objects, amongst which two daggers, a spearbut and a possible stylus fragment, 

contain not more than 1.0% Sn. 

At least 70% of the bronze objects fall within the range of regular tin-bronzes (2-

14% Sn), with a major concentration between 2 and 7% and an average of 5.6 ± 2.8% Sn. 

Those artefacts that lie in the optimum of 8-10% Sn are a bowl, two daggers, a blade and a 

miscellaneous item. The group of bronze with a tin-content lower than the average include 

various types such as blades (6) and rivets (2) of daggers, other blades (2), awls (3), axes 
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(2), chisels (2), sickles (1), knives (1), tweezers (1), pins (5) and pinheads (1), rings (4), 

tweezers (1), fibula (1), bowls (1) and chain fragments (2). The few bronzes with higher 

tin-contents (10-14% Sn) are a dagger (1) and dagger rivets (3), a blade and a pin. 

A single armour attachment, a dagger and the rivets of a dagger fall within the 

range of between 14 and 17% Sn. The single measurement of a high-tin bronze (>17.0% 

Sn) is the average calculated for the rivets of one dagger (av. 21% Sn). Interestingly, when 

comparing the tin contents of the blades and the rivets of the same daggers the rivets seem 

to have consistently higher tin levels than the blades, averaging respectively 9.5 ± 6.2% Sn 

(rivets) and 6.4 ± 4.7% Sn (blades). We may thus assume that a technological choice was 

the cause of this compositional difference whereby was sought to create a harder metal that 

would facilitate the insertion of the rivets in the blades and the attachment of the handles to 

the daggers.  

However, no clear correlation seems to exist between the various object types and 

the tin-contents, which may differ largely amongst the several analysed objects of the same 

type. For example, the blades of the daggers studied may contain between 0.3 and 15.9% 

Sn, with an average of 6.4%. Another example, the tin-content of the four styluses 

averages either ca. 0.7 or 6.3%. Also the bowls have either a tin-content of 3.4 or 8.4%. 

This compositional difference can possibly be partly ascribed to the corrosion state of the 

objects causing either an increase or decrease in the tin concentrations on the surface of the 

objects (Meeks 1993: 265). Therefore difficulties arise to identify the original composition 

of the corroded objects. 
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Figure 4.113: Histogram showing the Sn content of the analysed fragments. 

 

The absolute majority of the 87 fragments analysed are composed of bronzes with a 

minimum of 0.1% tin. The average tin content of these bronzes is 5.8 ± 5.5% Sn, without a 

clear concentration but some sort of continuity from 0.1 until 10.9% Sn (Figure 4.113). 

However, nearly 26% of the 85 bronze fragments contain less than 2% Sn, of which about 

eleven fragments with maximum 1.0% Sn. One single fragment has a lead content of 

27.8% Pb. About 70% of the bronze fragments fall within the range of regular tin-bronzes 

(2-14% Sn), with an average of 6.3 ± 2.7%. Ten of those fragments have a composition 

within the optimum range of 8-10% Sn. High-tin bronze (>17% Sn) is used for four 

fragments of which three are sheet fragments. In general the sheet fragments seem to be 

composed of bronzes with slightly higher amounts of tin ranging from 0.7 to 31.6% Sn and 

averaging 7.9 ± 7.1% Sn, which may be the result of a technological choice. Charalambous 

et al. (2014: 211-212) detected high tin-contents in the bowls from Iron Age Palaepaphos. 

Because of their fragmentary state it is however difficult to say with certainty if the tin-rich 

sheet fragments from Ayios Dhimitrios are also parts of bowls. 
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Figure 4.114: Histogram showing the Sn content of the analysed scrap. 

 

Out of the 128 pieces of scrap metal nearly 70% is composed of bronze with a 

minimum of 0.1% tin. The average tin-content of the bronze scrap is 5.9 ± 4.0% Sn, 

without a clear concentration but some sort of steady decrease after about 6% (Figure 

4.114). Nearly 80% of the scrap bronze is made of regular bronze (2-14% Sn), with an 

average of 6.7 ± 3.1% Sn. 14 of those pieces have a tin-content within the optimum range 

of 8-10% Sn. 17 pieces have a low tin (<2% Sn) content, of which the half contains 

maximum 1.0% Sn and one has a lead concentration of 29.1% Pb. High-tin bronze (>17%) 

is detected in only two pieces of scrap with an average of 18.0-18.1% Sn.  

The copper alloys used to manufacture the objects from Kalavasos-Ayios 

Dhimitrios are characterised by a rather low average tin content of only 5.1 ± 4.2% in the 

objects, 5.8 ± 5.5% Sn in the fragments and 5.9 ± 4.0% Sn in the scrap. A large number 

falls even within the range of low-tin bronzes (<2.0% Sn). The lowest quantities of tin in 

some of the objects, fragments and scrap may result from the remelting of scrap bronze. It 

is however not unlikely that this low average for tin is partly caused by the corrosion state 

of the objects, the fragments and scrap, which may either cause an increase or decrease of 

tin in the surface layers (Meeks 1993: 265). 

Nonetheless we may assume that a fair amount of the bronzes at the site are made 

from scrap metal. As the majority of the scrap bronze was found within the metallurgical 
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workshop of Building IX in the Southeast Area, it is very plausible that scrap metal was 

even recycled at the site.  

The continuous near-absence of high-tin bronzes may designate the consciousness 

of the ancient craftsmen of the technical disadvantage of tin-concentrations between 17 

and 19%. On the other hand, guided by the general low tin content of the bronzes and the 

possible use of scrap metal we may not exclude the probability that tin may not have been 

readily available to the local metal smith and thus he had to work with whatever he could 

get hold on, i.e. copper and scrap bronze.  

4.5.3.3 Lead 

Lead (Pb) is commonly added to bronze to improve fluidity and castability, but it 

may reduce the hardness and toughness of an alloy when added in larger quantities. As 

lead is not present in Cypriot copper ores, the occurrence of lead in the bronzes made of 

local ores can only be ascribed to deliberate addition, even at levels of 1% or lower 

(Charalambous et al. 2014: 213; Constantinou 1982: 15; Hodges 1989: 69). 
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Figure 4.115: Histogram showing the Pb content of the analysed objects. 

 

Lead has been detected in about 57% of the copper-alloy objects, ranging from 0.1 

to 36.4% Pb (Figure 4.115). The absolute majority of the lead-containing objects have lead 
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concentrations lower than 0.5%. Between 1.0 and 2.5% lead was detected in only five 

objects amongst which one dagger, two pins and two ingot fragments. The lead-rich 

bronzes with between 21.1 and 36.4% Pb are detected in two objects: one chain fragment 

and in the various parts of a single unidentified object.  
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Figure 4.116: Histogram showing the Pb content of the analysed fragments. 

 

About 54% of the fragments contain minimum 0.1% lead, with concentrations up 

to 32.0% (Figure 4.116). The absolute majority falls within the range of 0.1 and 0.7%. In 

only one fragment 2.5% Pb was detected. Bronzes with high lead-contents between 18.1 

and 32.0% Pb were measured in four more fragments.  
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K-AD Scrap
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Figure 4.117: Histogram showing the Pb content of the analysed scrap. 

 

In comparison to the objects and fragments lead is less frequently found in the 

scrap metal (Figure 4.117). About 41% of the scrap has a lead content ranging between 0.1 

and 29.1% Pb, of which the absolute majority does not reach higher measurements than 

0.8% Pb. In four more pieces the lead content reaches up to 1.6% Pb, while high-lead 

bronzes with between 16.5 and 29.1% Pb were only detected in another four scrap items. 

Overall, the quantities of lead in the metals from Ayios Dhimitrios rarely exceed 

1.0% Pb. The addition of high amounts of lead (<2.5% Pb) to bronze in only two objects, 

namely a chain fragment and the fragment of an unknown object, and eight fragments or 

pieces of scrap seems to make this practice a rarity. The variation in the low lead contents 

is difficult to correlate with the quantities of any of the other metal components such as tin 

or silver, nor with certain object types. Lead may be both absent and present in the same 

type of objects such as daggers, within which the quantities of lead fall within the range of 

0.0 and 1.0% Pb. As Cypriot copper ores do not contain lead, one may assume that the 

small quantities of lead in the bronzes may partly derive from the smelting of scrap metal 

with higher lead content. 
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4.5.3.4 Iron 

The copper ores available in Cyprus, the most common type being chalcopyrite 

(Fe2CuS), are sulphidic in nature and contain iron (Constantinou 2012: 5). Iron oxides may 

also have been added to the smelting charge as a flux (Charalambous and Kassianidou 

2012: 302; Craddock and Meeks 1987: 191-192). Small concentrations of iron in bronzes 

made of Cypriot copper can thus be primarily explained as the residual from the smelting 

process and are thus to be expected. 

Indeed, in all the analysed objects iron was detected. The iron-content in the objects 

ranges from 0.1 to 13.1% Fe. In the large majority of the objects this iron content does not 

exceed 1.0% Fe. These low numbers must be the result of the original charge of the 

smelting. Above 1.0% Fe the number of objects largely decreases with only a few 

containing up to 5.9% Fe. Only in one more object 13.1% Fe was detected. The highest 

levels for iron (4.9, 5.4, 5.9 and 13.1% Fe) were measured in four ingot fragments. The 

lowest numbers may result from the use of pure Cypriot copper, with the exception of 

maybe one fragment (KAD-0671) within which 1.1% Sn and 1.5% Pb was detected. 

Where the 13.1% of iron in ingot fragment or lump KAD-1884 comes from is unclear but 

it is unlikely to result simply from the use of pure copper. The other objects with more than 

2.0% iron include a ring, spearbut and dagger. 

Also in all fragments iron was measured with quantities ranging from 0.1 to 3.2%, 

and only 9 out of 87 have an iron-content of 1.1% Fe or higher. 

Only in a single item of scrap no iron was measured. The iron content in the 

remaining pieces ranges from 0.1 to 18.1% Fe, with a major concentration between 0.1 and 

2.0% Fe. In contrast to the objects and fragments about 40% of the scrap items contain 

1.1% or more iron. This gives an average of 1.9% for iron in the scrap assemblage, which 

is slightly higher than for the objects (av. 0.9% Fe) and fragments (av. 0.5% Fe). There are 

19 pieces with an iron-content of between 2.0 and 9.3%. The measurement of 9.3% Fe 

comes together with 18.9% Pb and 4.6% Sn and is thus unlikely to come from the use of 

pure copper ores. The same counts for many other pieces with lower iron contents. There 

are only 23 pieces within which no lead or tin was detected and that may thus be pure 

copper from Cypriot origin. A second cluster of 4 pieces falls between 16.0 and 18.1% Fe. 

The fact that iron does occur in slightly larger quantities in the scrap metal may 

indicate that they partly derive from the original charge. The iron content would be 
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decreased by the subsequent refining and remelting of the copper or scrap metal and result 

in very low iron contents as detected in the objects. 

4.5.3.5 Zinc 

Also zinc (Zn) occurs commonly in the Cypriot copper sulphide ores, therefore low 

concentrations of zinc in the artefacts are not unforeseen (Charalambous et al. 2014: 213; 

Craddock 1978: 2). However, zinc-contents exceeding 1% are not expected in LBA 

copper-alloys as zinc is a volatile element and should already be removed by either the 

initial roasting or the following smelting process of sulphide ores (Craddock 1978: 2).  

Indeed, in the absolute majority of the objects (ca. 86%) no zinc was detected. The 

zinc levels in the remaining objects usually average 0.1% Zn, apart from one sickle (KAD-

1545) and two ingot fragments (KAD-0471 and KAD-0673) with respectively 0.2, 0.4 and 

0.5% Zn. However, the link of a chain (KAD-0277) contains 9.2% Zn, which may likely 

be the result of the intentional addition of zinc with the aim to make brass. This alloy was 

only produced by the middle of the 1st century BC by the Romans (Craddock 1978: 9). We 

may thus question the LBA date appointed to this chain fragment, which is also the sole 

metal object found in the East Area. 

Also in 21% of the fragments small amounts of zinc were measured ranging from 

0.1 to 1.0% Zn, commonly reaching only up to 0.2% Zn. A single fragment contains 0.4% 

Zn and one sheet fragment has 1.0% Zn alongside 10.4% Sn. In all fragments with zinc tin 

(min. 1.6%), or lead, was detected. In the scrap metal the quantities of zinc range from 0.1 

to 0.3% Zn in about 48% of the analysed items, with a major concentration at 0.1% Zn and 

without any exceptions. Out of the 63 pieces with zinc only 6 were detected without any 

tin or lead. This zinc may thus derive from the use of pure copper ores. 

Apart from the chain link the zinc contents remain well below the expected levels. 

This is indicative of the fact that indeed no zinc was added to the alloys of the LBA in 

Cyprus and the type of ore used was rather pure. This was also indicated by the chemical 

compositions of the LBA tap and furnace slags from Kalavasos-Ayios Dhimitrios. 

Extremely low zinc-contents were also detected in the LBA slags from Politiko-Phorades. 

On the contrary, the slags from nearby later sites identified by the Sydney Cyprus Survey 

Project show higher levels for zinc (Kassianidou 2003a: 216-217, Table 5.1).   

Le
nte

 Van
 Brem

pt



 
 

289 

4.5.3.6 Silver 

Silver (Ag) was detected in only one object made of a copper alloy. This single ring 

contains 9.2% Ag, in combination with 6.1% Au. Furthermore, silver was used in large 

quantities in much larger quantities (48.7-94.9%) for the production of another eight rings 

which are not discussed here due to their low copper content. Also in nine studs silver was 

detected with quantities between 0.5 and 7.2% Ag, often together with gold, up to 50.6% 

Au. Only in one more fragment 97.1% silver was detected. Silver was thus typically added 

in large quantities to objects with a decorative function (studs and rings) and are therefore 

not included within the discussion of the objects, fragments and scrap made of copper-

alloys. 

4.5.4 Discussion of the results 

The chemical analyses of this small assemblage of copper-alloy artefacts from 

Kalavasos-Ayios Dhimitrios have revealed how the metal compositions of the objects 

correspond largely to the tin-bronze commonly used on Cyprus during the LBA, but with a 

rather low tin-content (av. 5.1 ± 4.2% Sn). This may either be the result of the abundant 

presence of corrosion products on the surfaces that could not be removed without causing 

any damage to the artefacts, or by the fact that tin may not have been readily available to 

the metal smith of Ayios Dhimitrios and therefore he had to economise in tin usage or 

recycle scrap bronze. A similar phenomenon was detected in the bronzes of Hala Sultan 

Tekke with between 5 and 8% tin, which is at the lower end of the optimum range for full 

hardening (Pickles and Peltenburg 1998: 74-75). 

Unfortunately this programme of pXRF-analysis did not create the possibility to 

clarify the correlation between the choice for a certain alloy composition and the function 

of a certain object type. The quantities measured for the bronze components, i.e. copper, 

tin or lead, did not cluster well together and often differ largely amongst the various 

objects of the same type. This may possibly partly be the outcome of the rather small size 

of the assemblage and, again, the largely corroded state of the artefacts whereby the 

accuracy of the measured original composition of the alloy may be rather poor. However, 

the continuous compositional difference between the rivets and blades of the daggers has 

indicated that certain alloys were opted for because of their physical properties. The 
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analyses by means of pXRF also enabled us to identify one of the supposedly copper 

oxhide ingot fragments to be made of bronze.  

4.5.4.1 The effect of corrosion  

Corrosion of ancient bronzes may result in the manifestation of ‘tin sweat’, which 

causes an apparent enrichment of tin on the surface. Low-tin bronzes may though also 

corrode to copper oxides, carbonates or chlorides, which can bring along the increase of 

the copper concentrations on the surfaces of the objects (Meeks 1993: 265). With the 

possibility to fully remove the corrosion layer from the pieces of scrap metal and even to 

section some of the fragments the opportunity was created to investigate the influence of 

the corrosion state of the metals from Kalavasos-Ayios Dhimitrios on their general 

chemical composition measured by pXRF. The corrosion products of some examples were 

found to be higher in tin, and iron, than the metal underneath. On the other hand, the 

corroded areas of various other scrap pieces have a lower tin content than the fresh cut 

corrosion-free metal. The difference can run up to 12%. The corrosion of the bronzes from 

Kalavasos-Ayios Dhimitrios may thus result in either an increase or decrease of the tin 

concentrations. Consequently, by simply excluding all the measurements for the relatively 

corroded areas of the bronze objects the overall tin-content could not be increased. 

Furthermore, it was observed that the corrosion can occur both as a thin bright 

green layer of cuprite (Cu2O) on the surface (Ingo et al. 2006: 518-519; Angelini et al. 

2007: 203) and a thicker red-brown layer with increased iron and tin-contents underneath 

which may penetrate the item up to the centre. This possibly prevents the efficient removal 

of all corrosion products from the scrap and objects by simple surface cleaning and we 

may not be able to reach any corrosion-free metal.  

4.6 Discussion and conclusion: copper production at the LBA urban centre of 

Kalavasos-Ayios Dhimitrios 

In contrast to the abundant evidence of metallurgical activity within the Vasilikos 

valley during the later historic periods, clear indication for LBA copper production within 

Le
nte

 Van
 Brem

pt



 
 

291 

the Vasilikos valley was only found at the urban centre of Kalavasos-Ayios Dhimitrios. 

With a metallurgical assemblage of about 150 kg of copper slag, 10 kg of bronze objects, 

nearly 1.5 kg of bronze and copper scrap and 15 fragments and more bits and pieces of 

technical ceramics, difficulties arise to talk about large-scale copper producing activities. 

Following Tylecote’s estimation of a 10:1 slag to metal ratio, the slag assemblage would 

imply the production of only about 15 kg of copper (Doonan et al. 102: 55), which is about 

the half of an oxhide ingot. The fact, however, that the LCIIC assemblage corresponds to a 

complete metallurgist’s toolkit does indicate that copper working and possibly also the 

preceding smelting activities were taking place at or near the site and probably more than 

once. 

4.6.1 Summary of the results: overview of the technological processes 

4.6.1.1 Slag 

The analytical study of the slag assemblage resulted in the identification of two 

major types that come from two different technological processes within which a different 

primary ore treatment, smelting charge composition, firing temperature and duration, and 

possibly furnace construction was used. Based on their spatial distribution on the site we 

may assume that they do not derive from different stages in the same smelting process, but 

were produced in two disconnected metallurgical processes conducted by independent 

craftsmen that may be spatially, socially or even chronologically divided. After all, the 

LCIIC period covers a period of about 100 years.  

Two singular smelting processes thus took place at different areas of the site within 

which distinctive technological choices were made by the ancient metallurgist: 

A. The small slag fragments found in the East Area, primarily as a deposit just north 

of Building I, result from a seemingly well-controlled primary smelting process 

that produced a low-grade iron-rich matte and a fairly homogenous tap slag. The 

smelting charge consisted of crushed copper-iron-sulphide ores that were not 

roasted beforehand. The ore source could not be identified by means of lead isotope 

analysis: the results do not correspond clearly with one of the known Cypriot fields. 

This may be because iron-rich materials of a different source were possibly added 

as a flux. The furnace conditions were reducing and the temperature must have 
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reached a minimum of 1150ºC to reach the liquidus state of the slag and to allow 

the successful separation of the matte from the slag. The slag was tapped from the 

furnace, and once cooled down the plano-convex slag cakes were crushed to extract 

the matte prills still entrapped. The collected matte consequently needed another 

extensive smelt to remove the large excess of iron and sulphur and to create copper 

metal. 

B. The large slag lumps found in the West Area, and in smaller quantities in the 

Southeast and Central Area, likely result from a less controlled smelting process 

that produced a high-grade copper-rich matte, and heterogeneous furnace slag still 

containing high quantities of matte and semi-reacted minerals. The smelting charge 

consisted of copper-sulphide ores with a possible origin in the Apliki mining 

region. They were likely roasted beforehand to remove the excess of sulphur. The 

furnace conditions were reducing and the temperatures must have reached a 

minimum of 1100ºC to reach the liquidus state of the slag. The separation of the 

matte from the slag was however not highly effective. Possible causes are the 

format of the charge, the inadequate fuel to ore ratio, the insufficient duration of the 

smelt, or the imbalanced conditions in the smelting furnace. Both the slag and 

matte were likely left to cool in the furnace, which had to be destroyed in order to 

collect the matte that would consequently have to be further smelted to remove the 

small excess of sulphur and iron. Seemingly similar slags were found at various 

other sites, such as Kition, Athienou and Enkomi, but slightly different 

technological processes were suggested. 

The presence of furnace slag at the metallurgical workshop of Building IX is 

indicative of the fact that technological process B was in use simultaneously as the 

activities taking place at the workshop, while technological process A may have been of a 

earlier or later date or was conducted contemporarily by another social group or craftsman.  

Both production processes cannot be called entirely successful due to the 

production of either a low-grade iron-rich matte, or the high loss of matte and hence 

copper in the slag. This is in large contrast to the highly successful smelting processes that 

took place at the earlier LCI site of Politiko-Phorades within which a high-grade copper-

rich matte and seemingly homogenous tap slag with rather low copper loss were produced 

(Kassianidou 2003a: 215-216, 226; Knapp and Kassianidou 2008: 142-144). Therefore, in 

case of a chronological difference, it is difficult to assign either production process to a 

technological improvement.  
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4.6.1.2 Technical ceramics 

The analysis of the fragments of technical ceramics implies that local clays were 

selected and consequently adapted to answer the physical requirements of the crucibles, 

furnaces or tuyères in the metallurgical process. Low-calcareous clay with low quantities 

of coarse igneous inclusions, readily available in the nearby southern Troodos foothills, 

was mixed with (a combination of) non-plastic temper, organic material or calcareous river 

clay.  

The fragments found in Building XIII and XV of the Northeast Area and in 

Building IX of the Southeast Area were identified as crucible fragments. In their complete 

form these crucibles had a shallow open form with rather thick walls and were fired from 

above. Since they had to withstand temperatures of about 1100°C, though for a relatively 

short time, local igneous clays were admixed with few organics and a sandy temper to 

increase the amount of non-plastic inclusions. They crucibles were used for copper refining 

or melting and the alloying of bronze or even the smelting of matte. No absolute 

standardized procedure seems to have been applied or no uniform temperature and redox 

condition may have been maintained within the reaction vessels.  

The very few highly fragmented pieces found in the East Area were possibly 

destined for other and rather diverse practices. The fabric composition with a high amount 

of organics, as well as the absence of a slag layer, the lower direct impact of firing and the 

limited curvature of the surfaces of two fragments (K-AD M0407 and K-AD U0007) may 

imply that they were part of constructions with a larger diameter, being smelting furnaces 

rather than melting crucibles. They likely derive from an area of the furnace producing the 

tap slag that may not have been exposed to high temperatures or in direct contact with the 

charge. 

Another fragment (K-AD U0009) results from a reaction vessel made of a non-

calcareous clay with large amounts of non-plastic inclusions and used in an earlier stage of 

the processing of copper-sulphide ores as can be implied from the high occurrence of 

sulphides in the slag layer. Since these are primarily rich in iron it is possible to relate this 

fragment to the process producing the tap slag with iron-rich matte, but difficulties arise to 

identify it as a furnace or crucible fragment. 

A last fragment (K-AD U0006) is different in many aspects from the other 

technical ceramics found at the site since no igneous but calcareous river clay was used 

and mixed with non-plastic inclusions, amongst which crushed copper slag. This fragment 
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derives from a reaction vessel produced from raw materials closest at hand and little 

attention was paid to the refractoriness of the fabric. Likely the crucible was used for the 

refinement of impure copper, as no tin or metallic copper prills could be identified. 

No standardised fabric was used for the manufacturing of the two tuyère fragments 

found at the site, which may imply different metallurgical processes. The tuyère (K-AD 

M0403) from the East Area is made from a poor-quality fabric and was possibly only 

shortly used in the primary smelting process. The small tuyère fragment from the 

Northeast Area (K-AD M0410) has a much better fabric composition and was possibly 

involved in the practices related to the crucibles. 

4.6.1.3 Objects and scrap 

The alloys used for the bronze objects found at Kalavasos-Ayios Dhimitrios 

correspond largely with the alloy-compositions commonly used on LBA Cyprus but with a 

relatively low tin-content. Possibly tin was not readily available to the ancient metal 

worker at Ayios Dhimitrios and he had to make use of scrap bronze. 

No clear correlation could be detected between the selected alloy composition and 

the function of a certain object type. This is possibly partly the result of the rather small 

size of the assemblage and the corroded state of the artefacts. 

4.6.2 Copper smelting and production at Kalavasos-Ayios Dhimitrios 

The occurrence of two types of primary smelting slags is indicative of the fact that 

they result from the smelting of (roasted) ores and that no uniform technological process 

was applied. But, due the widely scattered evidence and the lack of remains from smelting 

installations it is difficult to localise the actual smelting activity within the known site and 

we cannot be fully certain that either smelting activities took place at or near the urban 

centre, and not near the mines as commonly suggested. It however seems highly unlikely 

to me that the furnace slags were brought from the Apliki region without being further 

processed.  
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4.6.2.1 Primary smelting 

The primary smelting of ores may have taken place at or in close vicinity to 

Building I of the East Area. However, the absence of any smelting installations in situ 

makes it difficult to trace the actual location of metallurgical activity within this area, 

which may also have been taking place closer to the exploited mines of which the location 

remains to be identified. In this case the slag cakes were subsequently brought to the East 

Area where they were crushed to extract any matte inclusions still entrapped. After the 

crushed debris was deposited just outside of Building I. Stone tools such as pestles, 

grinders or pounders, hammer stones and various ground stones have been found in the 

East Area: about four in room A.11 of Building I, and about 20 in various rooms of 

Building II (South et al. 1989). These were used in the processing of agricultural produce. 

A detailed study of the surface features by an experienced eye may give exclusion about 

the specific use of the objects (e.g. Webb 2015), but at this point we can be sure to exclude 

the possibility that the few small and rather fragmented stone tools from Building I were 

used in the crushing of the cakes of tap slag.  

Another scenario may be that the ores of yet unknown origin were brought to the 

settlement and smelted at a considerable distance from the East Area. All the remains from 

this metallurgical process, ceramics included, were consequently deposited just outside 

Building I. Any evidence for the further processing of the matte produced in this primary 

smelting process within this area is missing.  

No remains of the possible smelting installations were found at the site, not even 

fragmented. Only of the following stages in the copper production process, i.e. the 

smelting of the matte, possible evidence was found in the Southeast and Northeast Area in 

the form of crucible fragments. Therefore it appears that both the roasting of the ores and 

primary smelting took place closer to the mines. Consequently both the matte and slag 

were brought to the urban centre for further processing, as was suggested for the 

contemporary coastal sites of Kition and Enkomi. However, since the slag was transported 

over such a large distance to chemically extract the matte still entrapped, we would not 

expect to find this matte-rich slag at the site.  

When putting forward reason, it seems indeed most likely that the processing of the 

ores was undertaken near the mines in the Apliki region, but the product would 

consequently have been brought to the urban centre for a primary smelting, possibly taking 

place in close vicinity of the West and/or Southeast Areas. Due to the absence of any 
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indication for a technological difference between the furnace slags of both areas these must 

result from a similar process, which may not have been exactly the same one. Again, we 

have to keep in mind that the LCIIC period at Ayios Dhimitrios covers a period of about 

100 years: the exact location of the smelting activities may have changed. The presence of 

the largest percentage of furnace slag in the West Area may indicate that the smelting did 

take place predominantly near this domestic area of the site, which is spatially slightly 

disconnected from the administrative and elite quarters of the urban centre. These would 

have been saved from the noxious fumes of the smelting process.  

4.6.2.2 Secondary or matte smelting, copper refining, bronze alloying and recycling 

The dominant presence of furnace slag as opposed to tap slag, though not in very 

large quantities (ca. 20 kg), implies that the smelting activities taking place in the Building 

IX of the Southeast Area do not involve the earliest stages of the copper production 

process. The bronze tools, large amount of copper and bronze fragments and scrap, 

amongst which some ingots, and the remains of crucibles used for refining, melting and 

alloying, confirm the identification by the excavator (South 2012) of Building IX as a well-

organised coppersmith’s workshop where the final stages in the copper production process 

took place: copper refining and melting, bronze alloying and maybe also secondary matte 

smelting. Not only was copper and bronze produced, but also copper and bronze scrap 

were recycled. This is supported by the rather low tin contents in the objects, averaging 

only 5.1%, as detected by pXRF. This could let us assume that the coppersmith of 

Kalavasos-Ayios Dhimitrios had no ready access to tin. The use of scrap metal at the site 

may even be caused by the fact that copper ores were not locally available: copper sources 

farther away had to be exploited or locally available scrap metal recycled. The crucibles, 

which were found in room A.44, and A.45, were fired from above and therefore the 

structure uncovered in the northwest corner of room A.44 cannot be identified as a hearth 

for the heating of crucibles. The crucibles may however have been placed in the structure 

to avoid heat loss and to spatially centralise the high-temperature processes within the 

building. The melting batches were possibly stirred from time to time with a rod, as we can 

infer from the slag balls found within the same and the adjacent room A.53.  

Similar practices may have been undertaken in the Northeast Area. A fair amount 

of scrap metal and objects, crucible fragments and slags in all forms and sizes, amongst 

which some irregularly shaped pieces either similar to the slag balls or seemingly formed 
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between two tuyères, were found primarily in room A.151 of the ashlar Building X but 

also in some nearby rooms and buildings such as Building XIII. The current evidence does 

not facilitate the identification of the kind of metallurgical processes that may have been 

conducted within the confines of the Northeast Area, and the absolute uniformity in the 

fabric of the crucible fragments from both the Southeast and Northeast Area does indicate 

that the practices at both areas were closely related to each other and may even not have 

taken place at the administrative quarter of the site.  

4.6.2.3 Summary 

To conclude, the spatial distribution, scale and variability of the evidence for 

metallurgy at Ayios Dhimitrios prove that these did not evolve from a single-time event. 

The evidence from Building IX clearly shows that copper working and bronze alloying as 

done at this coppersmith’s workshop. Also the primary smelting of ores took place near the 

site, though we cannot exclude the possibility that the slags were brought in from the 

mining area. Nonetheless, metalworking and/or smelting activities took place at or near 

this urban centre on a regular basis but at a small scale. The metal produced was not 

sufficient to provide the international market, and therefore rather destined for local and 

maybe regional use. It may have been the unawareness of the existence of rich copper 

deposits nearby that limited the scale of the production. The final stages of the copper 

production were primarily centralised in the Southeast Area, but the smelting of the ores 

was no uniform activity. The ancient smelters had good knowledge of the technological 

process, but did not yet reach the ultimate slag composition with a minimum of copper 

loss. The similarity of the furnace slag with slags found at other contemporary sites does 

suggest that some exchange of knowledge may have existed between the sites of LBA 

Cyprus. 

Even though the site of Kalavasos-Ayios Dhimitrios revealed only a “small” 

metallurgical assemblage, the remarkable distribution within the site and the difficulties we 

are facing in giving a plausible explanation about the technological process or processes 

that produced those “few” metallurgical remains help to illustrate how complex the LBA 

Cypriot copper production was, and how little is actually still understood. The study of this 

assemblage has however brought us again a step forward in the understanding of the 

technological processes and the role of copper on the regional exchange networks of LBA 

Cyprus, which will be addressed in the final discussion and conclusion of this project. 
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4.6.3 Copper smelting and production in the Vasilikos valley  

Kalavasos-Ayios Dhimitrios seems until now the only site within the Vasilikos 

valley, and even the wider Kalavasos-Maroni region, that holds valuable evidence for 

regular copper production and working. However, in comparison with the evidence from 

other contemporary primary sites such as Enkomi and Kition, copper production was 

absolutely not the raison d’être for Ayios Dhimitrios, nor the main connecting factor in the 

socio-political and economical networks that may have existed between the different sites 

within the area. Since provenance studies by means of lead isotope analysis fail to indicate 

with certainty that the local copper mines were in use during the LBA, we cannot assume 

that the local production and exchange of copper has defined the settlement pattern within 

the Vasilikos valley. Maybe in combination with copper, something else such as minerals 

or goods, must have given this urban centre a reason to exist and, as South (2012) argues, 

the possibility to offer something in return for the precious imports from outside the island 

(South 2012). The production and storage of olive oil, for example, clearly played an 

important role in the economy of Kalavasos-Ayios Dhimitrios. Similar conclusions have 

resulted from the study of the metallurgical remains from the nearby contemporary urban 

sites of Maroni-Vournes and Tsaroukkas as well as Alassa.  

However, as one may expect the LBA inhabitants of Ayios Dhimitrios and the 

Vasilikos valley to take advantage of the close proximity of abundant ore deposits to the 

coast, we must keep on looking for more evidence for metallurgical activity, maybe in the 

unexcavated areas of the sites, and likely within the foothills of the Troodos mountains. 

We must though keep in mind that the provenance studies on both the slags and metal 

objects may have provided us with accurate information and that the copper deposits of the 

Kalavasos mining area were simply not used or possibly not even known during the LBA.  
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CHAPTER 5 -  A COMPARATIVE STUDY OF THE METALLURGICAL REMAINS 

FROM MARONI-TSAROUKKAS 

5.1 Introduction: the Maroni River valley 

The Maroni Valley (Figure 5.1) is another one of the series of river valleys running 

from the Troodos Mountains to the south coast of the island, neighbouring the Vasilikos 

valley to the east. The earliest archaeological interest in the valley dates back to the second 

half of the 19th century AD. During his stay on the island, Luigi Palma di Cesnola 

conducted numerous “excavations” whereby he opened about 1000 tombs at Maroni. In the 

mid-1880’s Ohnefalsch-Richter conducted the earliest “systematic” archaeological 

research in the valley. The most important expedition in the Maroni Valley was undertaken 

in 1897 and 1898 by a team of the British Museum under direction of H.B. Walters. They 

excavated at Maroni-Tsaroukas, Maroni-Vournes, Mari, Kalavasos and Kalavasos-

Pamboula. The main objective of the excavations was to uncover exotic objects to display 

in the museum, therefore locally made plain wares and other archaeological evidence were 

ignored and left unrecorded (Cadogan 1983: 155; Johnson 1980: 7; Manning et al. 1994: 

87-88). A study of the archaeological remains recovered by the British Museum was 

published nearly a century later by Johnson (1980).   

Exploration in the Maroni valley continued into the 20th century and after some 

trial excavations at Maroni-Vournes in August 1981 the University of Cincinnati 

commenced a series of excavations at Maroni-Vournes under direction of G. Cadogan 

running from 1982 to 1989 (Cadogan 1983; 1986; 1987; 1988; Cadogan and Domurad 

1989; Manning et al. 1994: 88). The original aims of the excavations were 1) to establish 

the sequence of inhabitation at Maroni during the Late Bronze Age, and if possible as well 

before and after; 2) to compare the Late Cypriote sequence with those of other better 

known settlements; 3) to find out more about the foreign relations of Maroni; 4) to study 

the architecture, town planning and daily life of Late Bronze Age Cyprus; 5) to reveal by 
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survey, and excavation, as much as possible of the history of the valley of the Maroni river 

(Ayiou Mina) in order to demonstrate the alternations of life and settlement from the 

earliest times until today and to complete the work in neighbouring Vasilikos Valley and 

the region of Episkopi; and 6) to use all methods of scientific analysis to extract as much 

information as possible from the finds (Cadogan 1983: 154-155). The excavations revealed 

that Maroni-Vournes has two main periods of occupation: an earlier phase dating to LC, 

and a subsequent re-occupation in the archaic period (Manning et al. 1994: 88).  

Ever since the attention for the Maroni valley has never diminished. In 1990 the 

Maroni Valley Archaeological Survey Project (MVASP) directed by S.W. Manning and 

D.H. Conwell started with a systematic intensive pedestrian survey of the Maroni river 

valley. They aimed to establish the settlement and use of the valley through time from the 

earliest human presence in the region. Hereby the location and spatial distribution of the 

coastal settlement of Maroni-Tsaroukkas was determined and trial excavations, scrape 

survey and cleaning were conducted in 1993 at the coastal site of Maroni-Tsaroukkas 

(Manning and Conwell 1992: 271-272; Manning et al. 1994: 89). After a hiatus of a couple 

of years, the interest was extended to the whole region of the Vasilikos and Maroni river 

valleys with the commencement of the Kalavasos and Maroni Built Environments 

(KAMBE) Project, directed by S.W. Manning, K.D. Fisher and M. Rogers. The primary 

aim of this multidisciplinary project is to investigate the relationships between urban 

landscapes, social interaction and social change in Protohistoric Bronze Age Cyprus 

(MCIII-LCIIIA, ca. 1700-1100BC). An extensive field survey was undertaken at the 

partially-excavated sites of Kalavasos-Ayios Dhimitrios and Maroni-Vournes, Tsaroukkas 

and Aspres and their surroundings using various techniques such as the classical recording 

of surface finds and geophysical survey by means of magnometry and ground-penetrating 

radar (GPR). Furthermore the excavations at Maroni-Tsaroukkas, -Aspres and Kalavasos-

Ayios Dhimitrios are being continued (Fischer et al. in press; Leon et al. in press: 3, 4).  

5.1.1 Settlement history of the Maroni valley  

The Maroni Valley (Figure 5.1) is situated on the south coast of Cyprus, halfway 

between Larnaca and Limassol. The valley comprises a large agricultural zone extending 

along the waterways and over the flat coastal plain with rich alluvial deposits. The earliest 

settlement of the valley was in the upper area, at the Neolithic settlement of Khirokitia-
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Vouni (Le Brun and Daune-Le Brun 2009). Later settlement moved to the lower valley, 

with a Middle Chalcolithic settlement at Maroni-Karayiannidhes. A major EC-MC 

settlement existed at Psematismenos-Trelloukkas, with associated cemeteries at both 

Trelloukkas and adjoining Psematismenos-Kaliokremmos  (Georgiou 2000; Todd 1985). 

Another EC-MC cemetery was found at Maroni village (Johnson 1980: 5-6; Manning 

1998: 42). 

 

 
Figure 5.1: Map of the Maroni valley showing the location of the cluster of LBA and other sites mentioned in 
this chapter (c.f. Cadogan et al. 2001: 75, Fig. 1). 

 

By the end of the MBA and the beginning of the LBA the Maroni valley 

experienced a new phase of settlement activity, as elsewhere on the island, with a move 

further south to more coastal locations (Manning 1998: 42). Two MCIII/LCI tombs were 

excavated at Kapsaloudhia. Also at Tsaroukkas LCI tombs have been found, many of 

which were excavated by the British Museum in 1897, most probably there was a 

settlement at this locality since imported late MBA and local late MC-LCI ceramics were 

found in a deposit on the seabed near Tsaroukkas (Manning 1998: 42; Manning et al. 2002: 

113). Furthermore the archaeological stratigraphy at the site of Vournes with structures 
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underneath the monumental LCIIC Ashlar Building, implies that the major centre was 

occupied as early as LCIA. Architectural remains dated to the LCIIC period have been 

recovered at the localities of Vournes, Tsaroukkas and Aspres. LCI tombs were found in 

various areas within and between the sites (Cadogan 1996: 15; 2011: 397-398; Manning 

1998: 42, 47; Manning and De Mita 1997; Fisher et al. in press: 7).  

A notable feature in the lower Maroni valley is the use of tombs for only a certain 

period of time, with a peak in LCIIB, after which they are suddenly built over or destroyed 

during the LCIIC period. Currently no tombs are even known of LCIIC date in the valley. 

A similar situation also seems to occur in the nearby Kalavasos Valley. As Manning 

(1998) notes, “after centuries of memory, there is a deliberate forgetting (Manning 1998: 

47)”. Manning (1998) has suggested that this phenomenon may embody a transition from a 

state of competition between groups of different descent for dominance to a situation 

within which one group or individual established permanent control over the entire region. 

Accordingly the relations with the living ruler(s) and institutions of the new polity are of 

greater importance than those of the past. This is in contrast to the contemporary centres of 

Enkomi, Kition and Hala Sultan Tekke where the funerary tradition forms a continuum 

(Manning 1998: 47-48).  

By the LCIIC period a cluster of various types of rather small sites was scattered 

over the plain between the modern Maroni village and the coast (Figure 5.1). The 

monumental buildings at Vournes have made the excavator interpret the site as the 

administrative centre of the area. The architectural remains from Tsaroukkas seem to be of 

a rather utilitarian function and therefore the site was identified as a port site with 

production activities. At Aspres a large structure was recovered that possibly operated as a 

place of storage. The considerable number of ground stone tools suggests also the 

processing of agricultural produce at the site (Fisher et al. in press: 7-8; Leon et al. in 

press: 11; Manning and De Mita 1997: 128).  

The extensive field survey by the MVASP and KAMBE projects have indicated 

that the administrative zone at Vournes might not have been that spatially separated from 

the coastal settlement at Tsaroukkas as initially implied by Cadogan (1984: 2). Between 

both major sites at least one stand-alone structure, two architectural complexes and other 

probable structures were detected by means of archaeogeophysics (Figure 5.2). These were 

oriented along south-southeast alignments similar to the buildings at Tsaroukkas and/or the 

LCI structures in the south area of Vournes. Though one cannot be certain of a LBA date 

for these structures, the LC settlement is possibly much larger than believed until now. The 
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LC ceramic types amongst the surface finds suggest the presence of a residential zone 

between the administrative, storage, production and other utilitarian structures at Vournes, 

Tsaroukkas and Aspres (Leon et al. in press: 11, Figure 9; Manning et al. 2014: 16, 21-22).  

 

 
Figure 5.2: Area around Maroni-Vournes surveyed by MVASP and KAMBE projects showing the 
interpretations from the geophysical data overlaid on a GoogleEarth image and the possible occurrence of 
architectural features between the LCIIC sites of Vournes and Tsaroukkas (c.f. Leon et al. in press: Fig. 9).    

 

The LC site of Maroni may thus be an urban area covering some 15 to 25 ha that 

possibly developed around the centres at Vournes and Tsaroukkas. It was composed of 

different zones of activity, i.e. the sites of Vournes, Tsaroukkas, Aspres, Kolones, 

Kapsaloudhia and ‘Site 2’, and an open urban space. The greater site of Maroni would 

have been a primary coastal centre that combined production, mobilization, administration 

and internal and external trade (Fisher et al. in press: 7-8; Leon et al. in press: 11; Manning 

1998: 54; Manning et al. 2014: 10, 22). As concluded by Manning (1998: 54), by the 

LCIIC period the lower Maroni valley was possibly controlled by a single, central, ruling 

authority and figure that may have resided at the major site of Vournes. 
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The sites were abandoned by the end of the LCIIC period, a little earlier than 

Kalavasos-Ayios Dhimitrios in the neighbouring river valley which may have taken over 

some of the commercial activities (South 2002: 65). Activity within the Maroni valley only 

reappeared in the Archaic period, with the reuse of the Ashlar Building at Vournes as a 

shrine (Cadogan 1996: 17; Manning 1998: 54; Ulbrich 2015). 

5.1.1.1 Maroni-Vournes 

 
Figure 5.3: General map of Maroni-Vournes showing the different architectural phases and the location of 
the metallurgical finds (c.f. Doonan et al. 2012: 50, Fig. 6.2). 
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Maroni-Vournes (Figure 5.3), the major site of the LBA urban area, is located on a 

low hillock on the eastern edge of the coastal plain about 2 km south-east of the modern 

village of Maroni, and at a distance of only half a kilometre from the sea. Chance finds of 

pottery and the preservation of floors at some locations are indicative for the earliest use of 

the site in the LCIA period (Vournes I), which is significantly earlier than the neighbouring 

urban centre of Kalavasos-Ayios Dhimitrios (Cadogan 1986: 105; Cadogan 1996: 15; 

South 2002: 63).  

In the subsequent LCIIA-LCIIB period (Vournes II), a freestanding structure with 

an approximately square design of ca. 4.5 m was erected and abandoned in or after LCIIB. 

This building was called the ‘Basin Building’ because of the presence of a sunken basin 

with paved floor around it. The function is so far unknown, but it might have been used for 

hygienic, ritual or industrial purposes, maybe even metal working regarding the copper 

debris found at the bottom of the basin. According to the excavator the Basin Building is a 

unique example of Bronze Age East Mediterranean architecture and would therefore have 

been of a substantial significance (Cadogan 1996: 15-16). Next to it was another small 

freestanding building of which the function isn’t known either. Remains from a building of 

some grandeur were found underneath the LCIIC Ashlar Building, which can therefore be 

identified as its probable predecessor. Both at Vournes and Tsaroukkas wealthy tombs of a 

LCIIA-LCIIB date were found. The architectural and funerary evidence thus implies that 

already during the 14th century BC a local rich elite was present at the settlement of 

Maroni-Vournes (Cadogan 1996: 15-16; 2011: 399-). 

The importance of Maroni-Vournes is clearly demonstrated by the construction of 

the Ashlar Building on top of some LCIIA-B tombs and the earlier building at the 

beginning of the LCIIC period (Vournes III). This prominent building has a northwest-

southeast orientation, measures 30.5 x 20 m, has a tripartite plan and is built partly of 

finely dressed ashlar blocks, especially in its central section. The thickness of the walls 

indicates that the building consisted of two or more storeys (Cadogan 1996: 16; 2011: 401-

402).  

The West Building, across the road to the west of the Ashlar Building, has an 

identical northwest-southeast orientation and a four-aisled plan. Ashlar blocks were only 

used as bases for posts to support a roof. The West Building was likely subordinate to the 

Ashlar Building. It is difficult to define with any certainty its actual function, but according 

to the plan and the few finds it is assumed that the West Building was used as a storehouse. 

The West Building was possibly built slightly later than the Ashlar Building but both 
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buildings were in use at the same time and abandoned together by the end of the LCIIC 

period. They were only used again in the Archaic period when the Ashlar Building 

functioned as a shrine (Cadogan 1996: 17; 2011: 401).  

In the Ashlar Building evidence was found of a variety of activities such as olive 

pressing, grinding of cereals, storage of farm produce, weaving and writing. Remains of 

secondary smelting and melting, i.e. copper and bronze tools, scrap and slag, were found 

from the fillings underneath the LCIIC floors. Metallurgical activities were thus not taking 

inside the Ashlar Building but seemingly preceded its foundation (Cadogan 1996: 17; 

2011: 402; Doonan et al. 2013: 52).  

The remains of the Ashlar Building show massive dimensions and great 

engineering skills with two to three meters deep foundations set in earlier tombs. The use 

of ashlar, which was the newest trend of the time, must have brought a monumental aspect 

to the building. Due to its position on top of the low hillock surrounded by an open area the 

building was probably visible from far and wide, maybe even from the coastal settlement 

at Tsaroukkas. It therefore seems that the Ashlar Building was purposefully designed to 

impress and was probably the most important building in the Maroni valley during the 

LCIIC period. This administrative centre was probably the base of a ruling individual or 

group who would have maintained control over the collection and distribution of 

agricultural and pastoral produce, copper production and perhaps even textile exchange 

within the valley (Cadogan 1996: 17-18; 2011: 401-403; Manning 1998: 49).  

5.1.1.2 Maroni-Tsaroukkas 

As opposed to Maroni-Vournes, much less archaeological fieldwork was 

undertaken at the locality of Tsaroukkas, but the investigations still continue. In 1990-1992 

a survey and exploratory trenches by the MVASP revealed structural remains and tomb 

chambers in several areas of the greater Maroni-Tsaroukkas site. Consequently a number 

of trenches were opened in 1994-1995 (Manning and De Mita 1997: 116). The finding of 

imported late MBA and local late MC-LCI ceramics in a deposit on the seabed gives an 

early LCI date to the earliest occupation of Tsaroukkas (Manning 1998: 42; Manning and 

De Mita 1997: 129). Part of a LCIIC structure was excavated. It seems to belong to a 

relatively large building complex of ca. 20 x 20 m built on and through earlier tombs. 

Building 1 (Figure 5.4) has a rectilinear shape with small rooms opening to a larger area 

with remains of ‘semi’-ashlar masonry for the entrances/exits. The rooms were destined for 
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small-scale storage, with small pithoi set in the floor, walls or left standing on the floor. A 

deposit including a spouted bowl, fragments of metal sheeting, a needle, nine pieces of slag 

and a loom-weight was found on the floor in a central room. The building was abandoned 

before the end of the LCIIC period without being destroyed. The small size of the deposits 

and the large amount of pits dug from the Iron Age to more recent times all over the field 

have caused difficulties in the interpretation of this LCIIC Building I (Manning and De 

Mita 1997: 116, 118). 

Based on geomagnetic survey more structures of similar proportions and 

rectangular design are present to the east (Building 2), west, and perhaps also to the north 

of Building 1 (Figure 5.4) (Manning and De Mita 1997: 122; Manning et al. 2014: 20). 

Test excavations at Building 2 revealed a pebbled floor with a deposit containing a large 

quantity of metal slag on top. The discovery of a pithoi jar set in the pebbled floor, as in 

Kalavasos-Ayios Dhimitrios, may suggest olive oil (or wine) processing. Also the presence 

of stone grinding or pounding tools in the surrounding area is indicative for this sort of 

agricultural activities as well as the milling of grain. The slag and a large copper-rich lump 

found north of Building 2 lead the excavators to consider also the possibility that they were 

used to grind ores for the production of copper at the site (Manning and De Mita 1997: 

124, 126). 

Building 1 and 2 were identified as part of a specialised port/production area that 

had a certain function in the larger site hierarchy of the Maroni valley that included areas 

with storage facilities and a monumental/craft/metallurgical complex (Manning and De 

Mita 1997: 116, 118, 121-122).  

The archaeological evidence within the Tsaroukkas area has been heavily disturbed 

by ancient and modern robbers and by the excavations of the British Museum at the end of 

the 19th century (Cadogan 1983: 155; Manning et al. 1994: 87-88). Also a substantial 

amount of the coast at Tsaroukkas has been lost because of a combination of sea-level 

change, tectonic movements and erosion. Following the estimated alteration of the 

coastline by 30-50 m since the LBA, the settlement area of Tsaroukkas may not have 

covered 8 ha but at least 10 ha (Manning et al. 2014: 23). The combination of land and sea 

work has confirmed the LBA site to be a port site or anchorage, primarily concerned with 

port activity and production rather than storage or agricultural activities. The mortuary 

evidence from the tombs at Tsaroukkas implies indeed the existence of an elite group 

engaged in overseas trade during LCII (Manning and De Mita 1997: 129, 133).  
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Figure 5.4: Map of Maroni-Tsaroukkas showing the location of the excavated areas (Building 1 and 2) and 
some of the architectural features detected by geophysical survey (c.f. Fisher et al. in press: Fig. 30).    

5.1.2 Metallurgy in the Maroni Valley 

As opposed to the neighbouring Vasilikos River valley, the evidence of 

metallurgical activity in the Maroni valley is highly limited, both for the LBA as for the 

earlier and later periods. As no mining area is located within this valley, it is not unlikely 

that the Kalavasos mines provided the ores of any copper production that may have taken 

place in the Maroni valley. The evidence of LBA copper production currently consists 

solely of a small but diverse LCIIB metallurgical assemblage from Maroni-Vournes, which 

has been studied and published by Doonan, Cadogan and Sewell (2012), and an unknown 

number of slag fragments from LCIIC Building I and II at Maroni-Tsaroukkas that are 

investigated within the framework of this present project. 

An overview of the distribution and the investigation of the slag assemblage from 

Vournes by Doonan et al. (2012) is given in Chapter 2. The morphology of all the slag 

samples is highly similar which implies that they derive from similar processes (Doonan et 
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al. 2012: 52-53). Doonan et al. (2012) consequently conclude that both the conglomerate 

and nodular slag type derive from the processing of sulphidic ores. The former would 

result from a matte smelting process, whereas the latter is possibly the product of a 

roasting process (Doonan et al. 2012: 54). Based on the archaeological context (the slag 

was underneath the prominent LCIIC Ashlar Building) and the compositional features it is 

believed that the metallurgical debris comes from a smelting process with ideological 

rather than economic purposes that would have taken place not at but in the immediate 

vicinity of the site. On top of the low hillock the performance of smelting would have been 

visible from far and wide and be a means of the ruling elite to emphasize their skills and 

knowledge and hence to differentiate themselves from others and re-establish their 

dominance within the valley  (Doonan et al. 2012: 55-56; see Chapter 2). Since the 

smelting debris are contemporary with and found nearby the adjacent LCIIB Basin 

Building of which the function remains unknown, we should not exclude the possibility 

that the metallurgical activities at Vournes were undertaken at or in relation to this 

building. 

In total seven fragments of oxhide ingots were found at Maroni-Vournes. Two 

fragments come from LCIIB cluster I found underneath the Ashlar Building, and are hence 

the earliest known in Cyprus (Doonan et al. 2012: 52; Kassianidou 2009: 46). Six 

fragments were analysed by Maddin and Doonan and resulted in a chemical composition 

of copper with small amounts of iron (n.d. - 3.16% Fe) (Doonan 2012: 52, Table 6.1). 

The Oxford Isotrace Laboratory undertook provenance studies on the metals from 

Maroni-Vournes by means of lead isotope analyses. The results of four oxhide ingot 

fragments, two daggers, a rod and spillage largely overlap with the copper ores from the 

Solea Axis in the North-West of Cyprus, and more specific with those from the mine of 

Apliki (Gale 1999: 116, Fig. 9). The Kalavasos ore deposits were thus not used for the 

production of artefacts and oxhide ingots found at Vournes. Without the investigation of 

the slag by lead isotope analysis there is no certainty about the fact that the nearby mines 

may have provided the ores for the metallurgical activities taking place at the urban centre. Le
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5.2 The analysis of the metallurgical assemblage from Maroni-Tsaroukkas 

As the excavations at Maroni-Tsaroukkas and fieldwork in the Maroni region are 

still going on, the archaeological remains are not yet fully catalogued. The exact amount of 

metallurgical remains is therefore currently unknown, but without doubt it does not exceed 

a few kilograms by weight and consists primarily of slag. Sturt Manning, the co-director of 

the fieldwork and excavations currently being undertaken within the Maroni Valley, 

offered eleven slag fragments with a total weight of 0.65 kg for a preliminary study. These 

fragments may come from the larger deposit found on top of the pebbled floor in Building 

II and thus date to the LCIIC period (Manning and De Mita 1997: 124). 

5.2.1 Macroscopic grouping 

By means of a macroscopic study only one type of slag could be identified amongst 

the few pieces: irregular copper- and iron-stained fragments of a rather homogenous dark 

slag with a glossy outer surface (Figure 5.5). On the upper surface (Figure 5.6A) of a few 

fragments a flow texture is visible, while the lower surface (Figure 5.6B) has a knobbly 

texture. The profiles may have a fragmented plano-convex shape (Figure 5.6C). The cut 

sections reveal a homogenous rather glassy material. In some samples shiny/metallic 

rounded inclusions occur. One of those measures up to 7 mm. These inclusions are clearer 

when the samples are polished. Due to the flow texture and the seemingly plano-convex 

shape of some of the fragments we may imply that the slag was probably tapped from the 

smelting installation in some sort of bowl-shaped pit. No complete examples were 

preserved and all fragments show fractured sides. Therefore the slag cakes must have been 

broken up, possibly before being deposited, to obtain any metal-containing prills still 

entrapped. Based on the macroscopic features these fragments can thus be defined as tap 

slag. Five slag fragments were selected for further examination (Appendix V:1). 

 

Le
nte

 Van
 Brem

pt



 
 

311 

 
Figure 5.5: Examples of slag fragments from Maroni-Tsaroukkas (Lente Van Brempt). 

 
Figure 5.6: Slag fragment M-T #453-01 showing the upper surface (A), the lower surface (B) and the profile 
(C) (Lente Van Brempt). 

5.2.2 Microstructural composition 
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M-T SLAG 
sample no. matrix 

silicates iron oxides Cu-Fe-sulphides ore remnants? metallic 

comments 
laths blocky magnetite

/wüstite 
hercynite/ 
magnetite 

matrix 
(<100µm) 

prills 
(<500µm) 

inclusions 
(>1000µm) 

large 
phases 

sulphides 
(corroded) Fe-oxides copper iron 

M-T #453-01 x xxx  xx  xx x        

M-T #453-02 xx xx xx x x x xx x   x x  
central 

part 

M-T #453-03 x xxx  xx  xxx x x       

M-T #454-01 x xx x xx  xx x    x    

M-T #454-02 x xxx  xx  xx x        

 x xxx (x) xx (x) xx x (x)   (x) (x)   

 
 Table 5.1 Overview of the general microstructural features of the slag samples from Maroni-Tsaroukkas. The major components of the microstructures of all samples of tap slag 
are iron silicates embedded in a glassy matrix, iron oxides and sulphides, occurring in variable amounts and compositions. Minor differences occur among the samples but these are 
probably not the result of different technologies. An overview of the general microstructure of every sample can be found in  Table 5.1. 
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The microstructures of the iron-silicate phases of the slag are not always clear but 

they consist primarily of elongated lath-shaped fayalite crystals, measuring up to 1600 µm, 

in a glassy matrix (Figure 5.7). Some variation in the size of the fayalite crystals occurs 

through the sample indicating the different tapping layers. The crystals become finer 

towards the upper surfaces of the layers and the sample. The lath-shape of the silicates can 

be ascribed to inadequate time to allow crystal growth (Figure 5.7A). The slag must thus 

indeed have been tapped from the furnace and cooled quickly. In the inner areas of the slag 

cakes the cooling rate was likely much slower, resulting in increased crystal growth: 

sample MT #453-02 is characterized by very large fayalite laths, measuring up to 5 mm 

and even identifiable by eye in the polished section, and large euhedral crystals in the 

upper part (Figure 5.8). The average composition for the iron-silicates in the samples 

analysed is 62.5% FeO, 30.2% SiO2, 5.0% MgO, 1.7% CaO and 0.4% Al2O3. 

 

 

Figure 5.7: Photomicrographs (mag. 100x) of samples M-T #453-01 (1) and M-T #453-03 (2) showing 
general microstructural composition and the variation in crystal growth and phase formation within a single 
sample. Fayalite crystals (medium grey), matrix (dark grey), iron oxides (light grey), sulphides (yellow) and 
corrosion (blue-grey). 
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Figure 5.8: Photomicrographs (mag. 100x) of sample M-T #453-02 showing general microstructural 
composition and the variation in crystal growth and phase formation within a single sample. Fayalite 
crystals (Fa - medium grey), matrix (dark grey), iron oxides (FeO - light grey), hercynite (He - medium grey 
with high relief) and sulphides (S - yellow and blue). 

 

As was also the case for the samples within the assemblage of tap slag from Kalavasos-

Ayios Dhimitrios, the general microstructural difference between sample MT #453-02 and 

the other samples must be the result of the sampling of different areas within the slag cake 

as it would have been in its complete form. Sample MT #453-02 is taken from the central 

area of such a slag cake as no upper or lower surface could be identified on the fragment. 

This explains the angular iron silicates in the upper part of the sample, indicating slow 

rather that fast cooling. This upper part of the sample also comprises more semi-reacted 

ore remnants, matte and possibly even metallic copper. 

Iron-oxides are abundant in all samples, primarily appearing as dendrites and/or 

fine globules (possibly not fully formed dendrites) (Figure 5.7). Also compositionally (av. 

76.8% Fe, 21.9% O; Fe/O = 3.5) they can be identified as wüstite (FeO), but with low 

amounts of alumina (mean 0.6%). In the central sample M-T #543-02 wüstite is less 

common, but iron-oxides appear also as alumina-rich angular particles with compositions 

between magnetite and hercynite (FeAl2O4) (Figure 5.8). This can occasionally also be 

found in the other samples. Their average composition is 23.6% Al, 41.8% Fe and 32.3% 

O, with low amount of magnesium (1.1%) and titanium (0.7%). The dominancy of rounded 

as opposed to angular iron-oxides and the presence of magnetite-hercynite suggest that the 

slag was formed in a smelting process applying rather reducing atmospheres. The 

frequency of the iron-oxides also gradually changes towards the surfaces of the tapping 

layers and sample, which are often marked by the appearance of bands of iron-oxides 

(Figure 5.9). As discussed for the K-AD tap slag, these bands are formed by the exposure 

of the slaggy material to the air during the tapping process (Hauptmann 2011: 196).  
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Figure 5.9: SEM-micrographs (mag. 100x) of sample M-T #453-01 showing the upper surface of the sample 
(A) and the interface of the tapping layers (B), indicating difference in crystal growth and phase formation. 
Finer fayalite crystals (medium grey), variable frequency of iron oxides (light grey) and formation of bands 
of iron oxides. 

 

 
Figure 5.10: Photomicrograph (mag. 40x) of samples MT #453-02 showing aggregate of iron oxides (light 
grey dots) in slaggy matrix consisting of iron silicates (medium grey) and glassy matrix (dark grey) and 
sulphide prills (pink-blue). 

 

Clusters of iron oxide globules, i.e. wüstite (FeO), occur regularly in the upper part 

of central sample MT #453-02 and measure up to 5 mm (Figure 5.10). Aggregates of iron 

oxides are possible remnants of the original charge that did not fully react and the iron 

oxides could not dissolve in the iron silicate phase. 

Iron-copper-sulphides appear in three different forms in the microstructures of the 

tap slag: 1) small irregular phases of max. 100 µm in size embedded within the iron-

silicate phase; 2) defined or rounded prills of max. 500 µm in size; and 3) large rounded 
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inclusions of min. 1000µm in size and usually identifiable bye naked eye. All forms can be 

identified as matte. 

Small, irregular yellowish iron-rich sulphides with variable compositions appear 

dispersed within the iron-silicate phases of all samples. Their quantity and size is not 

consistent between the different samples, but they are commonly not larger than about 100 

µm. They occupy between 10 and 30% of the slag phase (Figure 5.7), with a large decrease 

towards the centre of the slag cakes as can be seen in central sample MT 453-02 (Figure 

5.8). They are often found in close association with the iron-oxide phases. Because of their 

similar grey-scale in the SEM-EDS difficulties arise to distinguish optically the 

overlapping iron-oxides from the sulphides, which often results in increased oxygen and 

iron levels in the chemical composition for the sulphides due to contamination during 

analysis. With exclusion of the results with oxygen levels of 5.0% or higher, the 

composition of these sulphides averages cubanite (CuFe2S) (32.0% S, 42.6% Fe, 22.3% Cu 

and 2.9% O), but they usually consist of a large bright yellow phase, often concentrated in 

the centre of the feature, that tends to be higher in iron with compositions towards cubanite 

(CuFe2S3) and triolite (FeS), while the remaining small dark yellow phase, often appearing 

towards the edges of the feature, is usually higher in copper. Occasionally these sulphides 

may appear with orange-pink and blue shades that indicate a higher copper content (Figure 

5.8). Kassianidou identified these rather angular sulphides as the crushed ore that did not 

have time to fully react (Kassianidou 2003a: 216).  
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Small (<300 µm) rounded concentrations of sulphides can be found as singular 

particles in every sample (Figure 5.11). In the central sample MT #453-02 these prills 

occur with higher frequency, larger size and slightly increased copper content in the upper 

part that is characterized by blocky fayalite crystals (Figure 5.12). The prills are usually 

surrounded by a rim of iron-oxides and composed of iron, copper and sulphide in variable 

ratios that are commonly characterized by certain colours: orange-violet bornite (Cu2FeS4), 

yellow triolite (FeS) and blue covellite (CuS). Their general chemical composition seems 

to be slightly richer in copper than the small sulphide particles. 

 

 
Figure 5.11: Photomicrographs (mag. 200x) of samples M-T #453-01 (A), M-T #453-03 (B), M-T #454-01 
(C) and M-T #454-02 (D), showing iron-copper-sulphide concentrations, i.e. matte prills, occurring as sole 
particles in all the samples. Le
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Figure 5.12: Photomicrographs (mag. 100x) of sample M-T #453-02, showing iron-copper-sulphide 
concentrations, i.e. matte prills, occurring on a regular basis thorough the sample. 

 

Two larger inclusions of iron-rich sulphides, measuring up to 1.2 mm, could be 

identified by optical microscopy in sample MT #453-03 near a void (Figure 5.13A). They 

are composed of two major phases: a dominant iron-rich bright yellow phase and a very 

small copper-rich blue-grey phase (Figure 5.13B). The microstructure shows great 

similarities with the large matte inclusions in the tap slag from Kalavasos-Ayios 

Dhimitrios, and as the bulk analysis of a selected area gives an oxygen content of 8.2wt% 

it seems very likely that also these matte inclusions contain iron-oxides which also causes 

the increase of iron (av. 8.2% O, 31.1% S, 34.5% Fe and 25.9% Cu) (see Chapter 4 for 

further discussion of the presence of iron-oxides in matte). 

 

 
Figure 5.13: Photomicrographs (mag. 40x and 200x) of sample MT #453-03 showing occurrence and 
microscopic texture of the sulphide inclusions with a general composition averaging cubanite. The 
intensification of the yellow colour (right) can be related to an increase in iron. 

 

The shiny rounded inclusion that could be identified by eye in the upper part of the 

polished section of central sample MT #453-02 is composed of a silver-blue and violet 
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coloured mass (Figure 5.14). Upon sampling a smaller shiny prill of possibly metallic 

copper was adhered to it but accidentally removed by the grinding and polishing of the 

sample. The general composition of a selected area in the copper-rich matte averages 

chalcocite (Cu2S) (22.9% S, 71.7% Cu, 4.3% Fe and 1.1% O). 

 

 

Figure 5.14: Photomicrograph (mag. 40x) of sample MT #453-02 showing copper-rich matte inclusion with 
composition averaging chalcocite (Cu2S).  

5.2.3 Chemical composition 

The general chemical composition of the slag samples was determined with the 

SEM-EDS, and is based on the averages of minimum three measurements done at a low 

magnification (100x) of representative parts of the Fe-silicate phase, typically analysing 

areas of approximately 1.2 by 0.8 mm, avoiding any irregularities. The complete chemical 

data can be found in Appendix V:2. 

The major oxides occurring in the slag are silica (SiO2), iron oxide (FeO) and 

alumina (Al2O3), the concentrations of which are proportionally related to each other, 

either inversely, e.g. FeO and Al2O3 or SiO2, or directly, e.g. Al2O3 and SiO2, and mirror 

the microstructural characteristics of the iron-silicate phases (Table 5.2). The minor oxides 

are lime (CaO), magnesia (MgO) and soda (Na2O) and the defining metallic phases are 

copper and sulphur. The slag samples have a mean chemical composition of 60.3% FeO, 

19.6% Si2O, 5.9% Al2O3, 2.1% CaO, 1.5% MgO and 0.9% Na2O. The copper and sulphur 

content of the samples average respectively 2.0% and 6.6wt%. 
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M-T SLAG 
Sample No. 

weight percent (wt%) 
Na2O MgO Al2O3 Si2O SO3 K2O CaO TiO FeO CuO Total 

MT #453-01 0.7 1.9 5.9 20.7 5.1 0.6 2.9 0.2 60.3 1.3 99.7 
MT #453-02 1.9 0.9 8.5 25.5 2.2 0.7 1.8 0.5 56.1 1.6 99.7 
MT #453-03 0.5 1.4 5.1 17.0 10.1 0.4 1.4 0.2 60.4 3.1 99.8 
MT #454-01 0.7 1.7 4.9 17.3 7.9 0.4 2.3 0.2 62.3 2.1 99.7 
MT #454-02 0.6 1.6 4.9 17.8 7.9 0.4 2.0 0.2 62.3 2.0 99.7 

MEAN 0.9 1.5 5.9 19.6 6.6 0.5 2.1 0.3 60.3 2.0 99.7 
STDEV 0.6 0.4 1.5 3.6 3.1 0.1 0.5 0.1 2.5 0.7  

Inter CV 67 25 26 18 46 29 26 46 4 34  
Mean Intra CV 30 8 9 5 12 26 25 12 3 24  

 
Table 5.2: Average chemical composition of the Fe-silicate phases of the slag samples determined by SEM-
EDS. All values are given in weight %. The average, standard deviation, inter-sample coefficient of variation 
and mean intra-sample coefficient of variation are calculated for the major and minor oxides. 

 

To address the intra- and inter-sample variability identified in the microstructures, 

the coefficient of variation (CV) is evaluated in detail. Since the intra sample CV for the 

major oxides rarely exceed 10%, minimal variation exists within the samples. Also the 

inter sample CV calculated for the sample assemblage is minor, but possibly slightly 

augmented by sample MT#453-02. This central sample differs from the other samples in 

the microstructure and hence chemical composition, both of which show some differences 

between the upper and lower part of the sample. However, overall a large homogeneity 

exists within the samples and amongst the assemblages, which implies that they derive 

from a rather standardised and controlled smelting process. Full liquefaction of the iron-

silicate phase was reached and molten slag was formed. As calculated from the ratio 

between the namely ‘acid’ and ‘basic’ oxides, an average K-index (Addis et al. 2015: 107; 

Bachmann 1982b: 19) of 2.6 indicates a low viscosity for the liquid slag, which must have 

enabled the matte/slag separation (see Chapter 4 for discussion on calculation of the K-

index). The low K-index for central sample MT #453-02 is largely defined by the 

increased silica and alumina levels in the upper part of the sample where consequently a 

higher amount of matte and copper prills are entrapped. 

Following the LBA standards, the average copper content of 2.0% implies an 

overall rather efficient smelt with only little copper remaining in the slag and thus the 

successful separation of the copper-containing matte. The close association between CuO 

and SO3 in the majority of the samples (R2 = 0.65, or 0.95 with exclusion of MT #453-02) 

confirms that copper primarily appears as matte phases, i.e. as part of the small iron-rich 
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sulphide particles embedded in the slag matrix. The SO3/CuO ratio of 1.4 in the general 

composition of central sample MT #453-02, as opposed to the average of 3.7 for the 

SO3/CuO ratio in the four other samples, indicates that the matte particles in this single 

sample have a higher copper content, or that copper also occurs in other forms such as 

metal. 

When plotted on a SiO2-FeO-Al2O3 ternary phase diagram they clearly show that 

the samples tend to fall within the compositional area of typical fayalitic slag (Figure 

5.15), largely overlapping the tap slag from Kalavasos-Ayios Dhimitrios. Following the 

diagram, the slags were formed at a temperature of about 1150°C. 

 

 
Figure 5.15: Maroni-Tsaroukkas slag samples (pink) and Kalavasos-Ayios Dhimitrios tap slag samples 
(black) represented on the SiO2-FeO-Al2O3 ternary phase diagram (adapted from Maldonado and Rehren 
2007: Fig. 8, after Muan 1957: Fig. 10). 

 

Like in its microstructural composition, central sample MT #453-02 differentiates 

itself from the others by its average chemical composition and the heterogeneity within the 

sample. The iron, copper and sulphur content increase towards the upper part, while silica, 
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alumina and calcium decrease. This alteration can be easily related to the changes detected 

in the microstructure of the sample.  

5.2.4 Discussion of the results 

The consistent presence of copper-iron-sulphides in the slag samples, either as fine 

irregular particles embedded in the matrix, prills or larger inclusions, indicates that the slag 

must be the result of the smelting of sulphidic ores, likely chalcopyrite. In combination 

with the absence of metallic copper in the majority of the samples they also suggest that 

matte was the product aimed for in the smelting process that produced this slag. Once 

cooled down the cakes of tap slag were crushed to collect the matte inclusions still 

entrapped. Due to the limited presence and the variability in the composition of the matte 

prills and inclusions, difficulties arise in defining what the composition of the produced 

matte may have been. As central sample MT #453-02 appears to be rather atypical, 

possibly it equals that of the larger sulphide inclusions that could be detected in either 

sample MT#453-02 or MT#453-03. The matte produced was thus possibly iron-rich and 

similar to that of the tap slag in the Kalavasos-Ayios Dhimitrios assemblage. 

The Cu/S ratio of the sole matte inclusion in sample MT #453-03 is 1.2 and nearly 

equals the ratio by weight percent in chalcopyrite (CuFeS2) with typical composition. 

Despite the fact that we do not know the composition of the chalcopyrite ore used in this 

smelting process, we may possibly assume that little sulphur was removed. Therefore it 

seems that roasting was not conducted prior the smelting process, but possibly crushing 

was done as primary treatment of the ores. 

The general composition of the slag assemblage is characterised by a high iron-

content (av. 60.3wt%), which is comparable to the tap slag from Ayios Dhimitrios. If the 

matte produced was indeed iron-rich, a surplus of iron occurred in the charge whereby not 

all could be incorporated in the silicates and was absorbed as iron oxides in the matte. This 

could possibly partly result from the conscious addition of iron-rich minerals as flux to the 

charge (see discussion of the results for tap slag in Chapter 4). 

Like the tap slag from Ayios Dhimitrios, this slag assemblage derives from the 

primary smelting of chalcopyrite, maybe in combination with other iron-rich ores. A well-

controlled technological process was applied within which reducing conditions were 

maintained in the furnace. The slag would have been fully molten at a temperature of 
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1150ºC and an iron-rich matte would consequently have been successfully separated from 

the liquid slag by density, forming a separate layer on the bottom of the furnace while the 

slag was removed by tapping. The few well-formed matte inclusions still entrapped in the 

solidified slag could easily be removed by the crushing of the slag cakes once they had 

been cooled down. The matte would consequently have to be further processed in order to 

remove the excess of iron and sulphur and to produce copper metal. 

As seen in central sample MT #453-03, copper-rich matte and even copper metal 

could also be formed due to a variable composition of the charge or the changing 

conditions in the furnace or slag cake. 

5.3 Discussion and conclusion: copper production in the Maroni River valley and the 

wider Kalavasos-Maroni region during the Late Bronze Age 

The very small size of the slag assemblage and the near absence of any other 

metallurgical remains at the LCIIC site of Maroni-Tsaroukkas make it rather doubtful that 

the primary smelting process producing this slag was taking place at this coastal centre. 

Most probably this slag was brought to the site from somewhere else, intentionally or not. 

The chronological difference and the microstructural and chemical contrast with the LCIIB 

slag assemblage from Maroni-Vournes, as presented in Doonan et al. (2012)’s publication, 

indicates that this slag did not derive from Vournes. Also the possibility that this tap slag 

may result from a subsequent phase in the smelting process can be excluded. On the other 

hand the Tsaroukkas assemblage bears a great macroscopic, microstructural and chemical 

resemblance to the tap slag from the contemporary nearby site of Kalavasos-Ayios 

Dhimitrios. This may suggest that a certain interaction existed with this urban centre. 

Though the provenance of the copper source for the slags from both sites is not yet 

known, based on the results of the analytical studies on the remains from Maroni-Vournes 

and –Tsaroukkas and the fact that the copper used in the production of the scrap metal, 

objects and ingot fragments from Vournes would have come from Apliki, it seems very 

unlikely that copper production took place in the Maroni valley on a regular basis during 

the LC period, even at a very small scale.  

However, the comparison between the excavated area of Kalavasos-Ayios 

Dhimitrios and Maroni-Vournes and –Tsaroukkas may weaken these conclusions. At Ayios 
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Dhimitrios the smallest amount of metallurgical remains were recovered from the 

administrative quarters in the Northeast Area, and the evidence for actual metallurgical 

activities at the ashlar Building X are nearly negligible as opposed to the other areas of the 

site. Based on the fact that the metallurgical evidence from Maroni-Vournes only derives 

from underneath the Ashlar Building and does not even date to the LCIIC-period, which 

holds the climax of the urban centre, it is not unlikely that many more debris of copper 

production are hidden in the largely unexcavated urban area of Maroni. 

Nonetheless, based on the current evidence it seems that only Kalavasos-Ayios 

Dhimitrios was involved in metallurgical activities in the Kalavasos-Maroni region along 

the south coast of Cyprus. As discussed in the previous chapter, possibly enough copper 

was produced at Ayios Dhimitrios to provide the local community, and maybe the whole 

Kalavasos-Maroni region, but the metallurgical activities were not of a size to deliver 

copper for the international trade. Guided by the present lack of proof that the local copper 

mines of Kalavasos were exploited during the LBA, the current absence of evidence for 

large-scale smelting activities within the region, the rather poor efficiency of the smelting 

processes as implied from the copper-rich slag or low-grade iron-rich matte, and the low 

‘quality’ of the bronzes and the apparent evidence for metal recycling, it seems rather 

unsubstantiated to propose the production and exchange of copper to be a major 

connecting factor between the various settlements of the Maroni and/or Kalavasos region 

as proposed by Keswani (1993) and others (e.g. Knapp 2013: 357; Manning and De Mita 

1997: 136). Like at Ayios Dhimitrios, the evidence at both Maroni-Vournes and 

Tsaroukkas for agricultural activities such as the production and storage of olive oil and 

the manufacture of textiles, may be an indication that also within the urban area of Maroni 

agriculture and other crafts rather than copper production sustained the local economy. 

However, as will be discussed in the final discussion, there exists the possibility that 

oxhide ingots were produced within the mining area of Apliki and transported via the 

various regional networks to the coastal centres for export. 

Yet, it is not unlikely that two regional networks existed side by side, each with 

their own economical activities and without the need to negotiate the use of the same 

copper sources. Since the beginning of the LBA the lower Maroni river valley gradually 

evolved to become by the LCIIC period a large urban area of various nearly equal sites 

with certain assigned functions and a ruling authority residing at the controlling centre of 

Vournes, while the commercial and industrial activities took place at the harbour of 

Tsaroukkas. Vournes was abandoned by the end of the 13th century BC, a little earlier than 
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the urban centre of Kalavasos-Ayios Dhimitrios. The earliest evidence of settlement at 

Ayios Dhimitrios dates only to the end of the end of the 14th century BC, considerably later 

than the earliest occupation of Maroni-Vournes in the LCIA period. During the LCIIC-

period Ayios Dhimitrios was the controlling centre of the entire Vasilikos River valley, 

within which various smaller industrial and agricultural settlements were distributed and a 

coastal town may have been located at the locality of Tochni-Lakkia. The ruling elite 

would have inhabited the ashlar Building X at Ayios Dhimitrios, which had soon surpassed 

the grandeur of the Ashlar Building at Vournes that was built a little earlier during the 

LCIIC period. After its abandonment, Ayios Dhimitrios took over some of the commercial 

activities of Maroni, but since also the prosperity of Ayios Dhimitrios came to an end soon 

after it seems unlikely that a commercial rivalry of this nearby urban centre may have been 

the cause to the abandonment of the urban area of Maroni. 
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CHAPTER 6 -  A COMPARATIVE STUDY OF THE METALLURGICAL REMAINS 

FROM ALASSA 

6.1 Introduction: Alassa and the Kouris River valley 

 
Figure 6.1: Map of the Kouris River valley showing the location of the modern village of Alassa and the 
archaeological sites mentioned in this chapter (c.f. Hadjisavvas 1996: 24, Fig. 1; little adapted by Lente Van 
Brempt). 
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Due to the construction of the Kouris Dam and consequently the destruction of the 

original village of Alassa, two series of (rescue) excavations were undertaken in the area of 

Alassa at 1984-1987 and 1991-1993 under the direction of S. Hadjisavvas (Hadjisavvas 

1986; 1989; 1994; 1996). Alassa is located 15 km northwest of Limassol, at a distance of 

only 10 km north of the small LBA coastal site of Episkopi-Bamboula and the MBA site of 

Episkopi-Phaneromeni (Figure 6.1). Both excavated sites are situated on the western bank 

of the Kouris River. Halfway between Alassa and Episkopi another LBA site was 

accidentally found near the village of Kandou when a mechanical digger hit on a LCII 

tomb (Hadjisavvas 1996: 23). 

 

 
Figure 6.2: Topographical map showing the location of the sites of Alassa-Paliotaverna and Pano 
Mandilaris (c.f. Hadjisavvas 1994: 108, Fig. 1; little adapted by Lente Van Brempt) 

 

Alassa is situated at close proximity to the cupriferous zone of the Troodos massif, 

at the centre of a triangular plateau that slopes gently from the foothills of the Troodos 

Mountains down to the meeting point of the Kouris and Limnatis rivers. While arable land 

and water were readily available in the surroundings, the deep ravines of the rivers and the 
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Troodos’ foothills provided natural protection and its location offers an excellent sight of 

the whole area. Based on the material culture brought to light, Alassa has been dated to the 

LCIIC-LCIIIA period. It is an urban settlement which has a lower (Pano Mandilaris) and 

upper (Paliotaverna) part located on a distance of 250 m from each other (Figure 6.2) 

(Hadjisavvas 1989: 32; 1996: 23). 

6.1.1 Alassa-Pano Mandilaris 

Excavations at Alassa-Pano Mandilaris, the lower part of the settlement, have 

revealed a street and square surrounded by habitation units. The open spaces were used as 

burial grounds: a hard top surface layer covered the tombs. This phenomenon is also 

observed at Enkomi and Episkopi-Bamboula. The construction of the habitation units with 

a south/north and east/west orientation resembles those occurring at other contemporary 

sites. The houses comprise several rectangular rooms usually organized around an inner or 

outer court. In the courtyards a number of pits were found, which may have hold storage 

pithoi or could have functioned as basins for various practices. Some of the floor surfaces 

were protected by a layer of sherds or pebbles (Hadjisavvas 1989: 35-36; 1996: 25).  

Within a small area of the habitation zone the excavator identified two possible 

sanctuaries and a household cult place (Hadjisavvas 1989: 36). Apart from the architectural 

features and other finds, this assumption is largely constructed on the presence of two 

features at the site that are commonly recognised as criteria for the existence of a cult place 

or activities: the occurrence of bull figurines, which comprise the largest percentage of the 

remains from the habitation units, and the finding of a miniature oxhide ingot. According 

to the excavator, the combination of these ritual artefacts clearly embodies the dual 

character of the economy of Alassa: agriculture and metallurgy. While the large number of 

querns rubbers and pounders are indicative for agricultural practices, the evidence for 

metallurgical activities at the site consist only of a single but well preserved ceramic pot 

bellow and very few slag pieces within the habitation units of Pano Mandilaris 

(Hadjisavvas 1989: 36-38; 1996: 25). 

The burial architecture and practices identified at this part of the site seem to 

coincide with the general features for LBA Cyprus. The chronology of the burials shows a 

long sequence running from LCIB to LCIIIA, but the finds from the habitation area have 
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been subscribed to solely the LCIIIA period15. Despite the fact that the buildings seem to 

have been repaired and expanded, all floors belong to the final phase of occupation. Apart 

from the tombs, the only evidence for earlier habitation comes from some closed deposits 

sealed under the floors. The settlement was suddenly abandoned by the end of the LCIIIA 

period without any trace of violent destruction, but a few weapons were possibly hidden in 

a hurry in the hope to be recovered later (Hadjisavvas 1994: 112-113; 1996: 28).  

6.1.2 Alassa-Paliotaverna 

In contrast to the finds at Pano Mandilaris, the later excavations at the upper site of 

Alassa-Paliotaverna revealed a settlement of a clearly urban kind, consisting of at least 

one wide street aligned on a southeast-northwest axe and surrounded by impressive ashlar 

buildings. Building I, the lower building, is badly preserved due to modern activities but 

the few preserved architectural remains seem to indicate the presence of an important 

hypostyle hall that was accessible through at least three entrances from the street. The 

function of Building I could not be identified but it possibly acted as a subsidiary structure 

to the upper Building II (Hadjisavvas 1994: 109-110; 1996: 28, 30; 2009: 129).  

Building II (Figure 6.3) covers an area of about 1400 m2, is constructed in much the 

same way as the ashlar buildings at Enkomi and Kition and has the highest location of all 

ashlar buildings known on Cyprus. Its Π-shaped structure with north, south and west wings 

enclosing an inner courtyard and portico is however unique to Cyprus (Hadjisavvas 1994: 

110; 1996: 30; 2009: 129-130; Knapp 2013: 366). The north wing holds a long, rectangular 

storage area with a double row of at least 16 large pithoi (Hadjisavvas 2009: 130; Knapp 

2013: 368).  

 

                                                
15 There is evidence of repair and expansion of the buildings, but all floors belong to the final phase of 
occupation. Apart from the tombs, the only evidence for earlier habitation comes from closed deposits sealed 
under the floors (Hadjisavvas 1996: 28). 
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Figure 6.3: Map of Alassa-Paliotaverna Building II (left) and Building III (right) (c.f. Hadjisavvas 2009: 
133, Fig. 3). 

 

Of particular interest is the internal organisation of the south wing. Both ends of 

this wing are symmetrically divided in a pair of small rooms attached to the north wall and 

opening up onto a court-like central rectangular space which has been called the ‘hearth 

room’ due to the recovery of a square hearth in the middle of a parapet wall. Many 

fragments of slender pillars were found that might have originally been positioned on the 

extremities of the parapet wall on either side of the hearth. East of the parapet wall a 

sunken rectangular structure measuring ca. 3 x 5 m was identified (Hadjisavvas 1994: 110, 

113; 1996: 30, 32; 2009: 130; Knapp 2013: 366). This exceptional arrangement of the 

building with a hearth in the centre and the presence of pilasters suggests, according to the 

excavator, Aegean influences (Hadjisavvas 1996: 32; 2009: 131). Building II was 

accessible from the street to the south and possibly also from the inner courtyard to the 

north where a smashed storage pithos was found (Hadjisavvas 1994: 110; 1996: 30). 

The function of Building II remains unclear but some factors such as the central 

placement of the hearth, which enhances its symbolic character, and the absence of any 

artefacts related to domestic activities lead to its identification as a public building 

containing a cult place. Thus the ‘hearth room’ may be perceived as an ideologically-

charged space where high-level public interactions would have taken place (Hadjisavvas 

1996: 32; Knapp 2013: 366). Also the storage facilities point towards a public rather than a 
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private function (Hadjisavvas 2000: 393). Consequently Building II, with its massive 

dimensions and commanding position within the valley, is interpreted as a possible 

administrative centre comparable to ashlar Building X at Kalavasos-Ayios Dhimitrios 

(Hadjisavvas 2000: 396). 

Building III (Figure 6.3) is another large structure of at least 400 m2 built of less 

fine ashlar. It is located east of Building II and probably functioned as its subsidiary. In the 

northern sector of the building there is a long narrow storage room with the possible 

remains of a wine press and more pithos sherds. Building III housed industrial activities 

related to wine production and storage (Hadjisavvas 2009: 130-131; Knapp 2013: 368). 

Both Building I and II were erected for the first time during the LCII. This could be 

concluded from the pottery sherds that were found on the levelled rock surface that held 

the foundations of the buildings. Building III was built by the beginning of LCIIIA period. 

This phase of occupation of the site is also characterised by other major innovations within 

Building II: the addition of the north wing, the construction of the symmetrically arranged 

rooms at both ends of the south wing and the appearance of the hearth and the sunken 

construction in the central hall of the same wing of Building II. The occupation of Building 

II and Paliotaverna ended by the end of LCIIIA possibly after it was destroyed by fire. The 

ashlar buildings of the upper settlement are thus largely contemporary with the remains of 

the lower domestic part (Hadjisavvas 1996: 32; 2009: 131). 

6.1.3 Alassa, metallurgy and the regional networks of the Kouris River valley 

The ashlar buildings are typically interpreted as symbols and shelter of the 

administrative power within the various polities of LCIIC Cyprus (Hadjisavvas 2000: 396). 

As the LCIIC-LCIIIA ashlar buildings found at Paliotaverna are the only ones known in 

the Kouris River valley, it is very likely that the urban settlement of Alassa was the 

controlling centre in the collection and distribution of agricultural surplus and the mining, 

transportation, production and trade of copper within the Kouris river valley. Its sphere of 

influence expanded as wide as the copper producing areas in the south-western foothills of 

Troodos to the largely contemporary harbour settlement at Episkopi-Bamboula 

(Hadjisavvas 1996: 32, 36).  

The excavations of LCI-LCIIIA Episkopi-Bamboula are rather poorly recorded and 

published, but based on the presence of prestige goods in large quantities the coastal town 
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is commonly listed as one of the major LBA urban centres (e.g. Knapp 2013: 407; Muhly 

1989b: 301-302), which seems to consist of different areas with regular domestic 

architecture (e.g. Weinberg 1983), a necropolis (e.g. Benson 1972) in close relation to the 

houses at Area E, some structures with possible public features, and a town wall (Kiely 

2011: 550; 554-556). Also possible evidence for the production and/or refinement of 

copper during the LCIIB-LCIIC period were recorded for the site: a series of hearths and 

fragments of crucibles from the ‘Hearth Area’ south of House IV in Area E (see discussion 

Chapter 2; Weinberg 1983: 49).  

According to the excavator the few slag fragments found at Alassa-Pano 

Mandilaris may be the result of primary smelting and therefore imply a close relationship 

with the smelting or mining sites. He therefore assumes that copper was transported to 

Alassa from different areas, amongst which the nearby copper mines of Yerasa and Ayios 

Mamas (Hadjisavvas 1994: 113; 1996: 32, 34). However, the unpublished analyses by 

Zwicker of three stratified slag pieces have showed that they contain a “high proportion of 

arsenic” (Hadjisavvas 1996: 34). Also the additional analyses of eleven bronze objects 

have showed that at least half of them consist of arsenical copper (Hadjisavvas 2011: 22; 

Zwicker 1992: 166, Table 2a ff 6, 7). Since arsenic does not occur in the ore bodies of the 

previously mentioned mining regions north of Alassa, arsenical copper may have been 

produced with the addition of an iron arsenide ore that can be mined at the locality of 

Pevkos, northeast of Limassol (Gass et al. 1994: 185). According to the excavator this 

could either prove that interregional exchanges did exist, or that the regional polity of 

Alassa had control over a large area extending as far as the modern village of Parekklisha, 

east of Limassol (Hadjisavvas 1989: 40; 1994: 113; 1996: 25, 28, 34; 2011: 22-23).  

Hadjisavvas has proposed as well that the regional organisation of the copper 

industry would have involved the production of bun ingots near the copper sources by 

individuals working part-time as miners-smelters. These ingots were later brought to the 

“administration” site of Alassa for remelting into oxhide ingots, which were consequently 

transported to a coastal site, perhaps Episkopi-Bamboula, for maritime export (Hadjisavvas 

1996: 25, 28).  

Despite the fact it is no longer believed that bun ingots were initially produced to 

be melted and cast into an oxhide shape destined for export, we could indeed accept that 

Bamboula may have carried out the commercial functions in relation to the primary centre 

of Alassa, which would have been involved in administrative, production and ceremonial 

activities (Knapp 2013: 357). However, whereas the function and context of the seal-

Le
nte

 Van
 Brem

pt



 
 

334 

pressed pithoi from Alassa seem to indicate centralized control over storage facilities, 

those from Bamboula suggest more individualised control (Keswani 1996: 233; Knapp 

2008: 142). Therefore it was also suggested that both sites may be regarded as small urban 

centres that were politically independent of each other in the LCIIC-LCIIIA period 

(Keswani 1996: 233): an administrative centre based on staple finance at Alassa, and a 

commercial centre involved in prestige goods economy at Bamboula (Kiely 2011: 555-

556). It should however be noted that this has been questioned due to Bamboula’s rather 

small site size and highly unimpressive architecture, both features which are not very 

supportive for the identification of the site as ‘urban’. This may of course be the result of 

poorly recorded and limited excavations (Iacovou 2007: 14-15; Kiely 2011: 556-557).  

Based on the current evidence the exact relation between the urban centre of Alassa 

and other contemporary settlements within the Kouris River valley remains largely 

undefined, and hence also the possible regional exchange network that may have 

connected the northern copper producing areas with the coastal harbour settlement. Kiely 

(2011) suggests that the Kouris valley may have been a rather loosely structured system of 

smaller economic units separated by natural barriers or local traditions of settlement and 

attachment to place (Kiely 2011: 557), one of which being Alassa.  

Furthermore, as discussed in the introduction to the present project, Alassa was also 

identified as a possible source of the clay used for the few analysed tablets from Amarna 

and Ugarit bearing the letters from the king of Alashiya. Therefore Alassa has been 

proposed as an urban centre where the ‘king’ of Alashiya may have resided (Goren et al. 

2003: 248-249). 

6.2 The metallurgical assemblage  

A considerable amount of metallurgical remains were recovered from Alassa, the 

study of which could, according to the excavator, contribute to a better understanding of 

LC society (Hadjisavvas 2011: 21, 23), and consequently the regional organisation and 

importance of the copper industry in the Kouris River valley. 

The complete metallurgical assemblage from Alassa as stored at the Limassol 

District Archaeological Museum was catalogued. A total of 121 items coming from both 

Pano Mandilaris and Paliotaverna were recorded. Many of the items were however 
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eventually identified not to be of a Bronze Age date, such as two coins, eight iron 

horseshoes, a bronze bowl with separated base, a fragmented bronze helmet and two 

bronze fibulae. Other items like a carnelian bead or a fragment of picrolite were not to be 

considered as metallurgical remains. Excluding these items the total number of catalogued 

LBA metallurgical remains counts 88. These include metal objects of various types and 

compositions, some metal sheets and irregular fragments that may be identified as scrap, 

and few slag pieces and rock fragments or minerals, and a large piece of carburized wood.  

The locality of Pano Mandilaris holds the largest number of complete bronze 

objects, including nearly all the tools and weapons and personal items like bracelets, 

fibulae and earrings. Nearly all of the personal items, daggers and bowls were recovered 

from the tombs, which show a long sequence running from LCIB to LCIIIA. The other 

items found within the habitation units, and therefore of LCIIIA date, are primarily tools 

and weapons. Two spearheads (1991/180 & 1991/181) and a spear butt-spike (1991/182) 

were found together and thus are considered to be part of a “hoard”. The small hoard was 

found in a hole at the vertical section of the bedrock at a height of 30 cm above the floor in 

Room B (Hadjisavvas 1994: 112). According to the excavator some bronze artefacts of 

domestic, ritual and military use were found in Room P. He relates the types of objects to 

the activities of coppersmiths, but rightfully notes that no certainty exists that the objects 

were locally made as no moulds were found at the site. In the same room a broken 

miniature ingot (Figure 6.4) was found. Another possible handle fragment of a miniature 

ingot was identified amongst the metal scrap and objects from Paliotaverna. In Room P a 

group of five terracotta bull figurines were also found together with an incense burner. The 

finds from this room guides the excavator to its identification as a cult place: the corner of 

a house where domestic rituals were practiced (Hadjisavvas 2011: 22-24). In the adjacent 

Room D a pot bellow (Figure 6.5) was found, one of the best preserved so far discovered 

in Cyprus (Hadjisavvas 2011: 23).  
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Figure 6.4: Photograph of half miniature ingot (1984/3) found in Room P at Alassa-Pano Mandilaris (Lente 
Van Brempt). 

 
Figure 6.5: Pot bellow found at Alassa-Pano Mandilaris (c.f. Hadjisavvas 2011: 24, Fig. 3.2). 

 

At Paliotaverna the metal finds include copper and bronze scrap, fragments of 

objects, such as a rim fragment of a bowl or vessel, only a few complete bronze objects 

such as an arrowhead, two plain pins, one armour attachment and a flat axe, and all iron 

objects and iron and lead scrap. The handle of an oxhide ingot was recovered much later 

from an undefined context at Paliotaverna (Hadjisavvas 2011: 22). Unfortunately it was 

not found amongst the assemblage stored at the museum and thus could not be recorded in 
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the present study. The remains from this part of the settlement imply secondary smelting, 

or re-melting. 

From both settlement areas four slag fragments were recovered. Apart from one 

small fragment of possibly tap slag from Pano Mandilaris the three other pieces are small, 

irregular and rather corroded lumps. Due to the very small size of the slag assemblage and 

practical issues no further investigation of the fragments was undertaken. A very small 

number of rocks or minerals were also recovered from Paliotaverna, amongst which some 

are covered by a layer of copper corrosion products, but none could be identified as copper 

minerals or ores. These few metallurgical remains were taken as “an indication that some 

primary smelting on a small, perhaps family-based, scale was practiced within the houses 

of the settlement (Hadjisavvas 2011: 22-23)”. 

As mentioned before, eleven bronze objects and few pieces of slag from Pano 

Mandilaris were analysed by Zwicker (1992) and have led to the conclusions that six out 

of the eleven objects and the slag consist of arsenical bronze and may therefore have been 

made of copper ores coming from the Pevkos mining area within which considerable levels 

of arsenic were detected (Gass et al. 1994: 185; Hadjisavvas 1996: 34; 2011: 22; Zwicker 

1992: 166, Table 2a ff 6, 7). No lead isotope analyses were conducted on these objects or 

slag fragments, which could confirm the provenance of the ores used. 

6.3 Bronze objects and scrap: analytical results 

6.3.1 Macroscopic grouping 

The majority of the metal artefacts are made of copper-tin alloys, but some items 

consist of solely iron or lead, which was already apparent by their surface colour. Six items 

are made of iron and are all found at the locality of Paliotaverna: a rapier or spearhead 

with rat-tail tang, a hook, a fragmented knife and sheet fragments. The lead fragments are 

mainly scrap and one sling-bullet, and are also found at Paliotaverna. And a very few 

small sheet fragments contain primarily silver (av. 46.5% Ag, 48.2% Cu, 3.3% Pb).  

In two objects the zinc concentration is high enough to classify the alloy as brass. 

These are both flower shaped attachments (1992/B-1 and 1992/C) with respectively 5.6 
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and 8.8% Zn and 0.0 and 0.7% Sn. As brass became widely known only after the middle of 

the 1st century BC (Craddock 1978: 9), a LBA date for these two attachments may be 

questioned. Both items were discovered at Paliotaverna. One of the flower-shaped 

attachments (1992/C) was found in the same context E’5 as the barbless thin arrow-head 

with rounded point, while the other flower-shaped attachment (1992/B-1) was recovered 

together with some spillage of leaded bronze (maybe a coin) from context Δ’4. As the 

items come from disturbed archaeological contexts and were not found in relation to other 

objects dating to the LBA, they are most probably of a later date. If a LBA date be 

assigned to the attachments, they may represent some of the earliest examples of brass 

found on Cyprus. 

All previously discussed items were excluded from the discussion of the bronze 

objects. 

 

Tools Weaponry Personal items Bowls/vessels Miscellanea 

chisel/graver 1 armour 1 bracelet 13 complete 1 min. ingot 1 

drill/awl 1 arrow 1 earring 3 fragment 1 n.d. 1 

flat axe 2 dagger 2 pin 2     fragment 7 

needle 1 spearhead 2 small ring 1         

ploughshare 1 spear butt-spike 1             

sickel 1 sword  1 
	 	

        

stylus 2     
	 	

        

        TOTAL 47         
Table 6.1: The catalogued and analysed bronze objects from Alassa-Pano Mandilaris and –Paliotaverna. 
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The large majority of the remaining 47 complete and fragmented copper-containing 

objects are of the usual Cypriot types (	

Tools Weaponry Personal items Bowls/vessels Miscellanea 

chisel/graver 1 armour 1 bracelet 13 complete 1 min. ingot 1 

drill/awl 1 arrow 1 earring 3 fragment 1 n.d. 1 

flat axe 2 dagger 2 pin 2     fragment 7 

needle 1 spearhead 2 small ring 1         

ploughshare 1 spear butt-spike 1             

sickel 1 sword  1 
	 	

        

stylus 2     
	 	

        

        TOTAL 47         

Table 6.1) These include large and small tools such as a fragmentary sickle, two 

flat axes, a drill or awl, a needle, a chisel or graver, two styluses and a ploughshare. In the 

category of weapons and armour there are two spearheads, a spear butt-spike, two daggers, 

a sword, a single arrowhead and a flat armour attachment. Personal items include a single 

fragmented and a pair of boat-shaped earrings, three pins of different types, one small 

spiral rings and three pairs and four single large spiral rings or open-ended bracelets in 

addition to a pair of closed bracelets and a few ring fragments. The category of metallic 

vessels includes a single plain hemispherical bowl. There is also a fragment of a rim with 

linear decoration, and numerous fragments perhaps deriving from a single vessel of 

unidentified type, and an elaborately decorated handle fragment. Amongst the most 

important finds is a half miniature ingot and another small fragment which may be the 

handle of another miniature ingot. In addition to these object, numerous fragments of 

sheets and rods, scrap and other unidentifiable items made of copper alloys were recovered 

from the site.	

6.3.2 Chemical analysis 

All 47 bronze objects were analysed by means of pXRF. The analysis of the 

surfaces of the copper-alloy objects by means of pXRF have indicated that almost all are 

made of copper-tin alloys, with lead, iron, and zinc being the major metallic impurities. 

The measured quantities of some of these elements are such that it can be implied that they 

were added intentionally for certain reasons already considered in the discussion of the 

metal objects and scrap from Kalavasos-Ayios Dhimitrios in Chapter 4.  
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As it is unlikely to be able to remove all unwanted components of the copper ores 

during the production process of copper metal, naturally occurring impurities such as iron 

and zinc are to be expected in the copper alloys of a Cypriot origin. Objects entirely made 

of copper are hence unlikely to be found and do not occur within this assemblage. 

6.3.2.1 Tin 
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Figure 6.6: Histogram showing the Sn content of the analysed bronze artefacts from Alassa. 

 

As discussed in Chapter 4, tin (Sn) is generally added to copper to reduce the 

melting temperature and to improve the hardness and the corrosion resistance of an alloy. 

Ancient bronzes typically have a tin-content that ranges between 2 and 14% Sn. All the 

objects are bronzes with a minimum of 1.2% tin, reaching up to 40.8% Sn. The total 

average of tin in the assemblage is 14.0 ± 7.8 %, with a major concentration between ca. 8 

and 15% (Figure 6.6). The objects are thus characterised by rather high tin-contents. 

32 out the 47 bronze objects analysed have a tin (Sn) content ranging between 3.7 

and 14.9% and therefore fall within the category of regular or low-tin bronzes (i.e. c. 2-

14%). The average of 10.9 ± 2.4 % tin within this group largely equals the composition of 

the standard bronzes used during the Late Bronze Age with about 10% of tin. Those 

artefacts that lie in the optimum of 8-10% Sn are two bracelets, two daggers, a spearhead 

and spear butt-spike, a sickle, a bowl and a possible bowl fragment. The only two bronzes 

with a tin-content lower than 8% are a spearhead and a sword. The group of bronzes with a 
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higher tin-content (i.e 10-15.0 %) includes various types such as bracelets (9), a boat-

shaped earring, a flat axe, ploughshares, an arrowhead as well as the ear of a miniature 

ingot, some unidentified fragments of bronze and leaded bronze, and an armour attachment 

with high zinc which will be discussed later. Three more bronze objects, i.e. a stylus, a nail 

or awl and the rim fragment of a possible bowl, have a tin-content of between 14 and 15% 

Sn. 

Two artefacts have very low concentrations of tin (<2.0% Sn). The small quantities 

of tin in the broken miniature ingot (1984/3) (1.2% Sn) and a long pin (1997/301) with 

square-section and flattened head (1.5% Sn) were likely sufficient for their possible 

decorative rather than practical purposes. Low tin-contents, and high copper-contents 

accordingly, can also be ascribed to corrosion. A layer of cuprite (Cu2O) may form on the 

surface of the object (Ingo et al. 2006: 518-519; Angelini et al. 2007: 203) and cause the 

increase of the copper-content measured by pXRF. This phenomenon may be the reason 

why a fairly corroded spearhead (1991/180) has much lower tin-contents (3.7%) than the 

other spearhead (1991/181) and but-spike (1991/182) which were found alongside. They 

have a tin content of respectively 9.1 and 9.4 % which is what one would expect for the 

production of a weapon. 

High concentrations of tin (>16% Sn, as suggested by the separation from the 

major cluster between 8 and 15%) seem to go along with various single objects such as a 

boat-shaped earring, pins (2), a ring, a needle, a possible stylus and arrow fragment and a 

flat axe. The highest levels of tin were detected in the tanged chisel or graver (1984/83) 

(31.4%), a stylus (1985/123) (35.7%) and thick rod fragment likely coming from a stylus 

or pin (1996/142) (40.8%). Such high concentrations of tin are rather unusual and may also 

be attributed to a condition called “tin sweat” which a result of selective enrichment of tin 

in high tin bronzes due to the corrosion of the object (Meeks 1993: 248).  

Amongst these high-tin bronzes a well-defined gap occurs between regular 

measurements of up to 17.8% tin and objects with high-tin contents of more than 20.5% 

tin, perhaps demonstrating the consciousness of the ancient craftsmen of the technical 

disadvantage of tin-concentrations between 17 and 19%, an alloy that can neither be hot- 

nor cold-worked (Scott 1991: 26).  
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6.3.2.2 Lead 

Lead (Pb) has been detected in most of the artefacts, ranging from 0.1 to 34.2%. 

The majority of the objects have lead concentrations lower than 1%, but the lead contents 

generally seem to run up to 3.5%. As lead is not present in Cypriot copper ores, the 

occurrence can only be ascribed to deliberate addition, even at levels of 1% or lower 

(Constantinou 1982: 15). Lead is frequently added to bronze to improve fluidity and 

castability but may reduce the hardness and toughness of an alloy when added in larger 

quantities (Charalambous and Kassianidou 2012: 302; Charalambous et al. 2014: 213). 

No lead was detected in the two spearheads and the single spear butt-spike, nor in 

the pair of fragmented boat-shaped earrings, a pin, a handle fragment of possibly a bowl or 

vessel, and an open ring. High lead-contents (>4%) were found in 4 artefacts: a plain pin or 

needle (4.2%), a small spiral ring (7.9%), a bowl rim fragment (21.4%) and a bent rod or 

ring fragment (34.2 %). No real pattern seems to occur in the amounts of lead and the 

function of the objects. 

6.3.2.3 Iron 

Iron (Fe) is present in all objects in concentrations ranging from 0.1 to 1.8%, and 

an average of 0.6%. The iron can be primarily explained as the residual from the smelting 

process because Cypriot copper ores are sulphidic, the most common type being 

chalcopyrite (CuFeS2), and therefore contain iron (Constantinou 2012: 5). Small 

concentrations of iron are thus to be expected in artefacts made of Cypriot copper. The 

highest iron contents were detected in a small spiral ring (1991/8) (2.3% Fe) and in a chisel 

or graver (1991/8) (4.8% Fe), both with high tin concentrations of respectively 23.1 and 

21.4% Sn. 

6.3.2.4 Zinc 

Also zinc commonly occurs in the Cypriot copper sulphide ores, therefore low 

concentrations of zinc in the artefacts are not unforeseen (Charalambous et al. 2014: 213; 

Craddock 1978: 2). However, zinc contents exceeding 1% are not expected in Late Bronze 

Age copper-alloys, as any zinc present would be removed by either the initial roasting or 

the following smelting process of sulphide ores (Craddock 1978: 2). The absolute majority 
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of the objects have zinc concentrations of maximum 0.4%, with 39 out of 47 objects 

containing no zinc at all. Three bronze objects contain more than 1% zinc. The zinc-

content of ring fragments (1.7%) and a bowl rim fragment (2.1%) might be low enough to 

be accidental inclusions as they do not replace the tin inclusions – the alloy used to make 

the objects still contains approximately 10% tin and therefore can be classified as bronze 

(Craddock 1978: 4).  

As discussed before, in two flower shaped attachments (1992/B-1 and 1992/C) 

respectively 5.6 and 8.8% Zn was measured, in combination with 0.0 and 0.7% Sn. They 

are thus made of brass, an alloy that was only produced by the middle of the 1st century BC 

by the Romans (Craddock 1978: 9). Due do their alloy composition and disturbed 

archaeological context we may question the LBA date appointed to these two attachments 

and they were not included in the discussion. The same may however be the case for the 

armour attachment (1997/243) with 4.8% Zn, in combination with 10.6% Sn, and 3.1% Pb. 

The armour attachment comes from the same context B8-9, at a depth of 259.42 cm, as two 

bronze sheet fragments. If a LBA can after all assigned to the attachments, they may 

represent some of the earliest items of brass found on Cyprus. 

6.3.2.5 Arsenic 

Analyses of reference material done by Charalambous et al. (2014) have 

demonstrated that arsenic has a detection limit of 0.2% in the alloy mode of the specific 

pXRF instrument used (Charalambous et al. 2014: Table 2). Arsenic levels in copper alloys 

below 0.2% can hence not be detected. Looking at the spectra of the measurements, arsenic 

seems indeed to be largely absent from the objects analysed. Only a very few objects may 

contain traces of arsenic.  

However, X-ray Fluorescence analyses done by Zwicker (1992) on the surfaces of 

eleven objects from Alassa have revealed concentrations of arsenic, between 0.13 and 2.8 

wt% in all but one item (Table 6.2). In six objects (1984/3, 1984/83, 1984/93, 1984/97, 

T.3/76 and T.5/2) no tin was detected and they were therefore identified as have been made 

of arsenical copper. The other five objects (1984/23, 1984/38, 1984/147, T.3/84 and T.3/8) 

were produced from tin-bronze with tin-contents up to 3.9 wt%, occasionally with arsenic 

in addition (Hadjisavvas 2011: 22; Zwicker 1992: 166, Table 2a ff 6-7). However, we have 

re-analysed all of these objects (though object 1984/97, which was identified by Zwicker 

as a fragment of a small ingot, was catalogued in the present study as a sheet fragment and 
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may thus not be the same item) and in all eleven artefacts tin was detected with amounts 

from 1.2 up to 31.4%, the largest tin-content deriving from the chisel (1984/83) in which 

no tin was detected by Zwicker (Table 6.2). Since the precision and accuracy of the pXRF-

instrument applied within the present study was tested and gave good results, the 

differences in the results may be ascribed to an analytical error in the XRF-instrument X-

Met 840 used by Zwicker. Analysis of testmetals and –alloys gave a rather good precision 

for the elements measured (Cu, Pb, Sn, Zn and As), but no information is given on the 

accuracy of the instrument (Zwicker 1992: 165, 169, Table 1). Therefore we may doubt the 

quantities of arsenic in the objects, and maybe also the slags, as measured by Zwicker and 

the conclusions resulting from those as discussed above. 

 

  Result of analysis by pXRF Results of analysis by XRF          
(Zwicker 1992) 

Find No. Type Cu Sn Pb Zn Fe Total Cu Pb Sn Zn As Total 
1984/23 Sickle 87.7 9.3 2.7 0.0 0.2 99.9 79.0 (2.00) >3.0 n.d. 0.70 84.7 
1984/3 Min. ingot 94.7 1.2 0.1 0.0 1.8 97.9 82.1 0.38 n.d. n.d. 0.50 83.0 
1984/83 Chisel/graver 63.5 31.4 0.1 0.1 4.8 99.9 53.4 1.40 n.d. n.d. 2.80 57.6 
1984/93 Sword 94.0 5.6 0.0 0.0 0.3 100.0 67.6 1.50 n.d. n.d. 1.90 71.0 
1984/38 Flat axe 83.7 11.3 3.5 0.1 1.3 99.8 79.9 2.90 3.80 n.d. n.d. 86.6 
1985/147 Ploughshare 86.0 11.6 1.6 0.2 0.5 99.8 78.0 1.20 3.10 n.d. 0.73 83.0 
T.3/84 Dagger 88.8 9.5 0.3 0.4 1.0 99.9 80.1 (0.23) 3.90 (-0.5) 0.50 84.2 
T.5/2 Dagger 90.5 8.9 0.1 0.0 0.5 100.0 69.6 (0.50) n.d. n.d. 1.20 71.3 
T.3/76 Bowl 90.0 9.6 0.1 0.0 0.3 100.0 75.8 (0.20) n.d. n.d. 0.13 76.1 
T.3/8 Frag. bowl? 91.0 8.4 0.3 0.0 0.3 100.0 78.0 (0.68) >1.3 1.80 0.65 82.4 
1984/97 Sheet frag. 86.1 9.7 0.0 0.2 3.8 99.7 74.7 0.40 n.d. n.d. 0.80 75.9 

 
Table 6.2: Average chemical composition of the objects determined by pXRF, undertaken within the present 
study, and XRF, undertaken by Zwicker (Zwicker 1992: 166, Table 2a ff 6-7). All values are given in weight 
%. 

6.3.2.6 Scrap 

Seventeen scrap items were also analysed by pXRF. These include mainly sheet 

fragments of various thicknesses, some spillage and two unidentified items. All scrap items 

are made of copper or tin-bronzes. Amongst these tin-bronzes are one unidentified item 

and some spillage or coin with high lead contents of respectively 37.3 and 39.0%. The 

majority of the items contain low tin contents, i.e. between 0.0 and 3.3%. There are as well 

some pieces with high tin contents. 

Le
nte

 Van
 Brem

pt



 
 

345 

6.3.3 Discussion of the results 

The chemical analyses of this small LCIIC-LCIIIA assemblage of copper-alloy 

artefacts from Alassa have revealed how the alloys used for the bronze objects correspond 

largely to the alloy-compositions commonly used on LBA Cyprus. In comparison to the 

measurements obtained for the slightly earlier LCIIC assemblage from the nearby site of 

Kalavasos-Ayios Dhimitrios the bronze objects from Alassa are characterised by a 

relatively high tin-content (av. 14.0% Sn). This may be the result of a technological choice, 

but it is not unlikely that the highly corroded state of the artefacts from Ayios Dhimitrios 

caused a reduction of the tin-contents as measured by surface analysis. 

The small size of this assemblage, which includes very often only one or two items 

of a certain type of object, does not allow to draw conclusions regarding the correlation 

between the choice for a certain alloy composition and the function of a certain object 

type.   

More remarkable are the large differences in the measurements for tin in the objects 

when they were analysed by XRF by Zwicker (1992) or by pXRF (Table 6.2). Possible 

faulty results in the analysis of the objects may us question as well the “high proportion of 

arsenic (Hadjisavvas 1996: 34)” as communicated by Zwicker to the excavator of the site 

and the subsequent conclusions drawn from these results. 

6.4 Discussion and conclusion: copper production at the LBA urban centre of Alassa 

Due to the near absence of smelting debris amongst the metallurgical assemblage 

from Alassa, Hadjisavvas’ (2011: 22-23) assumption that primary smelting possibly took 

place at the urban centre is questioned, even at a small family-based scale. Also the small 

number of metal copper and bronze causes difficulties to ascertain that secondary copper 

producing activities did take place at the site, but maybe some very small-scale 

metalworking did happen at Paliotaverna where evidence of industrial activity was found. 

The only convincing evidence for metallurgical activity at the site comes from the 

exceptional pot bellow found at Pano Mandilaris, where almost only bronze tools were 

found in the habitation units, or personal objects and weaponry in the tombs. 

Le
nte

 Van
 Brem

pt



 
 

346 

The good quality of the bronzes from Alassa, that have high tin levels in 

comparison to those from the LCIIC sites of Kalavasos-Ayios Dhimitrios (see Chapter 4) 

or Hala Sultan Tekke (Pickles and Peltenburg 1998: 74), suggest that they might have been 

made at a workshop which had ready access to tin. Finally do the high tin-contents of the 

LCIIC-IIIA Alassa bronzes once more refute the hypothesis that a scarcity in tin may have 

brought along the development of iron production by the end of the Bronze Age, as has 

been suggested in the past (Muhly 1980: 47; Snodgrass 1980; 1982: 292). 

Notwithstanding the occurrence of copper ore deposits nearby or the presence of 

the best-preserved pot bellow ever found on Cyprus, and despite the fact that further proof 

for copper smelting or working could be present within the unexcavated areas of the site, 

the current evidence does not support the assumption that copper production was a major 

activity at the urban centre of Alassa. If the hearths and the crucible fragments found in the 

‘Hearth Area’ at Episkopi-Bamboula were indeed used in the production of copper 

(Benson 1970: 32-33; Weinberg 1983: 49; See Chapter 2), the evidence for metallurgical 

practice is even larger at this coastal site.  

The dominant architectural structures and material culture from the LCIIC-LCIIIA 

site do however indeed justify the identification of Alassa as an urban centre that maybe 

maintained economic and socio-political control over the whole or a part of the Kouris 

River valley. Instead of metallurgy, agricultural activities involving wine or oil production 

and storage might have been the main focus of the site. Since similar conclusions were 

made based on the evidence from the nearby LCIIC sites of Kalavasos-Ayios Dhimitrios 

and Maroni-Vournes, both similarly identified as primary urban centres with monumental 

architecture and other signs of substantial wealth of the present elite, the excavator 

rightfully emphasises the underestimation of the importance of agriculture and maybe the 

overestimation of the role of copper in the economy of LBA Cyprus (Hadjisavvas 2011: 

24). Based on the current evidence it seems highly unlikely that the local mining, 

production and exchange of copper was at the basis of the connection between the 

settlements of the Kouris River valley. Therefore doubts arise in the identification of 

Alassa as the location from where the ‘king’ of Alashiya would have organised the large-

scale export of Cypriot copper to the Eastern Mediterranean ruling authorities. However, 

as discussed in the final chapter, oxhide ingots may not have been locally made but can 

still be the primary product in the regional exchange network. 
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CHAPTER 7 -  A COMPARATIVE STUDY OF THE METALLURGICAL REMAINS 

FROM AREDIOU-VOUPPES 

7.1 Introduction: Arediou-Vouppes 

During a regional survey conducted by the Sydney Cyprus Survey Project (SCSP) 

at the beginning of the 90’s a ‘Place of Special Interest (POSI)’ was located at unit 338 in 

the locality of Arediou-Vouppes (Grid reference 519015/3878700) and named SCY010. 

The predominance of utilitarian wares, the presence of wall bracket fragments and the 

occurrence of ground-stone tools made the surveyors conclude that SCY010 was a LBA 

farmstead or small settlement (Given and Knapp 2003: 179). 

Further research on the site of Aredhiou-Vouppes detected pithoi fragments coming 

from storage vessels of diverse sizes. Consequently it has been suggested that Aredhiou 

may have been an agricultural village engaged in the provisioning of one or more mining 

or smelting sites located in the Troodos foothills, such as Politiko-Phorades (Given and 

Knapp 2003: 179; Knapp 2003: 575). Aredhiou-Vouppes can thus be described as an 

“agricultural support village”, another one of which may have been located at Analiondas-

Palioklichia, about 10km southeast of Vouppes (Webb and Frankel 1994).  The find of a 

Mycenaean sherd on the surface of Vouppes lead to the suggestion that certain exchange 

contacts existed with other sites that had access to imported goods (Given and Knapp 

2003: 179).  

Since 2004 the LBA agricultural settlement of Aredhiou-Vouppes has been the 

focus of intensive research by an archaeological team from the University of Wales 

Lampeter under the direction of Dr. Louise Steel. The site (Figure 7.1), which measures 

about 2 ha, is located on an alluvial terrace along the banks of the Aloupos River, at an 

interface between the sedimentary rocks of the Mesaoria plain and the igneous pillow lavas 

of the northern foothills of the Troodos mountains (Given and Knapp 2003: 179; Steel 

2009: 135).   
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As mentioned before, the surface finds point towards an integration of the site 

within the intra-island exchange patterns, whereby the community of Vouppes had 

considerable access to imported commodities. The surface pottery also suggests a small-

scale, domestic use rather than practices related to centralised control over production and 

storage. The material culture recovered clearly belongs to the typical LC spectrum, with 

substantial evidence for LCI activity at the site (Steel 2009: 139). 

 

 
Figure 7.1: Map of the site of Arediou-Vouppes showing the location of test trenches and the excavation 
areas of Building I and II (courtesy of L. Steel, adapted by Lente Van Brempt) 

 

Excavations uncovered several buildings, which were all built on the same NE-SW 

alignment and within discrete activity zones, suggesting some form of centralized 

organisation as anticipated by L. Steel (2009: 139).  However, they were not part of a 

continuous planned grid over the site, which seems to consist of scattered activity zones. 

Both Building 1 and 2, which have been the main focus of excavation, do not conform well 

to the range of known LBA buildings on Cyprus in their architectural layout and practices 

(Steel 2009: 139). 
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Figure 7.2: Map of Building 1. The major slag assemblages come from Area 75 and 243/244, possibly 
located nearby Area 222/224 (courtesy of L. Steel, adapted by Lente Van Brempt) 

 

Building 1 is a large L-shaped building (Figure 7.2). The external covered area 

bordering the massive southern wall to the southwest may have provided a shady area for a 

variety of activities during the hot summer months and a sheltered working place during 

winter, and possibly served as a communal meeting place (Steel 2009: 139). A low stone 

bench was uncovered along the southeast side of the southern wall, the use of which might 

have been related to processing activities. Just beyond this bench a work area was 

excavated (Area 243/244, possibly nearby Area 222/224 on the map) that comprised a 

surface of pebbles and slag set in mortar, associated with three stones that had plausibly 

been used as anvils. Another small quantity of slag has been recovered on the tampered 

surface around the main entrance, together with a very large stone pestle or pounder, 

similar to those from Apliki-Karamallos, some semi-restorable utilitarian wares and an 

upturned well-worn saddle quern. Querns usually indicate the processing of agricultural 

produce. However, at other sites querns, pestle/pounders and other ground stone tools were 

occasionally also used for the processing of metallurgical materials (Steel 2009: 139-140; 

Webb 2015). 

Right to the north of the southern external wall, on the west side of the northern 

wing of the building, a small working area was recovered (Area 75). More slag was found 

here, perhaps originally bedded in mortar to create a hard standing surface analogous to 

Area 243/244. Some small copper and copper alloy trinkets and fragmentary pottery, a 

small pebbled surface, a pit and flat sedimentary slabs set in a circular pattern were also 

found here. The work area was located in the southern limits of a large courtyard that 
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likely extended 10 m to the north. Due to the very few finds found in situ, the activities 

performed in this courtyard remain so far unknown (Steel 2009: 140). 

Inside Building 1 various activity areas and a number of small rooms could be 

identified. In the north-eastern wing of the L-shaped building, right east of working area 

75, there are two small rooms (107 and 109) furnished with stone benches. A scatter of 

artefacts such as pottery and several stone tools was found on the floor. The latter indicate 

that the rooms were possibly used for working or the storage of equipment used in various 

activities within the adjacent courtyard. The pottery suggests that the storage and 

processing of liquids was a key activity, either in these rooms or in the courtyard. The 

stone tools indicate a variety of activities that may have been performed outside the 

building or within the wider settlement. One of those is a perforated stone hammer, a tool 

type that is usually related to ore dressing both on Cyprus and in other mining areas, such 

as Timna, Israel (Steel 2009: 140; Kassianidou 2007: 280). 

The south-western wing of Building 1 comprises a narrow N/S passageway running 

alongside the west of the external wall. In this passageway a stone bench abutted the wall. 

On the western side of this passageway there was a large room (103), to be entered through 

a narrow doorway in the southwest corner. Access to this room appears thus to be 

controlled and kept separate from the production activities in the portico and courtyard 

areas as two passageways had to be passed to reach the main entrance of Building 1. Room 

103 was sunken, possibly to create a cool room for storage. The finds from the room, 

which are very fragmentary, suggest specialised activities and show, according to the 

excavator, clear parallels with the House A at the mining settlement of Apliki-Karamallos. 

L. Steel (2009) assumes that the activities within Room 103 at Aredhiou were of a rather 

non-domestic or public kind (Steel 2009: 140-141). 

To conclude, Building 1 has been identified by the excavators as different from all 

the LC structures known to date. It must have housed a range of special non-domestic 

activities. The presence of certain tools and wares indicate large-scale processing, possibly 

of agricultural produce, which might have taken place within the portico and courtyard 

areas while the additional rooms may have been used for storage (Steel 2009: 141). The 

presence of copper slag at the settlement suggests the existence of a connection with the 

nearby mining sites. Due to the presence of certain tool types with parallels at Apliki, such 

as a large pestle and a perforated stone hammer, metallurgical activities cannot be 

excluded. The presence of tableware might illustrate some (communal) consumption 

within the building. The function of room 103 is uncertain but according to the finds it 
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seems to have been of a cultic nature. The steady occurrence of imported wares 

demonstrate that the inhabitants were in contact with the coastal trading communities, 

possibly of the Morfou region, and had access to luxury commodities (Steel 2009: 141; 

Steel and Thomas 2008: 247; Keswani and Knapp 2003: 218). 

 

 
Figure 7.3: Map of Building 2 (courtesy of L. Steel) 

 

Building 2 is located about 25 m north of Building 1, on the same orientation. It 

consists of two long rooms, room 96, about 9m long, and room 208 bordering the former 

one on its west side, and a smaller room (95) abutting room 96 on the south, and a large 

open courtyard (92). In room 95 a well was found. Since the access to the small room was 

restricted by a narrow entrance, which was shielded by the long southern wall from the 

adjacent courtyard, the excavators assume that the collection of water was not a communal 

but controlled activity. This emphasises the importance of this resource. Both room 96 and 

208 were open-ended, possibly to facilitate the access for pack animals and/or carts. The 

construction and the few finds coming from the rooms might indicate that the primary 

function of these rooms was storage, and given the absence of pithoi we may assume that it 

was primary storage of harvested cereal. The recovery of a broken and discarded loom 

weight in the rubble tumble immediately south of room 208 is the only evidence for 

household activities carried out at Aredhiou-Vouppes. The function of Building 2 is thus 

enigmatic, but possible interpretations by the excavators include a barn or warehouse 

(Steel 2009: 142). 
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Further possible proof for storage activities at Vouppes comes from local 

knowledge, which narrates the presence of a storeroom located north of the original survey 

area that would contain a row of pithoi (Steel and Thomas 2008: 247). 

In contrast to the assumption by the SCSP of the presence of tombs at the south-

western edge of the site (Given and Knapp 2003: 179), only one tomb was located in the 

eastern part of the site in association with architecture, suggesting that the burial practices 

at Aredhiou did follow the LC norm. The finding of a spearhead amongst the grave goods 

places Aredhiou culturally and economically together with the group of wealthy MCIII-

LCI tombs from the central-north copper-producing region that were furnished with bronze 

weaponry (Peltenburg 1996; Steel 2009: 143). As such wealth is usually believed to have 

been acquired by the exploitation of nearby copper mines, Steel (2009) assumes that the 

initial establishment of the settlement at Vouppes in LCI was related to the extraction of 

copper in the nearby hinterland. The recovery of a stirrup jar from the tomb illustrates that 

LCII inland sites had access to imported commodities through exchange contacts with 

coastal centres that participated in the international trading activities (Steel 2009: 143). 

Given the speculated economic relationship between agricultural production 

centres and mining sites, the discovery of slag at the clearly agricultural settlement of LCI-

II Aredhiou-Vouppes is particularly important. Although the slag was being used to create 

hard-standing work surfaces, the possibility that copper-working was amongst the 

activities taking place at the site should not be excluded, especially given the range of 

ground stone tools found (Steel 2009: 143). 

Finally, Steel (2009: 143) rightfully questions the generally proposed complements 

of artefacts that would facilitate the differentiation of the production sites from primary 

urban centres within the settlement hierarchy (e.g. Knapp 1997b: 57) since Aredhiou 

appears to clearly illustrate that the communities of the rural hinterland did have access to 

a wide variety of imported wares and did have some familiarity with writing systems as 

used in urban centres as implied by pottery marks, which may illustrate “specific handling 

practices associated with intra-island mechanics of economic control (Steel 2009: 143)”. Le
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7.2 The metallurgical assemblage 

The metallurgical remains from the agricultural settlement of Arediou-Vouppes are 

found in contexts that can be assigned to the LCIIC occupation of the site. This 

metallurgical assemblage comprises a small number of metal objects, some possible 

fragments of metallurgical ceramics, two stone tools, nearly 11 kg of copper slag and 

several miscellaneous pieces which may be related to copper production. A detailed study 

of this assemblage should give us the opportunity to confirm the possible use of the 

material in the production process of metal and to identify the metallurgical activities that 

might have been carried out at the site. It should however be noted that only very few of 

the metal objects, ceramics, stone tools and other miscellanea come from the same contexts 

as those of the major slag clusters, and all were usually found in very small quantities or as 

single pieces in different areas of the site. 

The majority of the metallurgical assemblage consists of slag, which was found in 

various quantities at different locations in relation to Building I (Figure 7.2). The largest 

cluster of slag, more than 560 fragments with a total weight of 7.1 kg, comes from Area 75 

(Context 75) (Figure 7.4) just north of the main entrance of Building I. Area 75 has been 

identified by the excavator as a work area comprising a small pebble surface, a pit, and a 

series of flat sedimentary slabs set in a circular pattern. From the same context come a 

piece of chipped stone, a small copper-silver alloy finger ring and fragmentary pottery. The 

slag fragments were probably set into mortar to create a hard floor. Within the pit (Context 

108) about 0.8 kg of slag fragments was found (Steel, in press).  

Another major cluster of slag was recovered from Area 243/244 (Context 225) a 

work area immediately south of room 161 of Building I (possibly Area 222/224 on the 

map). This area contained a surface of pebbles and about 47 slag fragments with a total 

weight of 1.67 kg, also possibly set in mortar to create a hard floor, and three large stones 

that may have been used as anvils (Steel, in press).  

In addition to these three major clusters very small quantities of slag fragments, and 

frequently only single pieces, with a total weight of about 0.5 kg were found on different 

locations within or in close vicinity to Building I. A few more single fragments come from 

other areas of the site. 
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Figure 7.4: Picture showing part of slag cluster coming from context 75 

7.2.1 Slag: analytical results and discussion 

7.2.1.1 Macroscopic grouping and sampling 

The macroscopic study of the slag assemblage identified one primary type. The 

absolute majority consists of irregular fragments of dark slag with rather glassy external 

surfaces, which may have a flow texture on the upper and an irregularly blobbed texture on 

the lower surface. Also layering occurs occasionally in the sections. It therefore seems that 

the slag was tapped from the smelting construction, possibly in some sort of bowl-shaped 

pit as some fragments have a plano-convex shape (Figure 7.5). The slag cakes were 

possibly crushed afterwards in order to extract the metallic prills still entrapped. These 

metallic prills can even be identified by eye in the homogeneous sections of the fragments. 

The few remaining slag fragments that are possibly not of the tap slag type include 

singular irregularly shaped bits and pieces, often highly corroded. 
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Figure 7.5: Picture of large fragment of tap slag showing a fragmented plano-convex profile with flat upper 
surface and rounded/convex lower surface. 

 

In total 14 fragments of tap slag were selected for further study from the largest 

clusters coming from well-defined contexts: 7 samples from context 75, 3 samples from 

context 108 and 4 samples from context 225 (Appendix VII:1). These fragments were cut 

perpendicular to the surface in order to gain profiles. During sampling, lustrous prills 

possibly composed of metallic copper appeared in the fresh cuts of 3 samples (AV06 75-

02, AV06 75-05 and AV06 108-01). Unfortunately, these prills were removed accidentally 

by grinding and/or polishing. 

7.2.1.2 Microstructural composition 

The microstructures of all samples appear to be rather similar and largely 

homogenous. The major components in all slag samples investigated are iron silicates 

embedded in a glassy matrix, iron oxides and sulphides, occurring in variable amounts and 

compositions (Figure 7.6). Minor differences occur between the various samples but these 

can not be ascribed to different technologies. An overview of the general microstructure of 

every sample can be found in Table 7.1. Le
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A-V SLAG 
sample no. 

silicates iron oxides Cu-Fe-sulphides ore remnants metallic 

laths blocky magnetite/ 
wüstite 

hercynite/ 
magnetite 

matrix 
(<100µm) 

prills 
(<500µm) 

inclusions 
(>1000µm) 

(corroded) 
phases 

(corroded) 
sulphides 

Fe-
oxides copper iron 

AV06 75-01 xxx   xx   xx x             

AV06 75-02 xxx   xx x xx x         x   

AV06 75-03 xxx   xx x xx x             

AV06 75-04 xxx   x xx xx               

AV06 75-05 xx x xxx x xxx x         x   

AV06 75-06 xxx   xx x xx x             

AV06 75-07 x xx xxx   x x         x   

AV06 108-01 xxx   xxx (x) x xx             

AV06 108-02 x xx xx (x) xxx x             

AV06 108-03 xx x xx (x) xxx x             

AV08 225-01 xx xx xx   xx x             

AV08 225-02 xxx   xx xx xx x             

AV08 225-03 xx xx xxx x xxx x             

AV08 225-04 xxx   x x x x             

 xxx (x) xx (x) xx x         (x)   

 
Table 7.1: Overview of the general microstructural features of the slag samples from Arediou-Vouppes Le
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The iron silicates are predominant and occur as laths, which commonly indicate 

fast rather than slow cooling which is to be expected in a tapping process. The large size of 

the fayalite laths, measuring up to 3000 µm, however implies that the cooling rate was not 

that fast to elude crystal growth. They have a tendency to largely decrease in size and 

become much finer towards the outer surfaces where the cooling rate must have been much 

higher. The average composition for the fayalites in the samples analysed is 63.1% FeO, 

30.5% SiO2, 5.3% MgO, 0.8% CaO and 0.2% Al2O3.  

Iron oxides are generally abundant, but shapes and quantity may vary largely 

between the samples. Physically they appear primarily as stains/globules, i.e. incomplete 

dendrites, and occasionally fine dendrites (i.e. wüstite). Chemically these globules and 

dendrites have typical wüstite (FeO) compositions (av. 22% O, 76.6% Fe; Fe/O = 3.5). 

Iron-rich spinels with compositions between magnetite (Fe3O4) and hercynite (FeAl2O4) 

(av. 22.8% Al, 42.8% Fe, 32.0% O) are present in most of the samples in highly variable 

but usually smaller quantities. The abundant presence of wüstite in combination with fewer 

magnetite-hercynite indicates a reducing atmosphere during the smelting operation. The 

frequency, shape and size may change gradually towards the surfaces of the layers and 

fragment where they tend to appear as fine and well-formed dendrites. Bands of iron 

oxides commonly occur on the outer surfaces of the sample and occasionally form within 

the regular iron-silicate phase as a result of the tapping. 
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Figure 7.6: Photomicrographs (mag. 100x) of samples AV06 75-02 (A), AV08 225-03 (B), AV08 225-02 (C) 
and AV06 108-01 (D) showing the minor difference in the general microstructures of various samples, with 
as major components iron silicates (medium grey) embedded in a glassy matrix (dark grey), iron oxides 
(light grey) and sulphides (yellow & blue), occurring in variable amounts and compositions. 

 

Iron-copper-sulphides appear in two forms in the microstructures: 1) small irregular 

phases of max. 100 µm in size embedded within the iron-silicate phase; and 2) defined or 

rounded prills of max. 500 µm in size. Both forms can be identified as matte. 

Small irregular yellowish iron-rich sulphides with variable compositions appear 

dispersed in the iron-silicate phases of all samples but in various quantities and sizes, but 

rarely exceeding 100 µm in size. They are often found together with the iron oxides, which 

causes difficulties to distinguish between the two of them and often results in increased 

oxygen and iron contents in the chemical composition of the sulphides. With exclusion of 

the results with oxygen levels of 5.0% or higher, the average composition of these 

sulphides ranges between cubanite (CuFe2S) and triolite (FeS) (av. 32.9% S, 48.1% Fe, 

15.7% Cu and 3.3% O). However, the areas selected in the sulphide particles for chemical 

analysis primarily define their iron-rich average composition; the central and dominant 

area tends to be higher in iron while the copper content commonly increases largely 

towards the edges of these sulphides. Occasionally these sulphides may appear with 
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orange-pink and blue shades that indicate a higher copper content. As suggested by 

Kassianidou (2003), these sulphide particles can be identified as not fully reacted remnants 

of the crushed ore (Kassianidou 2003a: 216). 

 

 
Figure 7.7: Photomicrographs of samples AV06 75-05 (A), AV06 75-06 (B), AV06 108-01 (C) and AV06 75-
02 showing prills embedded in the iron-silicate phase, consisting of iron- and copper-sulphides with variable 
compositions (i.e. matte) (A and B), sometimes comprising metallic copper (C), and a prills of copper metal 
(D). 

 

In nearly all samples rounded sulphide prills with a maximum size of 350 µm are 

detected in very small quantities. They are composed of different phases containing iron, 

copper and sulphur in variable ratios and characterized by a certain colour range: orange-

purple bornite (Cu5FeS4), yellow cubanite (CuFe2S3) or triolite (FeS) and blue chalcocite 

(Cu2S) or covellite (CuS).  Overall these prills have a higher copper content than the small 

irregular sulphide particles occurring in the matrix, ranging between chalcopyrite (CuFeS2) 

and bornite (Cu5FeS4) (Figure 7.7A&B), and are surrounded by a band of iron-oxides. 

These prills can be identified as matte.  

In these slag samples a matte prill may also contain metallic copper (Figure 7.7C) 

and a few prills of copper metal have also been detected in sample AV06 75-02 (Figure 

7.7D) and possibly also samples AV06 75-05 and AV06 108-01. 
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7.2.1.3 General chemical composition 

The general chemical composition of the slag samples was determined with the 

SEM-EDS, and are based on the averages of minimum three measurements done at a low 

magnification (100x) of representative parts of the Fe-silicate phase, typically analysing 

areas of approximately 1.2 by 0.8 mm. The complete chemical data can be found in 

Appendix VII:2. 

 

A-V SLAG 
Sample No. 

weight percent (wt%) 
Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

AV06 75-02 0.4 1.7 7.3 22.5 2.7 1.5 2.5 0.2 59.8 1.2 100.0 
AV06 75-04 0.6 1.4 5.8 25.2 3.7 1.0 1.8 0.2 59.2 0.9 100.0 
AV06 75-06 0.9 1.5 7.0 21.7 4.6 1.0 2.0 0.3 59.4 1.3 100.0 

AV06 108-01 0.4 1.7 5.7 24.2 2.2 1.1 2.3 0.2 61.1 0.9 100.0 
AV06 108-02 0.4 2.2 6.7 20.6 5.6 1.0 1.7 0.2 60.0 1.4 100.0 
AV06 108-03 0.8 1.6 7.0 21.4 4.2 0.9 1.8 0.3 60.6 1.2 99.9 
AV08 225-01 0.3 1.7 6.4 24.3 2.9 1.2 1.9 0.2 60.1 1.0 100.0 
AV08 225-02 0.5 1.8 6.2 25.0 2.8 1.3 1.6 0.2 59.6 0.8 100.0 
AV08 225-03 0.5 1.9 6.6 20.5 5.3 1.2 1.7 0.2 60.5 1.5 100.0 

MEAN 0.6 1.7 6.5 22.8 3.8 1.1 1.9 0.2 60.0 1.1 100.1 
STDEV 0.2 0.2 0.6 1.9 1.2 0.2 0.3 0.0 0.6 0.2  

Inter CV 38 13 9 8 32 16 15 15 1 21  
Mean Intra CV 8 4 3 2 6 6 6 12 1 8  

 
Table 7.2: Average chemical composition of the iron-silicate phases of the slag samples form Arediou-
Vouppes determined by SEM-EDS. All values are given in weight %. The average, standard deviation, inter-
sample coefficient of variation and mean intra-sample coefficient of variation are calculated for the major 
and minor oxides. 

 

The major oxides occurring in the slag samples analysed are silica (SiO2), iron 

oxide (FeO) and alumina (Al2O3), the minor oxides are lime (CaO), magnesia (MgO) and 

soda (Na2O). The defining metallic phases are sulphur (SO3) and copper oxide (CuO) 

(Table 7.2). To illustrate the intra- and inter-sample variability of the assemblage, the 

coefficient of variation (CV) is calculated, following the model by Humphris et al. (2009). 

The tap slag samples have a mean chemical composition of 60.0% FeO, 22.8% 

Si2O, 6.5% Al2O3, 1.9% CaO, 1.7% MgO and 0.6% Na2O. The copper and sulphur content 

of the samples average respectively 1.1% and 3.8%. In accordance with the minor 

microstructural differences within the samples and among the assemblage minimal 

variation exists in the general chemical composition of the samples and assemblage. The 
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intra sample CV for the major oxides does not even exceed 3%. Also within the 

assemblage the inter sample CV for the major slag forming components is nearly 

negligible, with 1% for FeO, 8% for SiO2 and 9% for Al2O3. Predictably, the mean intra 

sample CV for the minor oxides and metallic components are slightly larger but still rather 

low.  

The general chemical composition of the slag assemblage shows thus a very large 

homogeneity, which indicates a highly standardised and well-controlled smelting process. 

Full liquefaction of the iron-silicate phase was reached and molten slag was formed. 

Indeed, the calculated ratio between the basic and acid oxides give an average K-index of 

2.2 (Addis et al. 2015: 107: Bachman 1982: 19) which indicates a low viscosity of the 

liquid slag that must have enabled the successful separation of the copper-containing matte 

from the slag (see Chapter 4 for discussion on calculation of the K-index). 

The average copper content of only 1.1wt% implies indeed a rather efficient smelt 

with a minimum of copper remaining in the slag. The relatively close association between 

CuO and SO3 in the tap slag (R2 = 0.68) (Figure 7.8), confirms that copper often appears as 

matte phases, i.e. as part of the small iron-rich sulphide particles embedded in the slag 

matrix, but also as metallic copper as we can infer of the SO3/CuO ratios of maximum 2.5 

in the samples with prills of copper metal.  

 

 
Figure 7.8: Scatter plot of general chemical composition data of Arediou-Vouppes slag samples determined 
by SEM-EDS: sulphur versus copper oxide. 

 

The measurements for the three major slag-forming components, i.e. SiO2, FeO and 

Al2O3, relate very poorly to each other, but mirror to some extent the microstructural 

characteristics of the iron-silicate phases of the slag samples. It is not unlikely that the poor 

correlation results from the large consistency within the assemblage wherefore the results 
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show too little difference to detect any affiliation between the various compounds. When 

plotted on a SiO2-FeO-Al2O3 ternary phase diagram they clearly demonstrate the 

uniformity in chemical and microstructural composition, and how well they fall within the 

compositional area of typical fayalitic slag (Figure 7.9). Following the diagram, the slags 

were formed at a temperature of about 1150ºC.  

 
Figure 7.9: Slag samples from Arediou-Vouppes represented on the SiO2-FeO-Al2O3 ternary phase diagram 
(adapted from Maldonado and Rehren 2007: Fig. 8, after Muan 1957: Fig. 10). 

7.2.1.4 Discussion of the results 

Considering the consistent presence of sulphides embedded in the iron-silicate 

phase, the slag was without doubt the result of the processing of copper-rich sulphide ores 

such as chalcopyrite (CuFeS2), the dominating ore type available in Cyprus (Constantinou 

2012: 5). The low variability in the microstructures and chemical composition of the 

samples suggests a very well controlled smelting process. The abundance of wüstite and 

hercynite imply that reducing conditions were applied. Nevertheless, the little alteration 

amongst the slag samples may also result from the small size of the assemblage and the 
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higher ratio of sampled fragments as opposed to those from, for example, Kalavasos-Ayios 

Dhimitrios. 

The occurrence of copper- and iron-sulphide prills implies that the product of this 

process must have been matte, which may have had a composition similar to the matte 

prills. The average Cu/S ratio of these prills is 0.5 and is thus lower than the ratio in 

chalcopyrite (CuFeS2) with typical composition. Despite the fact that we do not know the 

composition of the chalcopyrite ore used in this smelting process, we may possibly assume 

that some sulphur was already removed. Therefore it seems that another roasting or 

smelting process preceded the smelt producing this slag assemblage. 

However, similar matte prills were also detected in the samples of tap slag from 

both Kalavasos-Ayios Dhimitrios and Maroni-Tsaroukkas in combination with larger 

inclusions of iron-rich matte that was possibly the product aimed for during these smelting 

processes. The absence of these inclusions in the slag samples from Arediou-Vouppes may 

thus perhaps also result from the highly successful separation of the iron-rich matte from 

the slag during the production process. After all, apart from the absence of these large iron-

rich matte inclusions, little difference occurs between the microstructural and chemical 

composition of the tap slag from Arediou and from Ayios Dhimitrios and Tsaroukkas. Yet, 

the much higher frequency of metallic copper in the slags from Arediou implies otherwise. 

The combination of copper-rich matte prills and metallic copper, which was possibly 

formed unintentionally, implies that this slag derives from a comparatively ‘later’ stage in 

the multi-phase matte smelting process.  

This slag assemblage is unmistakably the product of a successful smelt of sulphide 

ores that resulted in complete liquefaction and consequently a very good separation of the 

possibly copper-rich matte from the slag, which was removed by the tapping process. Once 

cooled down the slag cakes were broken up to extract any prills of matte, and copper, still 

entrapped. The gained matte would then have to be re-smelted to remove the small excess 

of iron and sulphur in order to generate copper metal.  

7.2.2 Technical ceramics 

Due to their difference in appearance from regular ceramics occurring at the site, 

the excavator selected eight ceramic fragments as possible metallurgical debris. Apart from 

two fragments all other pieces are fairly thick, rather coarse and seemingly tempered with 

Le
nte

 Van
 Brem

pt



 
 

364 

organic material. Most fragments are rather irregular, but three pieces have a defined 

shape: a highly vitrified rim fragment (AV08 174), a thick rim fragment (AV08 137/01;) 

and a thick angular fragment that could be part of the base of a fairly large structure (AV06 

93/03).  

The effects of firing at high temperatures are visible on some of the fragments, but 

only one exhibits a high degree of vitrification and/or slagging (AV08 174). The surfaces 

of the ceramic fragments were analysed by means of pXRF in order to identify possible 

traces of copper smelting, melting or alloying. On the majority of the samples, including 

the possible base fragment (AV08 93/03) and the highly vitrified rim fragment (AV06 

174), the measurements for copper are ca. 0.01% or lower. The near absence of copper 

leads us to doubt the use of these fragments in metallurgical activities. On the surfaces of 

two irregular body fragments traces of copper could be identified reaching respectively 

0.03-0.06% (AV08 156/02) and 0.07-0.09% Cu (AV08 137/02), in combination with 

relatively low measurements for sulphur (max. 0.4% and 0.2% S). The measurements for 

the thick rim fragment (AV08 137/01; Figure 7.10) are more promising with an average 

copper content of 0.47% for the outer surface, but only 0.09% Cu for the inner surface. If 

this is taken into consideration together with the detection of an average of 3.40% of 

sulphur on the same outer surface, it may suggest that this sample could indeed have been 

part of a ceramic structure used for the smelting or melting of copper. As tin was not 

identified, alloying can be excluded. It may be that this rim fragment with a rounded edge 

belonged to a furnace structure, possibly with a fairly small diameter of maximum 20 cm 

as the curvature of the sample indicates. It remains however unclear why the traces of 

copper and sulphur appear on the outer surface of the fragment. Therefore it cannot be 

concluded with certainty that this fragment, found in relation to Building II, comes from a 

vessel used in metallurgical activities.  
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Figure 7.10: Picture of thick ceramic rim fragment AV08 137/0 (Building II, context 137). 

 

The highly vitrified rim fragment (AV08 174) was without doubt exposed to 

extremely high temperatures such as those related to metallurgical practices, but the 

average copper content is remarkably low. Since this piece was found in the upper fill of 

Building II and without any other clear evidence of metal production nearby, it is rather 

dubious to assess this single fragment as proof for the production of copper at the site. 

7.2.3 Stone tools 

Ground stone tools were used both in activities related to the processing of food 

and ore dressing. Difficulties may arise when one tries to distinguish those used in 

industrial activities from those used in domestic activities (Kassianidou 2007: 277; Webb 

2015: 33). A similar problem arises when examining the two stone tools that were found 

nearby the slag clusters of context 75 and 108: a ring-shaped hammer stone (AV06-06-04, 

context 109, Figure 7.11) and a pounder (AV06-05-01, context 104, Figure 7.12). As 

Webb (2015: 33) summarizes, when the shape is similar or even the same, industrial 

ground stone tools may be differentiated from those used for domestic purposes based on 

the hardness of the raw material and the use-wear marks (Kassianidou 2007: 277). Also 

tribochemical wear (i.e. polish) are commonly absent on industrial stone tools like querns 

and rubbers (Webb 2915: 33). In addition, the large number, size and weight of certain tool 

types in comparison to those coming from contemporary domestic contexts may reinforce 

the possibility that these tools were of an industrial type (Webb 2015: 33). Finally the 

industrial assemblage is generally characterised by the intensive reuse of broken or worn 
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out tools for heavy pounding and crushing, the limited occurrence of cutting tools and 

small mortars, and the absence of certain tool types associated with domestic activities 

(Webb 2015: 33). As only two objects were offered for study, some of the criteria given 

above cannot be applied here. 

 
Figure 7.11: Picture of ring-shaped hammer stone (AV06-06-04, context 109) shown in profile and full view. 

 

Kassianidou (2007: 280) identified four perforated stone hammers at the 

contemporary mining site of Apliki-Karamallos, with a smooth biconical perforation and 

pitted circumference resulting from use. This ground stone tool type is usually associated 

with ore dressing (Kassianidou 2007: 280, plate 76). Those from Apliki measure between 

12 and 15 cm in diameter and between 4.5 and 8.0 cm in thickness, and are thus larger and 

heavier than the similar shaped tools from, for example, the earlier domestic site of Marki-

Alonia (Kassianidou 2007: 280; Webb 2015: 25). With a diameter of 17.4 cm, a thickness 

of not more than 6.0 cm at the perforation, but reaching up to 7.0 cm on one side, and a 

pitted circumference, the ring hammer from Arediou-Vouppes seems to show some 

affiliation with those from Apliki. However, looking at the section of the tool, this example 

seems to be much flatter than the examples from Apliki and any other ring-shaped hammer 

stones discussed by Webb (2015: 25-26). No weight was given for the examples from 

Apliki, but the weight of 1.4 kg as measured for the example from Vouppes is much larger 
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than those from Marki-Alonia and most similar to those found at the mines of the Arabah 

and Sardinia (Webb 2015: 26, 36). 

 

 
Figure 7.12: Picture of pounder (AV06-05-01, context 104) shown from two sides. 

 

The pyramidal shaped pounder, or pestle (Kassianidou 2007: 279), found at 

Arediou-Vouppes has a total length of 21.0 cm, a thickness up to 11.8 cm and a weight of 

2.860 kg. Hereby it corresponds to the largest examples from Apliki-Karamallos and thus 

seems to exceed the size and weight of many of the pounders and pestles used in both 

industrial and domestic activities. Both hands were likely required to use them (Webb 

2015: 31). The chipped surface at the wide end may indicate heavy pounding and crushing, 

which could have resulted in a fracture that could have caused a large piece to flake off. 

The same seems to occur on the circumference of the ring-shaped hammer stone.  

As with the ceramic fragments, the handheld pXRF was used to further investigate 

the possible use of both stone tools in metallurgical activities. Unfortunately, no traces of 

copper were identified, which may have been expected if the stone tools had been used to 

crush ores, matte or copper metal. But it is possible that hardly any traces of copper were 

left behind when slag was crushed. We may thus not exclude the crushing of slag to be the 

function of the tools, as also the size, weight and use-wear of the artefacts seem to indicate 

heavy use, but this in any case is no undeniable evidence for copper production or working 

at the site. In agreement with Kassianidou (2007)’s caution on the stone tool assemblage 

from Apliki-Karamallos, we have to take in consideration that the tools could have been 

brought back to the domestic areas. Therefore this may not have been the place where they 

originally were used (Kassianidou 2007: 283). A detailed comparative study of both pieces 
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with the complete stone tool assemblage from Arediou-Vouppes may confirm or reject the 

possible use of both stone tools in industrial activities. 

7.2.4 Miscellanea 

Numerous fragments within the metallurgical assemblage are neither ceramics nor 

slag. Possibly collected in case they were ore minerals or spillage related to copper 

production, the fragments have been catalogued and were generally identified, with help of 

Prof. Vasiliki Kassianidou, as rocks and minerals. Some of them do correspond to the 

regular geological formations of the Troodos foothills. Amongst the fragments a sample of 

pillow lava as well as samples of silicified ochre and gossan could be differentiated but no 

copper-bearing minerals were identified. 

7.2.5 Copper-alloy objects 

Amongst the few metal objects are a fragmented copper-silver alloyed open-ended 

finger ring with flat section, a copper rapier with medium-sized midrib and rat-tail tang 

(Catling 1964: 110), a fragment of a bronze earring or bracelet and a very fine copper-alloy 

open-ended ring. Except for the last object, the alloys of the objects were identified by 

analyses of the surface done with the handheld pXRF. The measurements for the rapier 

gave an average of 97% copper in combination with approximately 2% iron, and 

surprisingly no tin. This unusual high copper content can possibly be ascribed to the layer 

of cuprite (Cu2O) that has formed on the surface of the object due to corrosion (Ingo et al. 

2006: 518-519; Angelini et al. 2007: 203). But it seems unlikely that this causes a complete 

absence of tin in the measurements. The presence of iron may imply that pure copper was 

used in the production of this rapier. Tin was detected in the ring fragment with an average 

of ca. 9%, which falls within the optimal composition for tin-bronzes and indicates that the 

inhabitants of Vouppes had access to tin. Also precious metals such as silver were 

available, as we can imply from the composition of the finger-ring with ca. 25.8% silver. 
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Find No. Type Fe Cu Zn Ag Sn Pb Total 
AV06-08-02 Rapier 2.2 97.3 0.3 0.0 0.0 0.0 99.7 
AV08-08-01 Ring 0.7 72.6 0.2 25.8 0.3 0.0 99.6 
AV05-08-01 Fragment 0.6 90.2 0.0 0.0 9.1 0.0 99.8 
Table 7.3: Average chemical composition of the objects determined by pXRF. All values are given in weight 
%. 

7.3 Discussion and conclusion: copper production at Arediou-Vouppes 

Solid evidence from Arediou-Vouppes for metallurgical activity seems to consist 

solely of slag deriving from the smelting of sulphide copper ores. Because the slag 

assemblage is genuinely small compared to those of other LBA sites, nearly all fragments 

were likely used to create a hard floor, and any solid proof for some sort of workshop or 

centralised activity seems to be missing, the idea of copper production at the site is put into 

question. It is very likely that primary smelting of sulphide ores took place in mining 

regions located at close proximity of Arediou-Vouppes and that the slag remains were 

simply brought in for functional use as flooring.  

According to the proposed models of local exchange (Catling 1962; Keswani 1993; 

Knapp 1997b) Arediou-Vouppes can be identified as an agricultural support village that 

served one or more of the multiple small and often temporary industrial sites that may have 

existed dispersed throughout the Pillow Lavas of the Troodos foothills and were involved 

in the mining and primary smelting of copper sulphide ores. As these small industrial sites 

are usually located in agriculturally marginal areas they would require agricultural support 

(Knapp et al. 1999: 144; Knapp 2003: 575). Therefore this agricultural settlement is 

commonly associated to the nearby smelting site of Politiko-Phorades (Steel 2009: 138). 

Politiko-Phorades is located in the northern foothills of the Troodos Mountains on a 

distance of about 10 km from Arediou-Vouppes and was dated to the earliest phase of the 

LBA (ca. 1650-1500) (Kassianidou and Knapp 2008: 138). It thus actually predates the 

metallurgical evidence at the site of Arediou-Vouppes, but is contemporary to the earliest 

occupation of the agricultural settlement. The microstructural composition of the large 

plano-concave slag cakes from Politiko-Phorades is very similar to those of the slag 

fragments from Arediou-Vouppes: dominant fayalite crystals, very little glass, wüstite, 

small angular sulphide particles and copper-rich matte prills. Their chemical composition, 

resulting from the analyses of powdered samples by means of XRF, however differs 
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largely because of the rather high iron-content (av. 67.8% Fe), relatively high copper-

content (av. 2.64% Cu) and low sulphur-content (av. 1.15% S) (Kassianidou 2003a: 216-

217). Also the shape of the slag cakes is distinctive: on the fragments from Arediou no 

such cavity is detected on the bottom (Knapp and Kassianidou 2008: 143).  

A similar type of plano-convex tap slag as the one from Arediou was found at the 

contemporary southern coastal centres of Kalavasos-Ayios Dhimitrios and Maroni-

Tsaroukkas. However, despite the large similarities in the microstructure of the iron-

silicate phases, the slag samples from Arediou-Vouppes can be differentiated by the 

absence of iron-rich matte and higher occurrence of copper-rich matte and metallic copper 

prills.  

All tap slags from Ayios Dhimitrios, Tsaroukkas and Arediou are the outcome of 

the smelting of copper sulphide with the aim to produce matte, whereby the slag was 

tapped from the furnace. Yet, the differences in matte composition and hence efficiency of 

technology, the production scale, the shape of the slag cakes and the finding context 

implies that the metallurgical practices at these sites were not uniform: the charge 

compositions are unlikely to have been identical and slightly different technological 

choices were made by the craftsman. The most valuable outcome of the analysis of the 

Arediou slag is however the fact that this assemblage proves that not only during the LCI 

period (e.g. Politiko-Phorades) but also during the later LCIIC a good quality tap slag was 

produced with little copper loss and a high-grade copper-rich matte that only needed one 

more step of smelting to acquire copper metal, which was already accidentally produced 

within the same smelting process.  

To conclude, the slag assemblage results from one of the first stages in the copper 

production process through matte smelting and therefore coincides to a certain extent with 

the general LBA metallurgical practices and shows large similarities with the technological 

processes applied at contemporary sites. Despite some unique aspects in the 

microstructural or chemical composition which may indicate local production, the lack of 

extensive evidence for actual copper production within the excavated area confirms the 

suggestion that Arediou-Vouppes was an agricultural village that may have been in close 

contact with one or more mining or primary smelting sites such as Politiko-Phorades, 

which is of an earlier date. The fragments of slag may have been brought back to the site 

for functional use. Although the possibility that smelting may have taken place within the 

unexcavated areas of the site cannot be excluded, it seems rather unlikely that these 

practices would have been done at a regular basis, or on a large-scale. 
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CHAPTER 8 -  OXHIDE INGOTS AND THE TRADE OF CYPRIOT COPPER IN 

THE EASTERN MEDITERRANEAN: A PRIMARY STUDY OF THE COPPER INGOT 

FRAGMENTS OF THE CAPE GELIDONYA SHIPWRECK 

8.1 Introduction: the Cape Gelidonya shipwreck and its metal cargo 

 
Figure 8.1: Location of Cape Gelidonya and the archaeological site of the shipwreck (c.f. Bass 1967: 16, 
Fig. 2). 
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The discovery, excavation and subsequent publication by George F. Bass (1967) of 

the Cape Gelidonya shipwreck in the 1960’s created quite a stir at the time. Not only 

because it was the first shipwreck dating to the LBA ever to be recorded and systematically 

excavated but also because it was the first time that such a large shipment of copper in the 

form of oxhide ingots was recovered. The excavations brought to light a ton of copper 

metal, a quantity that was exceeded only by the 10 tons of copper ingots later found aboard 

of the Uluburun shipwreck.  

In 1954 the remains of a ship’s cargo were discovered by sponge divers at Cape 

Gelidonya along the south coast of Turkey (Figure 8.1). The cape marks the western 

extremity of the Bay of Antalya. The excavations of the Cape Gelidonya shipwreck took 

place during the summer of 1960 and were fully published by Bass (1967). Little was 

preserved of the ship itself, but the arrangement of the cargo on the seabed indicates that it 

was about 11.5-12.5 m long and had not tipped over before sinking but was broken 

gradually into pieces under the weight of the load (Bass 1967: 44-45; Hirschfeld and Bass 

2013: 102). The sinking of the ship was dated to 1200 ± 50 BC by radiocarbon dating 

(Hirschfeld and Bass 2013: 99). The ceramic assemblage and metal objects found at the 

site validate this late 13th century BC date (Bass 1967: 44-45; 1991: 71-72; Stos 2009: 

167).  

Apart from pottery, which has parallels over a wide geographical area including 

Mycenae, Cyprus and Syria, a few stone objects such as maceheads, mortars, anvils, 

rubbers or polishers and hammerstones, and personal objects like a set of about 60 stone 

and metal weights, four scarabs, a scarab shaped plaque and a haematite cylinder seal were 

found. But the majority of the cargo comprised copper-based metals in the form of ingots, 

objects and fragments or scrap (Bass 1967; Stos 2009: 167). No tin ingots but three piles of 

white powdery tin oxide were found. It only occurs at locations where it was covered and 

preserved by copper and sea concretions and most of the tin oxide was possibly washed 

away from more exposed areas. Therefore it is impossible to estimate the total amount of 

tin that may have been taken on board of the ship (Bass 1967: 82-83). 

Notwithstanding the clearly diverse origin of the many finds and the fact that the 

metal cargo was largely identified to be of Cypriot origin, Bass (1967; 1991) concluded 

that the ship’s crew was of Near Eastern origin rather than from Cyprus or Mycenae (Bass 

1967: 167; 1991: 73; Hirschfeld et al. 2010: 24; Stos 2009: 167). The nature of the voyage 

of the Gelidonya ship is commonly assumed to be a private merchant venture, possibly 
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with a bronzesmith on board melting down the scrap to produce objects on demand (Bass 

1991: 73; 2005: 51; Maddin et al. 1977: 361-362; Sherratt 2000: 87). 

8.1.1 The metal cargo 

The 257 bronze objects found aboard are of various types indicating various 

functions: agricultural tools, wood-working tools, metal-working tools, light tools mostly 

for domestic work, weapons, personal and household objects and miscellaneous items 

including unfinished casting, unidentified implements and casting waste (Bass 1967: 84: 

Bass 2005: 50-51). Based on the fragmentary state of the majority of the implements Bass 

(1967) assumes that they were being transported for their scrap value. This is though not 

certain since there were a number of complete tools such as adzes, hoes, an axe and an axe-

adze in the assemblage, that may have been ready for sale. Based on their distribution on 

the seabed, some of the tools may have been in use on the ship itself (Bass 1967: 117). 

Also a swage block, some sort of small anvil used for further shaping red-hot bronze 

pieces, was found (Bass 2005: 51). 

 

 
Figure 8.2: Distribution of the ingots on the seabed (c.f. Bass 1967: 44, Fig. 37). 
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In his exemplary publication Bass (1967) catalogued 39 copper oxhide ingots, 30 

copper bun ingots and 19 bronze slab ingots, with a total weight of 783kg. The ingots were 

found in three spatially separated groups, the central cluster being the smallest (Figure 

8.2), as how they must have been stored on the ship. They were probably stacked in piles 

at both ends of the ship. Traces of matting were found on many of the ingots suggesting 

that they were wrapped together or that layers of matting were placed between the ingots. 

Most of the bun and slab ingots were also found in stacks, but some of the bun ingots were 

recovered separately (Bass 1967: 44). The slab ingots were found in the area of the 

“captain’s cabin”, where items of personal use were discovered (Bass 1967: 82). The 

remaining metal cargo was found scattered over the site, regularly in small groups 

implying that they had been carried in sacks or wicker baskets of which some were well 

preserved with bits and pieces of metal tightly packed (Bass 1967: 44-45).  

The published catalogued ingots, however, comprise only complete, slightly broken 

and halves of ingots. Another 12 oxhide ingot corners were briefly mentioned, but the 

words “Lastly, there were almost seventy-five kilograms of ingot fragments which had 

been cut or broken away at random from complete ingots (Bass 1967: 53)” are indicative 

of the fact that many more fragments had been found. In 2010 boxes with about 218 kg of 

numbered and unnumbered bits and pieces of copper ingots were discovered by Dr. Cemal 

Pulak in the storage rooms of the Museum of Underwater Archaeology in Bodrum, 

identifiable as ingot fragments from Bass’ excavations at Cape Gelidonya in 1960 

(Hirschfeld et al. 2010: 20).  

Members of the Institute of Nautical Archaeology revisited the site of the 

shipwreck on six separate occasions. The latest and most intensive reinvestigation of the 

site was undertaken by Bass, Harun Özdaş and Nicolle Hirschfeld in 2010 (Bass 2013; 

Hirschfeld and Bass 2013:101-102; Hirschfeld et al. 2010). In the course of these revisits 

to the site more ingot fragments were recovered with a total weight of approximately 

another 58 kg.  

Over the summer of 2013 all ingot fragments were catalogued at the Institute of 

Nautical Archaeology in Bodrum, in consultation with Dr. Nicolle Hirschfeld, Prof. 

Vasiliki Kassianidou and Dr. Cemal Pulak. This chapter hence wishes to present the 

preliminary macroscopic study of the fragmented copper ingots of the Cape Gelidonya 

shipwreck and the consequent conclusions contributing to the discussion of the 

mechanisms of the metals’ trade in the LBA Eastern Mediterranean and the major role the 

Cape Gelidonya plays within its understanding. Prior to that an overview will be given of 
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the much-discussed phenomenon of the oxhide ingots and the current state of analytical 

studies, which will guide us to the final part of this chapter that highlights the value of a 

comparative and multi-disciplinary study of the Cape Gelidonya ingot assemblage in the 

further understanding of ancient metallurgy and related technologies, the LBA trade in the 

Eastern Mediterranean and the ancient societies involved. 

8.2 The oxhide ingots 

During the LBA copper was traded as ingots in a variety of shapes: plano-convex 

or bun, oval and oxhide. Due to their particular shape and wide distribution the oxhide 

ingots have received much more attention than any other ingot type.  

 

 
Figure 8.3: Oxhide ingot from Enkomi with T-shaped impressed sign (c.f. Karageorghis 2002: 58, Fig. 117). 

 

Oxhide ingots (Figure 8.3) are rectangular slabs with protruded corners of handles. 

They average 60 cm in length, 40 cm in width and 4 cm in thickness, and have a weight of 

between 23 and 39 kg, averaging 29 kg. Their upper surface is rough with low mounds, 

while the lower surface is smooth with many small air holes and usually outlined by a 
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raised rim. They are often marked on the upper surface by a stamped or incised symbol 

(Kassianidou 2012a: 9, 12, 14). 

The first oxhide ingots were discovered at the site of Serra Ilixi on the island of 

Sardinia in 1857. The earliest discovery of an oxhide ingot on Cyprus was made at Enkomi 

in 1897. Soon copper oxhide ingots were found in great quantities on the islands of 

Sardinia, Cyprus and Crete and by the beginning of the 20th century they were generally 

recognised as a major standardized form in which pure copper was traded in the 

Mediterranean during the LBA, and within which the Cypriots likely played a primary role 

(Kassianidou 2012a: 9-10; Muhly 2009: 17-18).  

It was initially believed that the ingots would have equalled the monetary value of 

an ox and were therefore represented as a stretched ox hide given their shape and surface 

features. However, it was soon concluded that the handles were added to the corners of the 

slabs to facilitate the carrying and transport of the ingots while the surface features were 

possibly simply the result of casting copper in an open mould. The resemblance of the 

ingots with ox hides was thus not deliberate and the comparison of the value of an ingot 

with the value of an ox cannot be supported (Bass 1967: 69-71; Buchholz 1959: 9; 

Hauptman et al. 2002: 17; Kassianidou 2012a: 12; Muhly 2009: 18; Pulak 2000: 138; 

Tylecote 1982: 94).  

It was also suggested that the oxhide ingots would have represented a form of 

proto-currency since the weight of an ingot was equivalent to a talent (Muhly 2009: 18). 

The slightly differing shape and weight of the ingots is however indicative of the fact that 

they likely constituted a quantity of raw copper subject to weighing and evaluation during 

each major transaction (Bass 1967: 71; Pulak 2000: 138). This assumption is confirmed by 

the use of the same “oxhide” shape for different metals (Bass 1967: 70-71). Therefore also 

the understanding of the oxhide ingots as an early form of currency had to be discarded 

(Kassianidou 2012a: Muhly 2009: 18-21). Their standardized shape may however have 

served as a guarantee and authenticator of their weight, purity and origin (Sherratt 1994: 

63). 

Buchholz (1959) was the first one to bring together all available evidence regarding 

oxhide ingots including their depiction in the New Kingdom paintings like those from the 

tomb of Rekhmire and in the bronze tripod stands16. He also offered a typology of the 

known varieties of oxhide ingot shapes that could be related to a certain chronological 

change within which the handles gradually developed for ease of carrying (Bass 1967: 69; 

                                                
16 See Papasavvas 2009 for a more recent and detailed overview on the iconography of the oxhide ingots. 
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Buchholz 1959: 7; Kassianidou 2012a:10; Muhly 2009: 18). However, the later discovery 

of various shapes in a single context and thus of the same date, such as the cargo aboard of 

the Uluburun shipwreck, have denoted that dating ingots by shape alone is not valid (Pulak 

2000: 138). 

The interest in the oxhide ingots and the trade of copper enlarged greatly after the 

discovery of two major shipwrecks. The excavations in 1960 by Bass of the Cape 

Gelidonya shipwreck off the south coast of Turkey brought to light a ton of copper metal 

in the form of 39 copper oxhide ingots, 29 copper bun ingots and 19 bronze slab ingots and 

many more ingot fragments. It was the largest shipment of copper in the form of oxhide 

ingots discovered up to that point. The Cape Gelidonya ship was dated to the late 13th 

century BC (Bass 1967). In 1982 yet another shipwreck was found nearby at Uluburun 

with an even larger metal cargo of 475 copper ingots including 354 copper oxhide and 121 

copper bun ingots, as well as 120 tin ingots, equalling in total ten tons of copper and one 

ton of tin. The Uluburun ship was dated to the end of the 14th cent. BC (Muhly 2009: 26; 

Pulak 1997; 2000: 137). 

 

 
Figure 8.4: Map of the Mediterranean showing the distribution of the copper oxhide ingots and the location 
of the Uluburun and Cape Gelidonya shipwrecks (after Kassianidou 2012a: 10, Fig. 5; adapted by Lente Van 
Brempt). 

 

In addition to the hundreds of oxhide ingots aboard both shipwrecks, an estimated 

total of about 130 oxhide ingots and ingot fragments was found at various terrestrial sites 
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in Central and Eastern Mediterranean - reaching as far east as the Kassite palace of Dur-

Kurigalzu near Baghdad, as far west as Marseille, as far north as Oberwilfingen in 

Germany and as far south as Qantir in Egypt (Figure 8.4) (Kassianidou 2012a: 18; Jones 

2007: 71-72).  

The oxhide ingots are primarily recovered from coastal sites in the Aegean, the 

Levant and on islands such as Cyprus, Crete, Sicily, Lipary and Sardinia. In total more 

than 30 complete oxhide ingots and 39 fragments were found on Crete. Groups of oxhide 

ingots were found in the storerooms of the Minoan palaces at Agia Triadha (19), Tylissos 

(3) and Zakros (6) (Hakulin 2004: 19-20). Excavations at Sardinia revealed complete 

oxhide ingots and fragments at 31 sites, which were commonly found as fragments in scrap 

hoards dating to the 14th-12th cent. BC (Lo Schiavo 1998; 2005; 2009: 403). In Cyprus 

oxhide ingots fragments were found at only eight LBA sites, either in areas with clear 

evidence of metallurgical activities or as hoards (Kassianidou 2009: 59-60, 65-69). Also 

inland sites far from the Mediterranean coast have produced oxhide ingots and oxhide 

ingot fragments. The majority of these sites were likely connected to well-established, 

regular trade routes (Jones 2007: 72).  

But the largest collections of oxhide ingots are found as part of ship cargoes: 354 

ingots from Uluburun (Pulak 2000; 2001; 2008), 39 complete and fragmented ingots from 

Cape Gelidonya (Bass 1967), and 19 ingots and ingot fragments from off sea in Kyme in 

Euboea, probably representing a ship cargo dated to the 16th or 15th century BC 

(Wachsmann 1998: 208-109, 211). Based on the distribution of the oxhide ingots at coastal 

sites, on shipwrecks, or at sites with strong evidence for interregional maritime trade, the 

general opinion has been and remains that oxhide ingots are associated with sea-borne 

trade. The bulk trade in copper overland would have been difficult and costly (Pulak 2000: 

138). Nonetheless, Pulak (2000) argues that the oxhide shape does not represent a 

preferred form of ingots in transport by sea. The shape would simply have facilitated the 

loading and unloading from and transportation by pack animals (Pulak 2000: 140). 

The widespread distribution of the oxhide ingots, their presence amongst large-

scale maritime cargoes and their morphological uniformity, which implies a common 

origin and the centralised control of an important raw material source and the production 

and trade of this seemingly important commodity (Budd et al. 1995: 1; Pulak 2000: 138), 

has resulted in a wealth of scholarly attention in the study of LBA trade in the 

Mediterranean. Most scholars have sought to establish the source(s) of the oxhide ingots. 

This is in great contrast to the plano-convex or bun ingots that have largely been left out of 
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the discussion. The bun ingot is another a standard ingot form of the LBA, but was in use 

in a much larger area and over a much longer time (Jones 2007: 82; Tylecote 1992: 37).  

8.2.1 Provenance studies: lead isotope analysis 

The largest concentrations of oxhide ingots, either complete or fragments, found on 

land come from Sardinia and Crete. This has resulted in the proposition of both these 

islands as probable production centres for the oxhide ingots (Kassianidou 2012a: 20). 

However, the extensive programme of lead isotope analyses undertaken by the Oxford 

Isotrace Laboratory of oxhide ingots found in numerous places in the Mediterranean and 

beyond, has identified those of a post ca. 1400 BC date as consistent with a Cypriot 

provenance (e.g. Gale 1999: 120; Gale and Stos-Gale 2012: 79). Maybe the Cypriot copper 

ores were even already used for the production of oxide ingots by the mid 15th century BC 

(Gale 1999: 118-119; Stos 2009: 172). 

The earliest oxhide ingots, which date to the 16th century BC (LMIB) and were 

found in Crete, namely Aghia Triadha, Tylissos and Kato Zakros, have a clearly different 

isotopical fingerprint and their provenance remains unknown (Kassianidou 2012a: 34; 

Gale and Stos-Gale 2007: 108-109; Stos-Gale 2011: 226, 228). All copper oxhide ingots 

that were found in Cyprus and are dated from the mid-14th to ca. 1200 BC have lead 

isotope compositions that match perfectly the ore deposits of the Apliki mine (Gale 1999: 

116; Stos-Gale et al. 1997: 110, 112). Another 21 analysed copper oxhide ingots of 

different dates (ca. 1500-1100 BC) and from various sites around the Mediterranean 

including the island of Crete (Kommos, Gournia and Hagia Tridadha), the island of Chios, 

Euboea (Kyme), Bulgaria (Black Sea coast), Turkey (Bogazkoy, Sarkoy and Antalya) and 

Egypt (Qantir) match closely the isotope compositions of the ores from the Apliki region 

in Cyprus. Five of those (one each from Kyme, Gournia, Kommos, Bulgaria and Qantir) 

fall into the region of overlap with ores from Mavrovouni and Skouriotssa, while the 

remaining 16 match the Apliki ore deposits (Gale 1999: 117; Stos-Gale et al. 1997: 112). 

Also the copper used in the production of the Sardinian oxhide ingots can be sourced in the 

Apliki mining region of Cyprus (Gale 1999: 118; Stos-Gale et al. 1997: 115).  

Furthermore the analysed oxhide ingots found aboard of the late 13th century BC 

Cape Gelidonya shipwreck show an overlap with the lead isotope compositions of the 

Apliki mining region: 13 with the Mavrovouni and Skouriotissa ore deposits, and the 
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remaining 68 with the Apliki ores (Gale 1999: 118; Stos 2009: 170, 172). Also the 

majority of the Gelidonya bun ingots are consistent with the lead isotope ratios of the 

copper ores from the Solea axis (Gale 1999: 118; Stos 2009: 172). 

The copper of the overwhelming majority of the analysed oxhide and bun ingots 

from the late 14th century BC Uluburun shipwreck comes from a geologically uniform 

deposit, but the isotopic signature of the Uluburun oxhide ingots differs from all other 

oxhide ingots, which are usually of a later date. Only a few overlap the isotopic 

composition of Apliki. Possibly the Uluburun ingots were made of ores deriving from the 

Phoenix mine, located close to the Skouriotissa mine in Cyprus, but this cannot yet be 

stated with certainty (Gale 1999: 118-119; Stos 2009: 172). It is thus very likely that 

different copper ore sources may have been used at different times in the production of the 

oxhide ingots (Gale 1999: 119). 

Despite the fierce discussions in the past on the technique of lead isotope analysis 

and its limitations (see Journal of Mediterranean Archaeology 8:1 (1995)), based on the 

results from the lead isotope analysis it is nowadays generally accepted that all copper 

oxhide ingots of a post ca. 1400 BC date are made of copper deriving from the ore deposit 

of Apliki or other mines of the Solea axis, including the oxhide ingots from the Cape 

Gelidonya shipwreck. Probably also the earlier oxhide and bun ingots from the Uluburun 

shipwreck are of a Cypriot origin, possibly of the nearby Phoenix mine. This conclusion 

does not only imply Cyprus to be the dominant copper producer and exporter in the 

Eastern Mediterranean, but also that a massive amount of copper was produced from the 

ore deposits of Apliki and the wider Solea Axis, which region includes the mines of 

Skouriotissa, Phoenix and Mavrovouni. It is not surprising that this assumption has been 

perceived with large disbelief by many scholars (e.g. Budd et al. 1995: 26; Muhly 2009: 

29; Pernicka 1995: 60). The ore deposits of the Apliki mining region are among the largest 

copper deposits in the whole Mediterranean area, but the mine of Apliki is the smallest of 

the four deposits, the one highest up on the Troodos foothills and the one farthest away 

from the sea. With the nearby presence of a LCIIC mining site at Apliki-Karamallos there 

is no doubt that the Apliki mine did produce copper, but it is hard to believe that it may 

have been the only one of all those deposits scattered around the periphery of the Troodos 

mountains that was exploited for the production of the copper oxhide ingots of post ca. 

1400 BC date. There seems to be no particular reason why only the Apliki mine would 

have been preferred over the other deposits that were exploited for the production of 

copper artefacts found at various LC sites where also fragments of oxhide ingots have been 
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found made of copper from Apliki (Kassianidou 2012a: 36-37). However, as Gale (2011) 

and thereafter Kassianidou (2012) rightly argue, if one wishes not to accept the results 

deriving from the lead isotope analysis, he may not accept Cyprus as the place where 

oxhide ingots were produced and consequently cannot present Cyprus as the major 

producer and exporter of copper in the LBA Eastern Mediterranean (Gale 2011: 218; 

Kassianidou 2012a: 38).  

8.2.2 Technological studies: microstructural and chemical analysis 

Most of the oxhide ingots and fragments from Cyprus, Greece, Sardinia, Cape 

Gelidonya (Muhly et al. 1977) and Uluburun (Maddin 1989; Hauptmann et al. 2002) have 

been studied by chemical and occasionally microstructural analysis (Kassianidou 2012a: 

2). Microstructural and chemical analyses, and experimental work (Van Lokeren 2000; 

Merkel 1986; 1990), have enabled us to answer certain technological questions regarding 

the composition of the copper and the ores used as well as the production process 

involving the smelting and casting of the oxhide ingots. A most fine example is the study 

by Hauptmann, Maddin and Prange (2002) of the bun and oxhide copper and tin ingots 

from the Uluburun shipwreck. 

Both the copper oxhide and bun ingots from the Uluburun shipwreck are made of 

the same “pure” copper. Only a few exceptions may indicate that bronze scrap could have 

been added (Hauptmann et al. 2002: 13). The copper sulphide inclusions and the constant 

porosity, which is partly the result of the degassing of the sulphide inclusions, are 

characteristic for the use of sulphide ores such as chalcopyrite and thus indicative for their 

possible Cypriot provenance (Hauptmann et al. 2002: 4-5). The occurrence of slag 

inclusions is indicative of the fact that there was no intention to purify the copper by 

repeated melting before casting into their final shape. The traded copper was thus not of 

great quality since further refining was required to obtain a metal suitable for casting 

objects (Hauptmann et al. 2002: 7, 13, 18-19).  

The comparative study of the oxhide and bun ingots has indicated that it seems 

rather unlikely that the oxhide ingots were made by remelting bun ingots, or visa versa. 

Possibly bun ingots were produced as a result of the need for smaller units of copper 

(Hauptmann et al. 2002: 18; Pulak 2000: 140). Also we may reject the suggestion that 

oxhide ingots were produced by tapping the raw copper directly from the smelting furnace 
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into a oxhide shaped mould (Tylecote 1980a: 195, Fig. 7.3), or that the bun ingots were 

formed at the bottom of the furnace (Bass 1967: 80, Fig. 95) (Hauptmann et al. 2002: 12, 

18).  

As observed in the macroscopic and microscopic features, the oxhide ingots were 

likely made by multiple castings (Hauptmann et al. 2002: 17; Pulak 2000: 141-142, Fig. 6). 

Smelting experiments under guidance of J.F. Merkel (1986, 1990) have demonstrated that 

according to Bronze Age methods masses of copper up to 10 kg could be produced in a 

smelting furnace. Thus the production of 30 kg of copper in an ancient smelting furnace to 

form an oxhide or bun ingot would have been extremely difficult, if not impossible. The 

oxhide ingots must have been produced by the remelting of batches of raw copper that 

were subsequently cast into larger units such as oxhide, or bun, ingots (Hauptmann et al. 

2002: 17-18; Merkel 1986; 1990: 116). Therefore the ingots may reflect the composition of 

a single ore deposit, but they may as well comprise batches from different sources 

(Hauptmann 2002: 18).  

Metallographic study has further indicated that the ingots were cast in an open 

mould. Furthermore, as only one possible limestone mould for the casting of an oxhide 

ingot is known from the Royal Palace building of Ras Ibi Hani in Syria (Figure 8.5), it is 

implied that they may have been cast in sand. The presence of a raised rim on one of the 

sides of the oxhide ingots is thus possibly the result of outlining of the shape in the earth 

before removing or flattening the inner part (Hauptman et al. 2002: 12, 17; Kassianidou 

2012a: 17-18), but no remains of this temporary kind of mould were observed on the 

surface of the ingots (Hauptmann et al. 2002: 18). On the other hand, the occurrence of two 

pairs of mould siblings amongst the five pillow-shaped ingots of the Uluburun shipwreck 

suggests that these were cast in a reusable stone or clay rather than perishable sand moulds 

(Pulak 2000: 141). 
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Figure 8.5: LBA mould for the casting of oxhide ingot found in Room 12 of the North Palace at Ras Ibi Hani, 
near Ras Shamra, Syria (c.f. Gale 1989: 257, Fig. 29.19). 

 

Similar conclusions could be drawn from the analyses done on the oxhide ingots 

found at Cape Gelidonya, Cyprus, Sardinia and other regions (Kassianidou 2009: 57, 61; 

Kassianidou 2012a: 16-18; Maddin 2009: 493). However, the analyses were never 

conducted to such an extent as those done by Hauptmann et al. (2002) on the assemblage 

from Uluburun and primarily involve chemical analysis and the microstructural features 

and hence the technological processes are only addressed to a limited extent for most 

oxhide ingots. Furthermore, as noted by Kassianidou (2009), the analyses have been done 

with a variety of analytical techniques leading to difficulties in the comparison of the 

results. Thereby there is a large need of a wider analytical program for all the oxhide ingots 

found in the Mediterranean which would allow the construction of a reliable database and 

offer meaningful comparison (Kassianidou 2009: 57).  

8.3 A macroscopic study of the Cape Gelidonya ingot fragments 

Bass (1967) catalogued 39 copper oxhide ingots, 30 copper bun ingots and 19 

bronze slab ingots, with a total weight of 783kg. In addition to those, about 650 fragments 

with a total weight of 278.3 kg have been catalogued for the present study, which is by 

weight 26% of the total ingot assemblage of the Cape Gelidonya shipwreck.  
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The large majority of the fragments, by count (ca. 567) and weight (ca. 219 kg), 

derive from the 1960 excavations and must thus comprise the “almost seventy-five 

kilograms of ingots fragments” referred to by Bass (1967: 52). Most of the large 

identifiable fragments had already been given catalogue numbers differentiating between 

oxhide (IN 95/xx) or bun (BI 95/xx) ingots, but the records associated with these numbers 

still need to be researched. It is not unlikely that these were given in 1995 by N. Gale and 

Z.A. Stos-Gale during sampling for a programme of elemental ED XRF and lead isotope 

analysis by the Oxford Isotrace Laboratory (Stos 2009: 168). Some of these large ingot 

fragments were depicted by Bass (1967: 52, Fig. 54) and a short note was made of their 

existence by the words “twelve ingot corners were found, each of which was certainly cut 

out with two deliberate strokes running at approximate right angles to one another (Bass 

1967: 52)”.  The remaining unnumbered fragments include both fragments that could be 

identified with certainty as either oxhide or bun ingots, and small irregular pieces. These 

were given a catalogue number following the 60/13-xx series. The 72 fragments found 

during the later surveys were given a number by the excavators upon recovery (FRAG xx, 

W/P xx, GC xx, GEL xx or Gelidonya xx) and comprise both identifiable and irregular 

fragments.  

8.3.1 The ingot types 

8.3.1.1 Oxhide ingots and oxhide ingot fragments 

As noted above, oxhide ingots are large rectangular flat slabs of copper with 

handles at their four corners, a rough and bubbly upper surface and a smoother lower 

surface containing tiny air holes and a raised rim along the edge. A close observation of 

complete examples from Cape Gelidonya and elsewhere clearly shows that oxhide ingots 

of this type are hardly ever symmetrical. Their thickness, size and weight vary largely, but 

typically average 60 cm in length, 4 cm in thickness and 29 kg in weight (Bass 1967: 52; 

Kassianidou 2012a: 12). 

Bass catalogued 39 oxhide ingots, with a total weight of 691.4 kg. They comprise 9 

complete, 19 nearly complete but with one or more handles missing, 3 fitting pairs of 

halves, 5 single halves and 3 highly corroded or broken ingots. The weight of the complete 

ingots varies between 19.7 and 25.9 kg. Their size ranges from 54 to 75 cm in length and 
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between 3.5 and 5.0 cm in maximum thickness. With an average weight of 21.4 kg the 

oxhide ingots from Cape Gelidonya are rather light, despite the fact that the dimensions 

(max. length: av. 64.3 cm, max. thickness: av. 4.2 cm) equal those of the majority of the 

oxhide ingots found in the Eastern Mediterranean. The average of the total weight of the 

nearly complete and pairs of halves as noted by Bass (1967) is even lower: 20.0 kg. We 

must remember that corrosion results in metal loss and hence a decrease of the original 

weight. 

Amongst the 650 fragments recorded, 167 with a total weight of nearly 166.2 kg 

are with certainty identified as parts of oxhide ingots. Of the largest fragments 9 approach 

the size of a quarter of an ingot, reaching up to 36.8 cm in size and as noted by Bass (1967) 

removed from the larger ingot by two cuts at approximate right angles (Bass 1967: 52). 14 

fragments are corners of oxhide ingots, that is to say the handle with part of the body 

preserved. Three of those have a fragmented handle or highly encrusted surfaces. There are 

also 15 handles without much of the body preserved. They differ in size between 9.4 and 

16.5 cm. Out of the 14 body fragments with edges the largest (IN 95/29) has three edges 

preserved and measures up to 21.5 cm, while another 10 have typically only one edge. 

Their maximum length ranges from 8.2 to 17.3 cm. 27 fragments are edges with little of 

the body preserved. They measure between 6.0 and 16.0 cm in size, with the length of the 

edge ranging from 3.0 to 16.0 cm. The more irregular or smaller fragments comprise 33 

edges (max. length 1.9-6.3 cm), 47 handle fragments (max. length 2.8-11.5 cm) amongst 

which 24 rather fragmented, and 8 irregular fragments (6.8-12.3 cm). 

Amongst the fragments 60% by weight could thus be identified as parts of oxhide 

ingots. At 80% by weight the oxhide ingot is the most common ingot type of the copper 

cargo. The total weight of the oxhide ingots and oxhide ingots fragments equals the weight 

of about 42 complete oxhide ingots as recorded for those from Cape Gelidonya (i.e. av. 

20.4 kg). The total weight of the ingot fragments, including single halves and smaller 

pieces, equals the weight of about 10 or 11 complete oxhide ingots from Cape Gelidonya.  

8.3.1.2 Bun Ingots and bun ingot fragments 

Bun ingots usually have a plano-convex shape. The upper surface is typically very 

bubbly, while the lower surface is commonly covered with low mounds. Their thickness, 

size and weight may vary largely, but a complete bun ingot of the Cape Gelidonya 

shipwreck, as recorded by the excavator, ranges between 16.5 and 26.0 cm in diameter, 2.6 
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and 6.3 cm in thickness and 1.4 and 5.5 kg in weight, with an average of 3.0 kg (Bass 

1967: 78). 

Bass catalogued 30 bun ingots, with a total weight of 76.2 kg. These comprise 13 

complete, 8 incomplete or slightly fragmented and 8 bun ingot halves, one of which a little 

smaller. 

88 of the 650 fragments, with a total weight of nearly 30.6 kg, can certainly be 

identified as parts of bun ingots. They include 8 irregular halves (max. size 10.9-20.0 cm), 

2 irregular thirds (max. size 11.5-17.0 cm), 10 equalling a quarter (max. size 9.0-13.2 cm), 

8 smaller parts (max. size 7.2-12.0 cm) and 60 irregular fragments with edge (max. size 

7.0-12.7 cm). 

Amongst the fragments 13% by weight could be identified as parts of bun ingots 

primarily because of their plano-convex profile and rounded edge. Bun ingots and 

fragments comprise 11% of the total copper cargo. The total weight of the fragments, 

including halves and smaller pieces, equals the weight about 18 or 19 complete bun ingots 

form Cape Gelidonya. 

8.3.1.3 Slab ingots 

Bass catalogued 19 bronze slab ingots, with a total weight of 15.8 kg, which is only 

2% of the total ingot assemblage. 9 are complete, 8 miss some parts of the edges and two 

are only ends of slab ingots and thus fragments. The complete ones measure between 21.8 

and 30.2 cm in length (Bass 1967: 81-82). Based on macroscopic features no fragments of 

slab ingots were identified amongst the fragments.  

In contrast to the copper oxhide and bun ingots those of the slab type are made of 

bronze with variable tin compositions ranging from 0.4 to 7.2% Sn (Bass 1967: 82; Stos 

2009: 172). The analysed slab ingots contain low quantities of between 0.4 and 3.9% tin, 

and a single example (SI 9) with 7.2% tin. Clearly no standardized or optimum bronze 

composition of between 8 and 10% tin was aimed for in their production. 

8.3.1.4 Irregular fragments 

About 400 fragments with a total weight of 74.2 kg could not be classified as 

oxhide, bun or slab ingots. This is because of their highly corroded or worked surface and 

small size whereby the characteristic features of the ingot types do not appear clearly. The 
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irregular fragments comprise about 7% of the total ingot assemblage. It is possible that 

among them there are fragments of slab ingots. Their presence could be easily detected 

through chemical analysis as the slab ingots have a different chemical composition: as 

opposed to the copper oxhide and bun ingots they are composed of bronze and should thus 

contain some tin (Bass 1967: 82; Stos 2009: 172). 

8.3.1.5 Summary 

Over one ton of copper and bronze ingots were thus found aboard of the Cape 

Gelidonya shipwreck. By weight 32% consists of fragments, which can range from halves 

to pieces of only a few centimetres in size. At least 22% by weight of these fragments are 

irregular bits and pieces that could not be identified as any type of ingot. Of the whole 

ingot assemblage, including both the complete examples and the fragments, the oxhide 

ingot is the most common type (Figure 8.6). 

 

 
Figure 8.6: Graph showing the percentages by weight of the various ingot types identified amongst the 
complete copper ingot assemblage from the Cape Gelidonya shipwreck. 

 

It has not been possible yet to find joining fragments within the assemblage. This 

may either result from the intensive working and hence deformation of the fragments when 

they were broken, or could demonstrate that the assemblage consists of a random 

collection of fragments and did not derive from a certain number of ingots that were cut up 

and subsequently taken aboard. It is thus likely that we may indeed have to interpret this 

assemblage of fragments as a collection of scrap metal. 

81%	
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Ingot types (wt%) 
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8.3.2 Features and peculiarities 

A great value of these fragments is that their surface features are indicative of 

certain technological practices related to the production or working, and the deliberate 

breaking of the ingots. 

8.3.2.1 Hammering, chiselling and cutting 

Hammering is commonly detectable on the ingot fragments because of compressed 

parts in the material that is typically very porous and flattened areas on the surfaces (Figure 

8.7, Figure 8.8). Clear marks of hammering appear on nearly a third of the identified 

oxhide ingot fragments and nearly the half of the identified bun ingot fragments, typically 

on one of the surfaces but occasionally also on both. They occur primarily on the smaller 

fragments and they usually cover larger areas, while on the larger fragments the marks of 

hammering are most common near the broken or cut edges. The ingots were thus likely 

hammered with the aim to break the ingots into smaller pieces.  

 

 
Figure 8.7: Example of oxhide ingot fragment with marks of hammering and bending for breakage (Lente 
Van Brempt). 
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Figure 8.8: Example of oxhide ingot fragment with marks of hammering near the edge (Lente Van Brempt). 

 

“For many years, many of us have been perplexed by why17 a metal as malleable as 

copper could be broken into the many pieces found so ubiquitously in Sardinia (Maddin 

2009: 492)”. It seems indeed unlikely that a ductile metal like copper could have been 

broken by simply smashing it (Pulak 2000: 145). The metallographic study of the 

Uluburun oxhide and bun ingots by Maddin (1989) and Hauptmann et al. (2002) have 

however demonstrated that the raw copper of which the ingots were produced is extremely 

porous and heterogeneous in composition, with high levels of impurities. The combination 

of gas cavities and inclusions such as copper oxides and slag facilitate crack propagation 

and thus contribute to the brittleness of the ingots, as seen in the irregular fracture lines of 

the edges of the bun ingot fragments from Uluburun (Hauptmann et al. 2002: 19; Pulak 

2000: 145). The ingots could thus relatively easily be broken to smaller pieces, possibly 

with the aid of smashing them with a heavy tool as we can imply from the many traces of 

hammering on the ingots of the Uluburun shipwreck (Maddin 2009: 292; Pulak 2000: 144-

145) and the present ingot fragments from Cape Gelidonya. Because many of the marks of 

hammering appear on rather small areas it may indeed seem that the ingots broke fairly 

easy. When subjecting the ingots to a slightly elevated temperature (ca. 300ºC) the 

entrapped copper oxides would be reduced to copper and oxygen and hence create an 

additional internal pressure for the fracture (Hauptmann et al. 2002: 19). It is not clear 

whether heat was also applied in the breaking of the Cape Gelidonya ingots, but this can 

possibly be clarified by microstructural analysis of the fragments. 

At least 74% of the small irregular fragments have hammered surfaces, but 

hammering was regularly done to such an extent that the material is fully deformed and 

                                                
17 The quote reads ‘why’, while possibly ‘how’ would be more suitable considering the following paragraph 
in Maddin’s (2009) publication within which is explained how the ingots could be broken easily (Maddin 
2009: 492). 
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compressed (Figure 8.9). It seems unlikely to be simply the result of the attempt to break 

the ingots, therefore we may assume that many of these pieces were being worked. 

 

 
Figure 8.9: Examples of heavily hammered irregular ingot fragments (Lente Van Brempt). 

 

Another technique that may have been used for the breaking of the ingots is 

chiselling. In contrast to hammering, chiselling would leave marks on smaller areas near 

the edges, as can possibly be seen on eight fragments (Figure 8.10). It is however very 

difficult to distinguish with confidence by eye between chiselling and hammering but a 

clear difference might be detectable on a microscopic level. Also a few of the oxhide 

ingots of Uluburun were cut with chisels, resulting in neat, straight cuts on the edges of 

fragments (Pulak 2000: 145). Smooth or well-cut edges are visible on about 10% of the 

small irregular fragments and on about half of the identified oxhide and bun ingot 

fragments (Figure 8.11). Often the smooth cuts do not extend over the whole section of the 

edge. This may indicate that the pieces were broken from the ingots in a two-step process: 

initially a cut was made on one of the surfaces, possibly by chiselling, and then a hammer 

was used to detach the fragment from the rest of the body. Some cut edges are however 

remarkably straight that it seems unlikely that they result from chiselling and/or 

hammering. It remains to be found out which other method could have been applied. 
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Figure 8.10: Example of oxhide ingot fragment with possible chisel marks (Lente Van Brempt). 

 

 
Figure 8.11: Example of oxhide ingot fragment with smooth-cut edge (Lente Van Brempt). 

8.3.2.2 Casting 

In the edges of 27 oxhide and possibly 2 bun ingot fragments a layered structure is 

visible (Figure 8.12). This is often emphasised by the presence of a large elongated gas 

vesicle. Previous metallographic studies and casting experiments have suggested that in the 

Bronze Age the production of 20 to 30 kg of copper at once to form an oxhide ingot would 

have been extremely difficult if not impossible. Therefore they were produced by the 

casting of multiple batches (Hauptmann et al. 2002: 17-18; Merkel 1986; 1990: 116). This 

may consequently have resulted in casting layers as seen in these examples from Cape 

Gelidonya and others from, for example, Uluburun (Pulak 2000: 141, Fig. 6) and Lipari 

(Maddin 2009: 493). 
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Figure 8.12: Examples of oxhide ingot fragments with layered structure visible in the edges or profiles 
(Lente Van Brempt). 

8.3.3 Markings 

While none of the bun ingots carry any signs, twenty-four of the oxhide ingots from 

Cape Gelidonya were stamped with a mark on the upper rough side, usually at the centre of 

the ingot near one end. Few of those bear a secondary incised mark on the smooth lower 

surface (Bass 1967: 52). Bass (1967) identified an additional stamped sign on the smooth 

lower surface of another four ingots (Bass 1967: 52), though it seems highly improbable 

that the unsolidified ingots were stamped on the bottom surface. Well-defined incised or 

impressed marks are missing from the assemblage of fragments, but a vague T- or L-shape 

was detected near the edge on the lower surface of one fairly large body fragment with 

preserved edge (FRAG 19) (Figure 8.13). It seems however unlikely that this shape is an 

actual incised mark. A stamped T-shape does appear on one of the complete ingots. Incised 

marks do occasionally occur but most of the marks on the Cape Gelidonya ingots are 

impressed, whereas on the Uluburun ingots only incised marks were identified. It is 

believed that primary signs were stamped in the freshly cast metal at the production centre, 

while the secondary marks were incised at a later distribution centre (Bass 1967: 72; Pulak 

2000: 146). This difference in marking technique of the ingots of both shipwrecks and the 

fact that signs seem to be largely missing from the fragments from Cape Gelidonya could 

be informative for the purpose of the assemblage and its production and distribution, and 

hence may indicate either private or state control as suggested by Bass (1967: 74). 
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Figure 8.13: Oxhide ingot edge fragment (FRAG 19) with indicated possible incised T- or (upside-down) L-
shape (Lente Van Brempt). 

 

It is sensible to suggest that the marks on oxhide ingots are associated with value, 

i.e. representing the weight or guaranteeing a certain quality (Bass 1967: 73). However, by 

a detailed study of the signs on the ingots from Cape Gelidonya, Bass (1967) did not 

manage to identify a certain connection between the occurrence of the primary impressed 

marks and the weight, shape or metal composition of the oxhide ingots, nor with the source 

of the metal, as implied from the trace element composition, or the smelter (Bass 1967: 73-

74). The secondary marks may have been incised in the ingots on top of the stacks when 

inventoried and prepared for export and would therefore perhaps represent the inspector, or 

the merchant for whom they were destined. On the other hand the merchant himself could 

also have incised them after he had acquired them (Bass 1967: 74). 

8.3.3.1 Extra’s 

Attachments or inclusions visible on macroscopic level are rather uncommon, but 

do appear on a few fragments. To one or two fragments some organics are adhered that 

may derive from the matting in which the ingots were likely bound together. Many of the 

large oxhide ingots and halves carry remains from those wrapping or packing (Bass 1967: 

44, 52). To the surface of a single possible handle fragment (No. 60/13-5) a small flat bar 

(ca. 3.2 cm) of dull silver-coloured material was stuck (Figure 8.14). Perhaps it is a piece 

of scrap lead that got attached to this fragment. 
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Figure 8.14: Highly corroded oxhide ingot handle fragment (No. 60/13-5) with small bar of possibly lead 
attached (Lente Van Brempt). 

8.4 Discussion and conclusion: the Cape Gelidonya ship and its role in the LBA 

Mediterranean metals’ trade 

8.4.1 The metal cargo and the function of the late 13th century BC Cape Gelidonya 

ship 

Despite the limited interest in the many small fragments, the excavator was well 

aware of the highly fragmented nature of the metal cargo. The cataloguing of the ingot 

fragments have not changed but rather strengthen Bass’ initial thoughts on the nature of the 

voyage of the ship: “All of the elements necessary for bronze-making were on board – pure 

copper, pure tin, and bronze scrap and ingots for being recast – and it is likely that the 

merchant not only traded with such raw materials, but was a tinker who worked with them 

himself (Bass 1967: 163)”. As noted by Bass (1967), apart from the metals nearly all the 

tools necessary for bronze-making were on board: possible stone anvils, stone hammers 

which might have been used for forging, stone rubbers and polishers and various bronze 

tools. Possibly the private merchant did not only go from port to port to trade these metals, 

but also a bronzesmith may have been on board who worked them upon demand (Bass 

1967: 163; Muhly et al. 1977: 361; Sherratt 2000: 87).  
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The ship’s metal cargo has been compared to one of the written records found at 

Ugarit (UT 2056), which presents the inventory of a ‘ship of Alashiya’ in the harbour of 

Atalligu (Bass 1991: 69; Linder 1972: 163). Alashiya is commonly identified as Cyprus18, 

where the copper used for the majority of the Gelidonya ingots and metal objects and scrap 

was sourced (Stos 2009). The lading described in ‘UT 2056’ comprises relatively small 

quantities of raw copper (15 talents) and bronze artefacts such as agricultural and craft 

tools as well as weapons (Linder 1972: 163). Despite the similarities with the nature of the 

Cape Gelidonya metal cargo and, and if we assume that one talent is approx. 28 kg (Knapp 

2011: 250), the copper assemblage found at the shipwreck is of a much larger quantity. 15 

talents (ca. 420 kg) do not equal the total weight of the complete and little fragmented 

ingots (ca. 720 kg) or the assemblage of ingots fragments (ca. 341 kg). However, both the 

‘ship of Alashiya’ and the Cape Gelidonya ship are unlikely to be classified among the 

large merchantmen engaged in bulk transport of copper and embody the smaller private 

ventures (Linder 1972: 163). 

Even though they differ about a century in time, the Cape Gelidonya shipwreck is often 

brought into comparison with the earlier Uluburun shipwreck that carried an even larger 

collection of 10 tons of copper and 1 ton of tin in the form of oxhide or bun ingots and 

many more artefacts, raw materials and prestige good (Pulak 1997: 256). The cataloguing 

of the ingot fragments is still in process, but Dr. Cemal Pulak communicated that 136 

fragments were found alongside the 354 complete oxhide ingots. Many of those are handle 

fragments possibly accidentally broken from the complete oxhide ingots, but a few larger 

oxhide ingots were cut to uniform pieces with chisels. In addition to the 121 complete bun 

ingots he identified 27 deliberately broken fragments and some partial bun ingots, many of 

which could be joint together. The breaking would have been done by heavy hammering, 

possibly not always with success as can be implied from the several scarred but still intact 

bun ingots (Pulak 2000: 144-145; Pulak, personal communication October 2015). In 

contrast to the Gape Gelidonya shipwreck, the Uluburun metal cargo carries only very few 

fragments (Table 8.1). Both shipwrecks, which sunk in no great distance from each other 

along the south coast of Turkey with a time difference of about one century, are generally 

considered to represent two different mechanisms in the metals’ trade (Stos 2009: 176). In 

contrast to the late 13th century BC Cape Gelidonya ship, the late 14th century BC 

Uluburun ship and its cargo “appear to represent an official dispatch of an enormously rich 

                                                
18 See Chapter 1 for an introduction to the ‘Alashiya problem’ 
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and valuable cargo of raw materials and manufactured goods largely intended for a specific 

destination (Pulak 1997: 256)”. 

 

  Uluburun Cape Gelidonya 

  ca. 10 ton ca. 1 ton 

Oxhide - complete 354 28 

Oxhide - fragments 136 148 

Bun - complete 121 22 

Bun - fragments 48 96 

Unidentified fragments n.d. 384 

Total (count) 659 678 

 
Table 8.1: Comparison of the approximate quantities by count of complete and fragments of oxhide and bun 
ingots found aboard the late 14th cent. BC Uluburun and late 13th cent. BC Cape Gelidonya shipwrecks. The 
total weight of the fragments and complete ingots from the Uluburun shipwreck are not yet determined. 
Therefore the approximate quantities by weight cannot yet serve as a comparative between the two 
shipwrecks. 

 

The large number of ingot fragments found aboard of the Cape Gelidonya ship give 

the cargo a clearly distinctive character. A small percentage of the ingots are cut according 

to uniform shapes, i.e. halves, quarters or corners, but the absolute majority of the 

fragments are irregularly shaped. The fragments were possibly carried as smaller 

collections in bags or wicker baskets (Bass 1967: 44-45). The pieces may not only have 

facilitated transportation but probably also enabled the merchants to weigh the copper with 

precision in order to verify the metal quality and hence to prevent fraud (Jones 2007: 89; 

Singer 2011: 268). Therefore Singer (2011) assigns the small size of the fragments partly 

to the aim to obtain a specific weight of metal needed for a transaction and consequently 

suggests that the ingot fragments aboard of both the Uluburun and Cape Gelidonya ship 

could have been used as “small change” in addition to the larger ingots. She argues that 

“the ingots could illustrate the earliest surviving example of the critical moment when a 

piece of metal exchangeable by weight is transferred to a “pre-monetary” kind of 

“currency” (Singer 2011: 270, 271)”. These conclusions could maybe indeed apply to the 

bronze slab ingots which were found in the area of the “captain’s cabin” and which are of 

nearly identical weight (Bass 1967:82; Singer 2011: 271). However, the variable 

composition of the bronze of the slab ingots does again not partially support this 

assumption. Certainly the microstructural composition of the copper ingots would have 

aided the breaking of the ingots, but as these characteristics are the unintentional result of 
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the use of sulphide ores in their production it seems not suitable to me to relate the 

compositional features of the ingots directly with the purpose to break them and hence the 

function of the fragments as a form of “small change” (Singer 2011: 270). Nor can we, I 

think, consider the fragments of both the Uluburun and Cape Gelidonya shipwreck to have 

served similar purposes since their metal cargo’s and general function are clearly 

distinctive, as is also the overall chronological and socio-economical framework within 

which both ships participated in the trading networks of the Eastern Mediterranean.  

8.4.2 From bulk (Uluburun) to scrap (Cape Gelidonya): change in the trading 

mechanisms of the LBA Eastern Mediterranean 

Knapp, Muhly and Muhly (1988) presented the Uluburun and Cape Gelidonya 

shipwrecks as clear examples of the differences between respectively merchant’s (i.e. 

circulating, standardized, multiples of products, some of which with enhanced ‘prestige’ 

value) and founder’s (i.e. non-circulating material, often scrap, collected for its value as 

metal) hoards (Knapp and Cherry 1994: 143-144; Knapp et al. 1988: 237). The apparent 

different purpose of the Uluburun and Cape Gelidonya ships, the clear distinction between 

the nature of the metal cargoes, and the chronological division may be illustrative of the 

general assumption of a move away from a high-level centrally controlled bulk metals’ 

trade towards the transport of scrap metal by decentralised traders by the end of the Late 

Bronze Age, whereby the control by established powers over the movement of 

standardized units of raw copper, tin and precious metals is challenged and eventually 

superseded (Artzy 2000: 28-29; Knapp and Cherry 1994; Sherratt and Sherratt 1991: 366-

367; Sherratt 1998: 299; 2000). 

The Eastern Mediterranean Bronze Age trade is one of many dimensions and rather 

complex, including both state-dominated and entrepreneurial aspects (Knapp and Cherry 

1994: 127). By the later 14th century BC a well-differentiated trade system existed within 

which prime or convertible materials such as precious and bulk metals circulated at high 

level, tightly controlled by élites or palace-institutions and embedded in the language of 

royal gifts, as embodied by the Uluburun shipwreck and documented in the written records 

from Amarna19 and other sites (Artzy 2000: 28; Liverani 1987: 67; Manning and Hulin 

                                                
19 See Chapter 1 for an introduction to the LBA exchange of copper between Alashiya and the other major 
powers of the Eastern Mediterranean as documented in the written records. 
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2008: 288; Sherratt 2000: 83, 89). Simultaneously ‘safe’ commodities or non-convertible 

goods like pottery and textiles moved at a different and socially lower level by a form of 

direct, decentralised, private and essentially commercial trade aimed at a sub-élite market 

whose access to the real determinants of power was limited (Sherratt 2000: 83, 89). 

Motivated by profit, the merchants gradually took more advantage of their position 

in the state-directed mercantile enterprises and aimed to elaborate their personal exchange 

activities by the addition of freelance and private trade of finished commodities or raw 

materials in demand in contrast to high-prestige goods (Artzy 2000: 28-29; Knapp and 

Cherry 1994: 142; Liverani 1987: 69-70; Manning and De Mita 1997: 112). Eventually, by 

the end of the 13th century, the differentiation within the system had disappeared and pots, 

bronze artefacts, scrap bronze and precious metals, and even iron, are all of equal 

importance in the commercial, decentralised international exchange networks (Sherratt 

2000: 89). In contrast to the palace-controlled enterprises these independent maritime 

ventures are commonly hidden from the textual records (Manning and Hulin 2008: 282) 

but well represented by the Cape Gelidonya shipwreck. The growth of the private trading 

activities beyond the control of centralised polities, in combination with other socio-

political, economic, demographic and technological events specific for the various areas of 

the Aegean and Near East, eventually contributes to the collapse of the Eastern 

Mediterranean societies and the state-controlled trading networks by the end of the Bronze 

Age (Liverani 1987: 69-70; Sherratt and Sherratt 1991: 373), i.e. the ‘crisis years’ (Ward 

and Joukowsky (Eds.) 1992). Because of their acquired autonomy and wealth the 

autonomous merchants were in position to survive without the palace organization and to 

continue their personal activities in a different framework (Artzy 2000: 29; Liverani 1987: 

70).  

Cyprus without doubt played a primary role in the trade of bulk metals, possibly 

both copper and tin (Kassianidou 2003a: 116; Muhly 1980: 49). The possible absence of a 

centralised economic system on LCIIC Cyprus and the presence of regional polities within 

which the ruling elite individuals or groups in the coastal centres were gradually more and 

more independently involved in the decentralised international trading activities (See 

Chapter 1; Sherratt 1998: 298) may have initially brought along the continuation of the 

island’s trading activities and its leading part in the expansion of trade with the west, 

despite the general breakdown in the political and economic order on Cyprus during the 

LCIIC-LCIIIA transition (Knapp 2013: 475; Sherratt and Sherratt 1991: 374). 

Nevertheless, the collapse of the international elite-driven trading system would eventually 
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have a negative impact on Cyprus by the transition to the early Iron Age (Knapp 2013: 

475). 

8.5 The Cape Gelidonya ingots, suggestions for further research: methodology and 

approach 

Despite the importance of the Cape Gelidonya’s metal cargo in the understanding 

of the trading mechanisms of the LBA Eastern Mediterranean, the ingots have 

unfortunately received only little attention by analytical studies, which have been largely 

dominated by provenance studies by means of elemental and lead isotope analysis and did 

not involve the many smaller fragments mentioned above. 

Muhly, Stech Wheeler and Maddin published in 1977 the results of the 

microstructural and elemental analyses with SEM-EDS (EDAX) of four oxhide ingot 

fragments, two bun ingots and two slab ingots. The aim of the analytical study was to 

define their provenance by means of the identification of a significant impurity pattern that 

could distinguish one group of ingots from another (Muhly et al. 1977). No distinctive 

impurity pattern could be identified, but it could be concluded that the oxhide ingots and 

bun ingots were seemingly made of the same copper composition and cast by the same 

process and both major types only seem to differ in shape and size (Muhly et al. 1977: 357, 

361; Pulak 2000: 140).  

In 1995 the Oxford Isotrace Laboratory undertook an extensive programme of ED 

XRF and lead isotope analysis on 82 oxhide ingots and fragments, 31 bun ingots and 

fragments and 6 slab ingots in order to define their chemical and lead isotope composition. 

Out of the selected samples 30 oxhide ingots were also analysed by means of neutron 

activation analysis for their major and trace elemental composition (Stos 2009: 168). The 

selected samples possibly comprise the ingot fragments with catalogued numbers IN 95/xx 

and BI 95/xx and the majority of the ingots catalogued by Bass (1967). The majority of the 

bun ingots and all oxhide ingots are made of pure copper and are uniform with the ore 

deposits of the Solea axis. Five of the analysed bronze slab ingots are fully consistent with 

the copper ores from Lavrion while the last one is of Cypriot origin, possibly from the area 

of Politiko-Phorades or Limassol (Stos 2009: 170-172). 
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The suggested further study of the ingots from Cape Gelidonya does therefore not 

wish to answer the much-discussed question of the origin and trade route of the ship. The 

significance of the assemblage of ingot fragments from Cape Gelidonya lies in the 

possibilities it creates to further explore technological questions regarding the production, 

such as the smelting of the ores and casting of the copper, and the breaking of the copper 

oxhide and bun ingots. Highly valuable conclusions have resulted from the extensive 

microstructural and chemical analysis by Hauptmann et al. (2002) on the ingots from the 

Uluburun shipwreck, which is commonly assumed to embody the economical and socio-

political framework of the metals’ trade by the end of the 14th century BC. As the cargo of 

the Cape Gelidonya represents the changing trading activities by about a century later a 

comparison between both major ingot assemblages is invaluable. 

To quote Kassianidou (2009): “It would be even more desirable to initiate a wider 

analytical program for all the oxhide ingots found in the Mediterranean, so that a truly 

reliable database could be constructed which would enable meaningful comparisons to be 

made (Kassianidou 2009: 57)”. The importance lies in the application of a uniform 

programme in the analytical study of the ingot fragments from all areas and periods to 

allow spatial and chronological comparison. Therefore, a comparative study of the 

Gelidonya ingot fragments by means of the same range of analytical techniques as applied 

by Hauptmann et al. (2002) is desired and may hopefully enable the identification of 

continuities or changes in the technological aspects of the production process and the 

composition and purity of the copper oxhide and bun ingots over time, and to further 

investigate the techniques used in the breaking and working of the ingots.  

Further research should thus aim to employ a multidisciplinary socio-technical 

approach in which the results of a macroscopic, microscopic and chemical investigation of 

the assemblage are combined with those of the study of its archaeological context and 

related written sources. The comparative analysis of the Cape Gelidonya assemblage can 

thereby be used to explore the archaeological issues beyond the pure provenance and 

technology studies, such as the role of technological choice in the production and working 

of copper or the socio-political organisation of the metals’ trade of the LBA Eastern 

Mediterranean. 

As such, the objective is the study of a large selection of the assemblage involving 

a further determination and classification of the fragments by a multi-phase trajectory, 

starting with the cleaning and conservation of the fragments. The high amount of corrosion 

and sea encrustations clearly limits the capability to identify the kind of ingot of which the 
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fragment may have been a part and to detect markings or any surface treatments. 

Furthermore it may affect negatively the results from the chemical analyses. Conservation 

of the fragments is thus highly recommended to facilitate the further investigation of the 

fragments. 

Consequently, the secondary macroscopic study of all fragments should involve a 

programme of refitting. This may bring us to some primary conclusions towards the 

possibility that the fragments were broken off from a certain amount of ingots, or that they 

were not at all related to each other and thus collected separately. Further attention should 

be paid in the identification of impressed or incised signs and traces of working such as 

tool marks caused by hammering, chiselling or any other technique that may have been 

used for the breaking and cutting of the fragments. 

With the aim to include as many fragments as possible in the scientific 

characterisation of the assemblage, surface analysis by means of portable XRF offers a 

suitable method for the detection of the chemical composition of all fragments without 

major destruction. The qualitative analyses of the fragments may give us a primary 

indication of their metal composition and hence create the possibility to distinguish the 

fragments composed of pure copper and hence to differentiate between fragments of 

possible copper ingots or fragments of copper or bronze scrap. In order to gain reliable 

results on the composition of the metal and not the corrosion products on the surface, a 

small spot of ca. 0.5 x 0.5 cm will have to be cleaned to reveal the metal. 

The macroscopic investigation and chemical analyses by pXRF of the complete 

assemblage of fragments will facilitate the selection of fragments for the further scientific 

characterisation of the assemblage by means of various destructive analytical methods such 

as optical microscopy and SEM-EDS, and possibly also ICP-OES. All three techniques 

have already justified their outstanding merit in the archaeological study of ancient metals, 

and copper ingots in particular (e.g. Hauptmann et al. 2002).  

By means of optical microscopy we have the possibility to determine the variation 

in the microstructural composition of metals. The characterisation of the microstructural 

features commonly permits the identification of various technological aspects in the 

production of the metal artefacts such as the composition of the ores and fluxes selected, 

and the melting temperature, oxidizing conditions and cooling rate during the smelting, 

melting and casting process, which typically embody the technological choices made by 

the metalworker during the production process. Microstructural analysis may also enable 
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the identification of the techniques used in the later breaking and working of the ingots 

such as the degree of hammering and the possible use of heat. 

The application of SEM-EDS commonly makes it possible to investigate the 

microstructures of the ingots fragments at a higher magnification by which individual 

crystals or inclusions can be visually and chemically identified and the accuracy of the 

grouping by use of optical microscopy can be verified. As well does this technique with 

the use of backscattered electron microscopy give us the opportunity to investigate surface 

features at high magnification, and hence characterise the marks resulting from the 

breaking and working of the ingots and differentiate between the cutting, beating and 

chisel marks. 

Chemical analysis by means of optical emission spectrometry using an Inductively 

Coupled Plasma – Optical Emission Spectrometer (ICP-OES) can offer highly reliable 

chemical compositions of the ingot fragments that can be brought in comparison with those 

from the Uluburun shipwreck analysed by Hauptmann et al. (2002) and contribute to the 

chemical composition of the complete and largest fragments from Cape Gelidonya 

acquired with ED XRF and neutron activation analysis by the Oxford Isotrace Laboratory 

(Stos 2009). 

A multi-disciplinary and comparative study of the ingot fragments from Cape 

Gelidonya could make it possible to ascertain whether they result from a similar 

production process and may thus have been part of an organised production and trade 

system. If a large variety of microstructural and chemical characteristics are identified, 

various methods were possibly used which may characterise the assemblage of fragments 

as a rather random collection of scrap copper and bronze.  
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CHAPTER 9 -  FINAL DISCUSSION AND CONCLUSION ON THE PRODUCTION 

AND TRADE OF CYPRIOT COPPER DURING THE LATE BRONZE AGE 

9.1 Technology reconsidered: a comparative study of the technological processes in 

the production of copper on Late Bronze Age Cyprus 

The past analytical studies on the smelting debris from various LC sites were 

discussed and summarized in Chapter 2. Despite the great benefit of archaeometallurgy in 

the study of the ancient societies, past archaeometallurgical studies for Bronze Age Cyprus 

have regularly resulted in rather dubious conclusions and confusing reports and 

publications. They have rarely paid attention to a macroscopic study of the complete 

metallurgical assemblages of the sites, their spatial distribution and the quantity by number 

and weight of the various material types and subtypes. The analytical investigations of 

metallurgical remains include usually only very few and small samples of which often no 

information is given on their chronological and archaeological context. Therefore the 

conclusions are primarily focussed on technological aspects in the production of copper, 

without taking into consideration the socio-political environment within which the 

practices took place. For various sites analyses were conducted by different researchers, 

leading occasionally to contrasting results and conclusions. We must though acknowledge 

the fact that the situation has largely improved over the last decade or so, resulting in some 

exemplary publications. 

Despite the often rather confusing reports and the general lack of a uniform 

methodology and terminology in the published studies, there is no doubt that the 

metallurgical remains from all LBA sites on Cyprus result from the smelting of copper 

sulphide ores, i.e. chalcopyrite (CuFeS2) and its weathered products with increased iron or 

copper concentrations. This differentiates the metallurgical activities on the island from 

many other copper-producing regions. The smelting of the sulphide ores was commonly 

done according to the complicated matte smelting process (see Chapter 2). Initially a 
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copper-iron sulphide, namely matte, was produced, which was subsequently further 

smelted to produce metallic copper. 

 It is generally believed that the earliest stages in the smelting of the sulphide ores 

did not take place within the confines of the urban area of the coastal towns, possibly 

because of the noxious fumes (Tylecote 1982: 99) but also because of the economical 

disadvantage to transport the ores, fluxes and fuel from the distant metalliferous zones. The 

minimal discovery of ores at the coastal sites may support this assumption (Hauptmann 

2011; Koucky and Steinberg 1982: 128; Muhly 1989b: 302; Stech 1982: 112; 1985: 102; 

Tylecote 1982), even though this can easily be assigned to the fact that the ores are 

intended to be smelted and therefore should not be found in their primary state. A better 

indication may be the absence of smelting structures, though these were possibly destroyed 

in order to remove the smelting products, and were consequently discarded. The roasting 

and primary smelting of the ores would have been conducted nearby the copper sources. 

The following smelting of the matte and other primary smelting products, copper refining 

and melting, bronze alloying and casting were undertaken in metallurgical workshop at the 

coastal urban centres such as Kition, Enkomi and Hala Sultan Tekke, from where the 

copper would have been distributed and exported. The metallurgical practices would have 

been organised per region, and therefore have defined the economical and socio-political 

regional exchange networks as suggested by Keswani (1993) and Knapp (1997b). Through 

the comparative study of the newly acquired results from the analyses conducted on the 

metallurgical remains from Kalavasos-Ayios Dhimitrios, Maroni-Tsaroukkas, Alassa and 

Arediou-Vouppes, which are discussed in detail and concluded in the respective chapters 

for each site, certain technical aspects and the spatial and socio-political organisation of the 

technological process of copper production was revised. 

9.1.1 Tap slag vs. furnace slag: facing the complexity of sulphide smelting 

Amongst the LC slag assemblages two major types were identified: tap and furnace 

slag. The difference in their macroscopic, microstructural and chemical composition is 

indicative of the fact that they are the outcome of two different technological processes. It 

is reasonable to assume that these different slag types formed a sequence in the 

complicated multi-stage process of matte smelting, but the analytical study of the furnace 
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and tap slag from Kalavasos-Ayios Dhimitrios showed that the slag types can also result 

from disconnected technological processes. 

Furnace slags (FS) are large slightly rounded slag lumps that can measure up to 

about 25 cm. They do not show any flow texture and therefore likely solidified inside the 

furnace rather than being tapped from it. Furnace slag likely equals the ‘crucible slag’-type 

as identified by Koucky and Steinberg (1982), and was possibly also occasionally named 

furnace conglomerate by various scholars (see discussion Chapter 2 and 4). The cracks that 

possibly formed during the cooling of the rather heterogeneous mass often cause the lumps 

to break. Therefore they frequently occur as smaller irregular lumps, which may initially 

be identified as another slag type due to their small size. The most characteristic feature of 

furnace slag is the heterogeneous composition of the lumps: the fayalitic slaggy material is 

interspersed with large corroded veins of matte that occur in highly variable compositions 

and quantities, and semi-reacted minerals. Following the descriptions in the publications, 

furnace slag similar to that identified at Kalavasos-Ayios Dhimitrios was seemingly also 

found at the primary urban centres of Kition, Hala Sultan Tekke, Enkomi, and maybe 

Maroni-Vournes, and at the inland sanctuary sites of Athienou and possibly Myrtou-

Pigadhes.  

The microstructural and chemical analysis of the furnace slag from Kalavasos-

Ayios Dhimitrios led to the conclusion that this slag type results from a rather poorly 

controlled smelting process within which a copper-rich matte was produced. The ores were 

roasted beforehand to partly remove the sulphur, and consequently smelted in reducing 

conditions at a temperature of ca. 1100ºC in order to reach the liquidus state of the slag and 

to allow the separation of the matte. A matte pool must have formed underneath the slag 

inside the furnace, within which both products were left to cool. However, in none of the 

surfaces of the slag lumps from Ayios Dhimitrios a clear impression of the matte cake was 

detected, the slag/matte separation was not highly effective and semi-reacted minerals can 

still be found in the slaggy matrix. We can assign all three features to the incorrect format 

of the charge, the inadequate fuel to ore ratio, the insufficient duration of the smelt, or the 

imbalanced conditions in the smelting furnace. The rather viscous slag was likely not fully 

liquid and hence solidified as fused lumps of reacted ores without mirroring the shape of 

the furnace and the matte cake formed below. This also prevented the complete separation 

of the matte. Despite the limited presence of small irregular sulphides embedded in the 

silicate matrix and hence an average sulphur- and copper-content of respectively only 1.8 

and 1.1% in the iron-silicate phase, the large matte veins still entrapped in the slag are 
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indicative of a major copper loss, a phenomenon which will be discussed later. In order to 

produce copper, the separated matte would have required another smelt to remove the 

small excess of sulphur and iron 

The analytical study of the furnace slag from Kalavasos-Ayios Dhimitrios strongly 

suggests that they result from the primary smelting of (roasted) ores, which could thus 

have taken place at or near the coastal sites, but the high amount of matte still entrapped 

and hence the great loss of copper during the smelting process does not indicate highly 

efficient smelting processes. However, the results do not offer the opportunity to fully 

support the option that the furnace slag was the outcome of the secondary smelting of 

matte and matte- or copper-rich primary smelting slags as was suggested by others for the 

slags coming from Kition and Enkomi (Hauptmann 2011; Stech 1982). Nevertheless, 

because of the yet remarkably high copper-content of these slags, which results from the 

present matte phases, this assumptions seems highly unlikely to me and it appears that also 

these slags may result from the primary smelting of ores. 

Tap slags (TS) are characterised by a rather homogeneous composition and a flow 

texture on the upper surface, which indicates that they were tapped from the furnaces. Tap 

slag is found at the industrial sites of Politiko-Phorades and Apliki-Karamallos, at the 

inland agricultural site of Arediou-Vouppes, and at the urban centres of Kalavasos-Ayios 

Dhimitrios, Maroni-Tsaroukkas and Kition and possibly also at Hala Sultan Tekke and 

Enkomi, but it is not known from what kind of technological processes they derive from. 

Despite the identical characteristic surface features of the tap slags from the various 

sites, the shape of the slag cakes and their microstructural and chemical composition 

indicate that the technological processes are not identical. The slag from the LCI smelting 

workshop of Politiko-Phorades results from the roasting and subsequent smelting of the 

sulphide ores at a temperature of about 1150-1200ºC under reducing conditions to produce 

a copper-rich matte that was successfully separated from the slag and simultaneously 

tapped from the furnace. The matte was collected underneath the slag, forming large plano-

concave slag cakes. Some of the slag-cakes were broken, maybe with the purpose to 

mechanically remove the matte prills still entrapped, but in general the slag is characterised 

by a rather successful matte/slag separation. The composition of the matte produced 

alongside the large slag cakes found at the mining site of Apliki-Karamallos is not yet 

known, as are the general conditions maintained during the smelting process. The 

analytical study of the slag assemblage may bring some clarity. 
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In contrast to the tap slag from LCI Politiko-Phorades, the tap slag from both 

LCIIC Kalavasos-Ayios Dhimitrios and Maroni-Tsaroukkas are indicative of a process 

within which ores were smelted without prior roasting. The furnace conditions were 

reducing and the temperature must have reached a minimum of ca. 1150ºC to reach the 

liquidus state of the slag. The well-controlled smelting process resulted in a fairly 

successful separation of the matte from the slag, which was tapped from the furnace while 

the matte was probably collected at the bottom. Consequently the plano-convex slag cakes 

were crushed to extract the matte inclusions still entrapped. Most remarkable is the fact 

that a low-grade iron-rich matte was produced that would require another extensive 

smelting process to remove the large surplus of iron and sulphur in order to create copper 

metal. The overall high iron-content of the iron-silicate phase in combination with the iron-

rich matte seems to indicate that possibly an iron-rich flux was added to the copper 

sulphide ores. 

The macroscopic features of the tap slag fragments from LCIIC Arediou-Vouppes 

are nearly equal to the plano-convex fragments from Ayios Dhimitrios and Tsaroukkas, but 

the microstructural and chemical composition are indicative of the fact that a copper-rich 

matte and occasionally even copper metal was produced. The matte and copper prills were 

manually removed by crushing the slag cakes. The process thus involved the smelting of 

roasted ores. In contrast, Stech et al. (1985) concluded that the tap slag found at Kition 

resulted from the smelting of matte under strongly reducing conditions to remove the iron-

sulphides and to produce copper metal, and could thus be a subsequent step in the copper 

production process which involves the smelting of the matte produced alongside the 

furnace slag.  

The tap slag from Kalavasos-Ayios Dhimitrios and Maroni-Tsaroukkas thus result 

from the primary smelting of ores which may have taken place at or nearby the urban 

centres. However, the poor quality of the matte produced does not indicate a highly 

successful smelt and therefore we may question the intentions and success behind these 

smelting activities within which an iron-rich flux was seemingly added and consequently 

caused a commonly unwanted increase of the iron-content of the matte. By examining the 

tap slag from the other urban centres such as Enkomi and Hala Sultan Tekke, but also 

Kition, we may be able to understand whether these unusual technological practices at 

Kalavasos and Maroni were a unique or common phenomenon in LBA Cyprus. 

On the other hand, the assemblage from Arediou-Vouppes evidences that not only 

during the LCI period (e.g. Politiko-Phorades) but also during LCIIC a highly efficient 
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smelting technology was known within which good quality slag with only little copper-loss 

and a high-grade copper-rich matte was produced. The matte only needed one more step of 

smelting to acquire copper metal, which was also accidentally already produced within the 

same smelting process. These smelting activities took place near the copper sources. 

Where the subsequent matte smelting was done remains uncertain, but it seems very 

unlikely that the furnace slags as found at the various LCIIC coastal sites would have been 

the result of this. From this comparative study of the tap and furnace slags from the various 

LCIIC sites it seems that the people producing the slag found at Arediou were technically 

more qualified.  

The absence of smelting structures at Kalavasos-Ayios Dhimitrios cause difficulties 

in identifying the location where the primary smelting of the (roasted) ores would have 

taken place and to establish with certainty that these would indeed have occurred at or near 

the site. Similar problems have arisen in the study of the metallurgical activities at other 

contemporary urban centres. Therefore it is commonly suggested that the slag would have 

been produced at the mining/smelting sites and thereafter transported to the coastal centre 

for further smelting. Because of the fact that we do find these slags at the site, and were 

thus not further processed, this assumption seems disputable to me. Therefore I do believe 

that the slags from Ayios Dhimitrios, and possibly also the other urban centres, are proof 

that primary smelting took place in close vicinity to the urban centres, and not only in the 

mining region of the island.  

Due to the noxious fumes and rather dirty process of the smelting of sulphide ores 

it is indeed unlikely that they were undertaken within the urban areas of the sites, but at an 

open area at some distance. This may explain why only little ceramics were found. Most 

metallurgical assemblages were recovered from the excavated areas of the sites, which 

primarily focus on the living, administrative or industrial quarters surrounded by 

architecture structures. It is not in these areas of the sites that we expect the earliest stages 

in the production of copper to have taken place. The metallurgical assemblages were thus 

likely transported from the nearby smelting facilities and may thus not be representative of 

the scale of activities that actually were completed.   

Furthermore, the variable conclusions on the furnace and tap slags studied within 

the present project and those earlier published are indicative of the fact that seemingly no 

absolute uniform smelting technique was applied on LBA Cyprus.  
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9.1.1.1 Copper loss in slag 

The copper levels detected by XRF in the powdered samples of tap slag from 

Politiko-Phorades average only 2.64% Cu. The average copper-content as measured by 

SEM-EDS in the iron-silicate phases of the tap slags from the various sites under study 

within the present project, whereby the very few large matte inclusions, prills and phases 

are excluded, does not exceed 2.0% Cu. The measurements for copper in the LBA tap 

slags from Cyprus are indicative of the fact that a rather successful separation of the matte 

from the slag was reached and seemingly no major loss of copper occurred during the 

smelting processes. The copper-content can however not be compared to those of the later 

Roman tap slags from Cyprus within which 1% Cu is rarely surpassed (Kassianidou 

2011b: 544). 

Also the copper levels in the iron-silicate phases of the furnace slags from 

Kalavasos-Ayios Dhimitrios average only 2.1% Cu. These though exclude the large and 

often abundant matte phases in the sections, that result in measurements for copper ranging 

from 0.3 to 20.6% Cu. The same findings were made by Hauptmann (2011) in his study of 

the heterogeneous slag lumps from Kition, and Enkomi. By including the large matte 

phases the copper content is largely increased (see discussion Chapter 4). The shape of the 

large matte phases made it impossible to extract them manually by crushing the slag. We 

have also experienced during sampling that these large lumps are extremely hard and 

cannot be broken by simply smashing them. A major copper-loss thus occurred in the LC 

furnace slags. 

The purpose behind the production of this “low-quality” slag, which occurs 

frequently at the LBA Cyprus sites, remains an open question. As summarized by Doonan 

et al. (2012: 55), the various explanations commonly given are: 1) the lack of knowledge 

and skills by the copper smelter, which we can immediately refute by the presence of 

seemingly much better quality slag at the earlier LCI primary smelting site of Politiko-

Phorades (Knapp and Kassianidou 2008) and at the LCIIC agricultural site of Arediou-

Vouppes; 2) the abundance of copper-rich ores and hence the indifference to extract the 

maximum of the copper present in the charge as matte; or 3) a shortage of fuel that may 

have restricted the smelter to hold the temperature for a longer period, or might have 

caused an imbalance in the required fuel to ore ratio (Pickles and Peltenburg 1998: 82-83). 

Another possibility is, as suggested by Doonan et al. (2012) in relation to the slag 

assemblage from Maroni-Vournes, that the smelting process producing these low-
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efficiency slag lumps were simply a product of performance. The practice of smelting 

rather than the economic gain is of primary importance (Doonan et al. 2012: 55). Can we, 

however, imply this as well for the slag assemblages found at the urban sites of Enkomi 

and Kition where well-organised metallurgical workshops were uncovered (Karageorghis 

and Kassianidou 1999; Kassianidou 2012b; 2013d)?  

The furnace slags from Kition show an isotopic overlap with the ore deposits in the 

Solea axis (Hauptmann 2011: 199). The lead isotope data for the furnace slag from 

Kalavasos-Ayios Dhimitrios indicates that likely ores from the Apliki region were used. 

The Apliki mine would have provided the copper for the vast majority of the copper 

oxhide ingots found in the Eastern Mediterranean (Gale and Stos-Gale 2012; Kassianidou 

2013b: 41). Apliki lies within the richest mining region of Cyprus, i.e. the Solea axis, 

which also includes the mines of Mavrovouni and Skouriotissa. Not only were these ore 

deposits rich in copper (up to 20% in the secondary enrichment zones that were possibly 

exploited by the ancient miners), they were also fairly easy to mine (Constantinou 2007: 

340-342; Kassianidou 2013b: 41). The mineral wealth of this mining region and hence the 

abundance of copper may therefore indeed have caused the ancient metallurgist not to 

worry too much about high efficiency in the smelting process. 

On the other hand, furnace slags were primarily found in the coastal areas. In 

contrast to the mining regions, where this slag type was not found, these areas of the island 

were possibly less forested and likewise the ores the fuel had to be collected somewhere 

else and transported to this site. In order to save time and energy, less fuel may have been 

used. 

Furthermore, the clear difference between the “quality” of the slags from the LC 

coastal centres and those found at the sites closer to the mines (i.e. Politiko-Phorades and 

Arediou-Vouppes) may indicate that a difference in technical understanding existed and the 

smelters at the coastal centres may not have been as qualified as those active at the 

mining/smelting sites. 

9.1.1.2 The reducing qualities of sulphur 

Small particles of metallic iron have occasionally been found in the large matte 

phases of the furnace slag from Kalavasos-Ayios Dhimitrios. These were often formed in 

areas where possibly highly reducing conditions existed due to the presence of charcoal. 

Also in miscellaneous slag sample K-AD M0038-01 metallic iron was detected as a 
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component of the matte phase that was composed of a copper-iron sulphide, metallic 

copper and metallic iron. We may assume that highly reducing conditions caused the 

accidental formation of metallic copper and iron in the slag.  

It has been suggested that some of the earliest iron produced in Cyprus derives 

from the recycling of copper smelting slags rich in wüstite. When not bound to silica as an 

iron-silicate, these iron-oxides can be reduced to metallic iron at very low temperatures. If 

the melting point of the slags could be reached, the generated metallic iron could even be 

separated from the slag matrix (contra Kassianidou 1994: 78; Maddin 1982: 311-312; 

Snodgrass 1982: 293). As indicated by the experimental melting of the iron-rich tap slag 

from Kalavasos-Ayios Dhimitrios, and one example of furnace slag, metallic iron was 

indeed fairly easily produced from iron-rich slag (see Chapter 4). Although I do not fully 

support this assumption, it appears not unreasonable to assume that the production of iron 

on Cyprus may have originated in relation to the smelting of chalcopyrite ores or melting 

of iron-rich copper slags (Wertime 1980: 13).  

More important is the fact that the melting experiments have confirmed that the 

iron oxides in the slags were reduced to metallic iron without the addition of charcoal to 

the charge, despite the fact that the production of metallic iron does typically require 

highly reducing redox conditions (Craddock 2003). The reducing atmosphere required for 

the production of iron metal and the smelting of copper-sulphide ores may thus not have 

been solely created by the addition of charcoal. As discussed in Chapter 4, a series of 

smelting experiments by S. Liu (S. Liu, personal communication, August-September 2015) 

have led to the conclusion that the mineral composition of slag is largely determined by the 

sulphide/oxide ratio in the charge. The same conclusions were drawn from earlier 

experiments undertaken by Rostoker et al. (1986). The process of cosmelting (CuO+CuS) 

is based on the principle that under high temperatures (ca. 1200ºC) the sulphur-rich 

atmosphere created by the supply of sulphide ores to oxide ores acts as a reducing agent in 

copper smelting (Amzallag 2009: 501). The essential condition in co-smelting oxide and 

sulphide ores is simply a high temperature; a reducing atmosphere is not needed (Rostoker 

et al. 1986: 84). Therefore, with sulphur as a reducing agent in the charge, the furnace 

redox conditions would play a relatively minor role in the smelting of sulphide ores. 

Furthermore, the experimental smelting of tap and furnace slag from Ayios Dhimitrios has 

indicated that the furnace slags with a higher sulphur content reached a liquidus state at a 

lower temperature (i.e. 1100ºC) than the iron-rich tap slag, which was molten at 1150ºC. 
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Either sulphur may have also a fluxing effect, or iron may increase the melting temperature 

of a charge.  

However, no charcoal was added in the experiments undertaken within the present 

project, but the reducing conditions may also result from the extremely sealed condition of 

the laboratory furnace which does not allow an oxygen flow. Experiments in open furnaces 

are thus needed to explore further the possible reducing qualities of sulphur. 

9.1.2 Smelting, refining, melting and alloying: refractories and crucible slags 

A major problem in the understanding of the earliest stages in the copper 

production process is the rarity of smelting structures in the archaeological record. Some of 

the best LBA evidence was found at the LCI smelting workshop of Politiko-Phorades: 30 

cm long tuyères of the simple cylindrical type were placed at the top of the cylindrical 

smelting furnaces of about 30 cm high and 43-44 cm in diameter. For the later LCIIC 

period the evidence is minimal. At the industrial site of Apliki-Karamallos massive tuyères 

were found, but no remains of the tapping smelting furnaces.  

Past reconstructions of the smelting structures possibly used at the urban centres of 

Enkomi and Kition are unfortunately primarily based on the shape of the large lumps of 

furnace slag found at both sites. Other reference points are the cylindrical reaction vessel 

with perforation and elbow-shaped tuyères from Enkomi, and a single fragment with hole 

of about 2.5 cm form Kition. Therefore it was commonly assumed that (elbow-shaped) 

tuyères were inserted in cylindrical smelting furnaces from the side (e.g. Tylecote 1971: 

53, fig. 2; 1982: 92; 1985: 430; Zwicker 1985: 405). This was recently refuted: elbow-

shaped tuyères connected to a ceramic bellow would have been inserted from above and 

the holes in the walls of the furnaces were made to allow the slag to run out (Ioannides et 

al. in press; Kassianidou 2013d: 140). Since the majority of the slag from Kition and 

Enkomi seems to be of the furnace type and was likely not tapped, at least not through 

such a small perforation, another purpose seems more reasonable. Many more fragments of 

furnaces, crucibles and tuyères were found at both sites. The renewed macroscopic study 

of those from Kition could confirm that cylindrical furnace structures were used at Kition 

(Ioannides et al. in press), but possibly of a slightly smaller diameter and thickness than 

those from Politiko-Phorades. This may imply technological practices different from those 
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undertaken at the industrial sites. Following the conclusions of earlier research on the slag 

assemblages these practices involved secondary rather than primary smelting.  

The limited presence and highly fragmentary state of LCIIC smelting constructions 

either nearby the copper sources or at the inland and coastal sites with other evidence for 

metallurgy can simply be assigned to the fact that they had to be destroyed in order to 

remove the matte collected at the bottom, or that the metallurgical practices were not 

undertaken within the excavated urban areas of the site within which the slag assemblages 

were found. At Kalavasos-Ayios Dhimitrios two very small low-fired thick fragments with 

a large curvature and another single heavily fragmented but highly fired piece with a large 

amount of matte in the slag layer were found in combination with the tap slag. They may 

derive from primary smelting furnace structures that would have been equipped with 

tuyères, of which one example was found alongside.  

In contrast to the primary smelting of the ores, for the following stages in the 

copper production process more persistent evidence exists at the various urban centres 

were fairly well organised metallurgical workshops have been found. The large square-

shaped structures identified at the workshops of both Kition and Enkomi, and possibly also 

Episkopi-Bamboula, are unlikely to be smelting installations but are better interpreted as 

hearths within which crucibles were heated for the refining and melting of metal. Tuyères 

were possibly used to provide an airflow from above (Kassianidou 2012b: 103). Crucible 

fragments were found at both sites. The pXRF study of those from Enkomi appears to 

indicate that they were possibly used for the refining of copper rather than alloying since 

no tin was detected (Ioannides, personal communication, May 2016), while those from 

Kition were most probably used in the refining, melting and alloying of copper and/or 

bronze (Ioannides et al. in press). Similar conclusions can be drawn from the metallurgical 

ceramics from Kalavasos-Ayios Dhimitrios. By carefully evaluating the macroscopic 

features it is clear that the majority of the few fragments were part of shallow open 

crucibles that were fired from above. The slag composition has indicated that they were 

used in the melting of copper and the alloying of bronze. The thickness of some of the slag 

layers, the apparent high temperatures reached, and the presence of few copper-rich matte 

prills may even imply the smelting of matte. To facilitate the heating these crucibles may 

have been placed in the possible hearth that was found within the metal workshop of the 

Southeast Area.  

For the manufacturing of the refractories from Ayios Dhimitrios local clay deposits 

were exploited. The clay, which was also used for the local cooking pots, was adapted to 
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improve its refractoriness, though not always with great success. A combination of organic 

temper and/or sand most suitable for the metallurgical purpose of the technical ceramic 

object was commonly added. The compositional differences between the fabrics of the 

cooking pots and the refractories and the selection of certain materials as temper are thus 

the result of technological choice. Not much is yet known about the clay composition of 

the refractories from both Enkomi and Kition, but also in the production of the furnaces 

and tuyères from Poliko-Phorades (Hein et al. 2007) local materials were used and adapted 

to complement the physical and chemical requirements of the refractories. 

9.1.3 Bronzes: the search for tin 

Though we have to be well aware of the limitations of the pXRF technique (see 

discussion Chapter 3) and the rather unpredictible effect of corrosion on the analysis (see 

discussion Chapter 3 and 4) , one of the major outcomes of the chemical surface analysis 

of the bronzes from LCIIC Kalavasos-Ayios Dhimitrios and LCIIC-IIIA Alassa is the large 

difference in tin content, the average of which is much higher in the objects from Alassa. 

This difference is likely the result of technological choice, constrained by economical 

factors. Similar to Ayios Dhimitrios, also the bronzes from the LCII site of Hala Sultan 

Tekke show low measurements for tin (Pickles and Peltenburg 1998: 74). The comparative 

pXRF study by Dr. Andreas Charalambous of the bronzes from LCIIC-LCIIIA Pyla-

Kokkinokremos, Early Iron Age Palaepaphos-Skales and Iron Age Salamis lead to the 

conclusion that more than the half of the assemblage from Pyla is composed of scrap 

metal. Therefore Charalambous (in press) assumes that tin was also in this area not readily 

available at the end of the 13th century BC. On the contrary, the artefacts from Palaepaphos 

have tin contents ranging between the optimal amount of 8-10% tin and the use of different 

alloys related to certain artefact types justifies a high-level technological expertise of the 

metal smith. The number of high-tin artefacts is again largely limited at the site of Salamis 

and the use of scrap metal is not unlikely (Charalambous, in press).  

From the current results it seems that tin was used in lower quantities and thus 

possibly not readily available in all areas of Cyprus during the 13th century BC. Metal 

smiths may have made use of bronze scrap in order to have tin as an additive to copper. 

This reduces the melting temperature, improves the hardness of the objects and gives a 

more golden colour to the artefacts. It is to be clarified what caused the shortage of the 
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metal within certain areas of the island. Tin is not available on Cyprus and had to be 

imported. Since this phenomenon precedes the collapse of the state-controlled large-scale 

trading activities of the Eastern Mediterranean, it cannot be inferred as a result of those. A 

better explanation may be that tin was possibly still primarily exchanged as bulk metal in 

centralised trading mechanisms and may therefore not have been readily available to every 

region on the island during the 13th century BC. 

Furthermore, in contrast to what was argued before, there existed also an increase 

in the use of tin by the end of the 13th century and in the following 12th and 11th centuries 

BC as we can imply from the high measurements for tin in the bronzes from Alassa and 

Palaepaphos. Hereby we can refute the hypothesis that a scarcity in tin may have brought 

along the development of iron production by the end of the Bronze Age (e.g. Muhly 1980: 

47; Snodgrass 1980; 1982: 292).  

In order to identify a wider pattern in the use of tin during the Late Bronze and 

Early Iron Ages it would be of great interest to extend the chemical analysis of the bronzes 

by means of pXRF to the complete assemblages of other LBA and early Iron Age sites. 

9.1.4 Summary 

Well-established workshops with clear evidence for secondary metallurgical 

practices and metalworking are found at most of the urban centres, but the conditions of 

the previous stages in the copper production process, i.e. the primary smelting of the 

sulphide ores, are much more difficult to grasp. Notwithstanding the fact that it may be the 

outcome of a discordant methodology and terminology, the current results from the 

analytical study of various metallurgical assemblages do not support an absolute uniform 

smelting technique or chaîne opératoire in the production of copper during the LCIIC 

period. Various technological processes were applied within which different choices were 

made by the ancient craftsmen that were probably technically and economically or maybe 

even socially or culturally constrained. This variability infers a rather decentralised 

organisation of the copper production on LCIIC Cyprus. The metallurgical evidence of 

Kalavasos-Ayios Dhimitrios has even proved that during the LCIIC period two different 

metallurgical processes were applied within a single site. We must however not forget that 

the LCIIC-period covers a time-span of more than 100 years: it is very reasonable that the 
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applied technologies changed over time. Furthermore, doubts exist on whether the 

metallurgical practices took place at or near the finding context of the evidence.  

Nevertheless, based on the current evidence, their finding context and the results of 

previous and current analytical studies we can sum up the following technological 

pathways that may have existed in the smelting of the sulphide ores during the LCIIC-

period on Cyprus, and how they were spatially organised: 

A. The roasting of the ores in order to partially remove the sulphur, and the subsequent 

well-controlled smelting of the (crushed) roasted ores in order to produce a good 

quality tap slag and a high-grade copper-rich matte. Both steps were undertaken 

near the copper sources (e.g. TS Arediou-Vouppes). The secondary smelting of the 

matte and further copper working could have taken place at the same or any other 

site. 

B. The roasting of the ores in order to partially remove the sulphur, and the subsequent 

rather poorly-controlled smelting of the roasted ores in order to produce a furnace 

slag with great copper-loss and a high-grade copper-rich matte. The roasting may 

have been done either nearby the copper sources or at the same location of the 

smelting, i.e. the urban centres at or near the coast (e.g. FS Kalavasos-Ayios 

Dhimitrios and possibly FS Kition, FS Enkomi and FS Hala Sultan Tekke) and the 

inland sanctuary sites (e.g. FS Athienou). Therefore either the pure or roasted ore 

was transported from the copper source. The secondary smelting of the matte and 

further copper working was done at the urban centres, and maybe also at the inland 

sanctuary sites. 

C. The primary smelting and maybe also the prior roasting of the ores nearby the 

copper sources in order to produce an matte-rich slag and matte, and a subsequent 

rather poorly-controlled smelting of both products at the urban coastal centres or 

inland sanctuary sites in order to produce another matte-rich furnace slag with great 

copper-loss and a high-grade copper-rich matte. Therefore the matte-rich slags and 

the (roasted) ores were transported from the mining region (e.g. FS Kition, FS 

Enkomi and FS Athienou). The secondary smelting of the matte was also done at 

the urban centres. Following the result of the analytical study of the furnace slag 

from Kalavasos-Ayios Dhimitrios it seems very unlikely to me that this 

technological process actually took place. 

D. The well-controlled smelting of the crushed ores with the addition of iron-rich 

minerals in order to produce a good quality tap slag and a low-grade iron-rich 
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matte. This primary smelting process was possibly done at the urban centres at or 

near the coast (e.g. TS Kalavasos-Ayios Dhimitrios), as was the secondary smelting 

of the iron-rich matte. 

The smelting of the pure or roasted ores was probably done in cylindrical furnaces 

within which charcoal was added to create reducing conditions and the temperature was 

risen until ca. 1150ºC with the aid of a forced draft generated by a system of bellows and 

tuyères inserted from the top. If wanted, the slag and/or matte could be tapped out by 

making a hole in the furnace wall. If the ores were roasted beforehand it must have been 

done in a roasting heap. 

Similar cylindrical constructions may have been used for the secondary smelting of 

the copper-rich matte and/or iron-rich matte (e.g. Kalavasos-Ayios Dhimitrios) or the 

copper-rich slags with or without matte (e.g. Enkomi and Kition). It may also be possible 

that the copper-rich matte was smelted in crucibles, but shallow open crucibles were 

primarily used in the refining and melting of copper and the alloying of bronze. The 

crucibles were fired from above and probably placed in hearths to avoid heat loss and to 

facilitate the placing of tuyères. These provide an airflow to increase the temperature to 

about 1100ºC, the melting point of copper. Due to this airflow, which is unlikely to have 

been evenly distributed in the crucible, variable conditions must have been present in the 

crucibles. The charge was possibly stirred.  

9.2 Copper production and its spatial organisation in Cyprus during the LCIIC 

period 

It remains unlikely that the noxious smelting activities took place within buildings 

or constructions. Following the present study I do believe that metallurgical assemblages 

were found near the area where the metallurgical practices took place, and that the primary 

smelting of the ores was undertaken at open spaces at some distance of the urban areas of 

the coastal centres. The weight of the slag assemblages can enable us to estimate the 

amount of copper produced and hence the scale of the metallurgical activities at every site. 

Unfortunately little is communicated on the exact quantities of slag recovered from every 

site, and the evidence found within the confines of the excavated settlements possibly 

represents only a small percentage of the metallurgical activities that may have taken place 
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near the sites. Nonetheless, despite the abundance of copper ores on Cyprus during and the 

different perception of ‘efficiency’ in modern and ancient times, it seems rather dubious to 

me to assume that the low-efficient smelting processes identified at the various coastal 

centres would have provided nearly the whole of the Eastern Mediterranean with copper. 

Either an low-grade iron-rich matte was created that would need yet another extensive 

smelt to gain copper, or a slag with a great loss of matte, and hence copper, was produced.  

Furthermore, well-established workshops for secondary smelting and copper 

refining, casting and bronze alloying were uncovered at nearly every urban centre, but it 

seems rather doubtful that these workshops at the coastal sites would have accommodated 

the production of the tons of copper required for the casting of the numerous oxhide ingots 

found in the Eastern Mediterranean.  

The example of the smelting workshop at LCI Politiko-Phorades proves that 

already by the beginning of the LBA short-term but well-organised and standardized large-

scale smelting activities existed in Cyprus. The relatively high quality of the slags found at 

LCIIC Arediou-Vouppes seems to indicate that such efficient smelting processes also 

existed during the 13th century BC, and the massive size of the slags and tuyères from 

Apliki show that copper smelting at an industrial scale did occur near the copper sources. 

In contrast to the evidence from the coastal centres it appears that large-scale, efficient and 

technologically more advanced smelting activities were undertaken within the mining 

regions of the island. Therefore, if we go along with the results of the lead isotope analysis 

and accept Cyprus to be a dominant copper producer during the LCIIC period, which we 

should, I do agree with many others that the evidence of the smelting industries producing 

the copper used for the oxide ingots should be looked for in the area of the copper-rich 

pillow lavas, and in particular near the ore sources of the Solea axis, which were identified 

as the major copper source. Furthermore I wish us to consider the possibility that also 

secondary matte smelting, copper refining and casting of the oxhide ingots may have taken 

place at the various (temporary) industrial smelting sites that likely existed. The particular 

shape of the oxhide ingots would have facilitated the transportation by pack animals of the 

pure copper from the mines to the coastal centres from where they were exported as bulk 

metal. This means that the evidence of these LBA large-scale production processes that 

provided copper for the entire Eastern Mediterranean is probably removed or covered by 

post-BA waste material due to the continuation of the mines of the Solea axis until modern 

times and even until today. 
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On the other hand, the metallurgical activities identified at the various (other) 

LCIIC inland and coastal sites may justify practices that were primarily directed towards 

regional distribution and use. Various ore sources, amongst which not even those closest to 

the sites also those from the deposits of the Solea axis, or whatever coppers available, such 

as oxhide ingots or copper scrap, may have been used. The extent of these regional 

metallurgical practices are unlikely to have been all of the same scale as those producing 

the oxhide ingots. Though some exchange of technological knowledge seems to have 

existed, the technological choices made in the production process varied from region to 

region and the understanding of technical aspects was possibly rarely of the same level as 

was the case for the large-scale industrial oxhide ingot production.  

This clear difference in technological skills between the activities of the mining 

region and the coastal sites suggest that the exchange of this technological knowledge in 

the production of copper was restricted to a certain group. Furthermore, since the absolute 

majority of the exported LCIIC Cypriot copper was traced back to one mining region of 

the Troodos Mountains, it appears that the production of copper for the international 

market was a highly specialised activity that was centralised in one region of the island and 

that the production, distribution and export of the oxhide ingots was under control of one 

centre or area on the island. This centre or area must have been known to the wider Eastern 

Mediterranean as Alashiya. Enkomi remains until today the only coastal centre with 

evidence for extensive copper production during the LCIIC period. Therefore it could be 

good candidate as the controlling centre, though we cannot ascertain that oxhide ingots 

were made at this site. The main distribution axis of copper products would therefore still 

have run from the centre of the island to the east. Enkomi’s possible controlling position 

over the mining region may have facilitated the easy access to copper sources and hence 

brought along local copper production at a larger scale, as we can imply from the size of 

the workshops.  

Though much of the metallurgical remains may still be hidden in unexcavated parts 

of the sites, based on the current evidence from the urban and port centres within southern 

regions of Alassa, Maroni and Kalavasos, we cannot assume that the local production of 

copper sustained the regional economy or that the transport of the local copper products to 

the coastal centres would have defined the regional exchange networks as suggested by 

Keswani (1993) and Knapp (1997b). Despite the fact that the ‘king’ of Alashiya seems to 

have controlled the production, distribution and export of the ingots, it remains possible 

that the oxhide ingots were also brought for export from the mining region to other coastal 
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centres via the regional networks within which the local authorities residing at the 

administrative quarters of the urban coastal centres, such as Kalavasos-Ayios Dhimitrios 

and Maroni-Vournes, would have taken control. Being well aware of the economical 

benefit of copper production and export, and because of a demand for bronze tools and 

other objects for local use, the inhabitants of the various regions may have aimed to 

produce copper themselves from ores acquired alongside the oxhide ingots at the mining 

region of Apliki. But a lack of technological knowledge and limited access to the copper 

sources would have restricted the scale of production within these regions. Furthermore, 

the only partial dependence of the regional economies on these local copper production 

activities may also have caused no need to extract the maximum out of the copper ores 

indirectly available to them. The copper locally produced was primarily destined for local 

use and distribution, but a surplus may have been used alongside other products in the 

establishment of private trading contacts of the regional authorities with the maritime 

merchants of the Eastern Mediterranean primarily involved in the state-controlled 

exchange of bulk metals. This centralized control over the large-scale export of Cypriot 

copper may also explain the scarcity of tin available to some regions, which they possibly 

could only acquire via the circulation of bronze scrap on the island, or via the growing 

decentralised trading activities of the merchants. 

9.3 The trade of Cypriot copper during the LCIIC period 

As discussed in more detail in Chapter 8, the clear distinction between the metal 

cargoes of the late 14th century BC Uluburun and late 13th century BC Cape Gelidonya 

ships, and the chronological division may be illustrative of the general assumption of a 

move away from a high-level state-controlled bulk metals’ trade towards the transport of 

scrap metal by decentralised traders at the end of the LBA. Thereby the control by 

established powers over the movement of standardized units of raw copper, tin and 

precious metals is challenged and eventually superseded (Artzy 2000: 28-29; Knapp and 

Cherry 1994; Sherratt and Sherratt 1991: 366-367; Sherratt 1998: 299; Sherratt 2000). This 

growing independent trading activities of merchants in the Eastern Mediterranean waters 

brought along the possibility of the participation of certain Cypriot individuals or groups in 

the international trade beyond the state-controlled export of copper and import of tin and 
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other products by the king of Alashiya. Alongside agricultural and craft products also 

small quantities of copper were exchanged by regional authorities. It appears that by the 

end of the LCIIC period the export of Cypriot copper took place at two levels: while the 

majority was still traded as bulk metal within a centrally state-controlled system, much 

smaller quantities circulated within the Eastern Mediterranean in a growing decentralised 

small-scale trading system of independent merchants, evidence of which was possibly 

found aboard of the Cape Gelidonya shipwreck. 

A similar system was possibly in use for the trade of tin, within which also the 

Cypriots may have had a dominant role. Beside the centrally-controlled trade of tin-ingots, 

tin was possibly also brought to the regional authorities as scrap metal or even as scrap 

bronze, resulting in much lower tin contents in the bronzes of some of the LCIIC sites. 

9.4 Conclusion: the production and trade of Cypriot copper during the Late Bronze 

Age 

While the written evidence and provenance studies by means of lead isotope 

analysis on the numerous oxhide ingots found within the Mediterranean identify Cyprus as 

a dominant producer and exporter of copper during the 13th century BC, the archaeological 

evidence from the island itself fails to do so. Certainly abundant copper deposits were 

present, but only few of those seem to have been in use during the LCIIC period. Tons of 

copper would have been produced from the ore sources of the Solea Axis in the north of 

the island, not even 1% of the expected metallurgical debris has yet been found on the 

island itself.  

A thorough study of the metallurgical remains from various sites along the south 

coast of Cyprus has highlighted that the economic and hence socio-cultural importance of 

local copper production within this area of the island may have to be minimised. The 

sudden growth of the urban centres of Kalavasos-Ayios Dhimitrios, Maroni-Vournes and 

Alassa is commonly assigned to the decentralised exploitation of the local copper sources 

and the regionally organised production and distribution of copper which enabled the local 

ruling elite individuals or groups to participate in the international trading activities. 

Despite the fact that much of the evidence may still be hidden, the analytical study of the 

metallurgical assemblages of these various sites has lead to the conclusion that we can not 
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imply that the local production of copper sustained the regional economy and defined the 

socio-political organisation of the south-central regions.  

Until today it is Enkomi that holds the largest and most substantive evidence for 

copper production during the LCIIC period. I do not deny that various regional polities 

existed during the 13th century BC, but if we do consider copper as the primary aspect in 

the economy of LCIIC Cyprus we cannot, based on the current evidence, perceive the 

various regions as equal to each other. If we wish to believe Cyprus to be a dominant 

exporter of copper known to the wider Eastern Mediterranean powers as Alashiya, it is not 

unlikely to assume that the ‘king’ of Alashiya maybe resided at the urban centre of 

Enkomi, despite the results of the petrographic study of the clay tablets from Amarna and 

Ugarit. Following the results of the study undertaken within the present project it appears 

unfounded to assume that the sites of central-south Cyprus would have held a primary 

position in such a large-scale export of Cypriot copper. It seems more reasonable that 

Enkomi maintains the control over the large-scale production and export of copper during 

the 13th century BC. The evidence for the specialised metallurgical activities in the 

production of the oxhide ingots is still largely missing but should possibly be looked for in 

the mining region of the lower pillow lavas of the Troodos Mountains.  

However, as also the other coastal centres may have been involved in the export of 

the oxhide ingots by the ‘king’ of Alashiya, the local authorities would have taken 

advantage of their position and made use of locally produced goods and crafts, amongst 

which possibly also a surplus of copper, to establish private trading contacts with the 

maritime merchants. Therefore we may assume that during the 13th century BC the 

production and export of Cypriot copper took place at two levels: 1) the large-scale and 

highly specialised production of oxhide (and bun) ingots under control of the ‘king’ of 

Alashiya, who may possibly have resided at Enkomi, at yet unidentified sites located 

within the mining region of the Solea axis for the export of bulk metal within a state-

controlled maritime trading system; and 2) the regional small-scale production of copper at 

the coastal sites for local use and distribution, and possibly export by the regional ruling 

authorities within private exchange contacts. 

To conclude, the present project has clearly illustrated the great value of the 

interdisciplinary and comparative analytical study of metallurgical remains, which can 

guide us via the reconstruction of the chaîne opératoire to a better understanding of the 

economic and socio-political organisation of ancient societies. The detailed investigation 

by diverse analytical techniques of the various types of metallurgical debris and artefacts 
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from yet unpublished assemblages in comparison to the published results for other 

contemporary LBA Cypriot sites has resulted in new assumptions regarding the technical 

aspects in the complicated process of the smelting of sulphide copper ores on the island, 

and eventually brought along new thoughts on how the copper production and hence 

society was organised in Cyprus during the LCIIC-period, a time-span within which the 

island was active as a major copper producer and exporter in the Eastern Mediterranean. 

Further research on other contemporary assemblages is though required to confirm or 

revise the conclusions made following the analytical studies undertaken within the present 

project. 

9.5 Further research 

Despite the enormous demand for proof of large-scale smelting processes that 

could represent the enormous quantities of copper that were exported from Cyprus during 

the LBA, there is an even larger need to embrace fully the evidence we do have available 

and to extract from it all possible information. The present project has however 

experienced great difficulties with the interpretation of rather vague and contradicting 

published reports on the studies of the metallurgical remains from various and often highly 

important sites. In order to understand as well as possible the function of Cyprus in the 

metals’ trade of the Eastern Mediterranean and how the copper industry would have been 

organised within the island, even the smallest evidence of metal production dated to the 

LCIIC period should be subjected to a thorough analytical investigation with as final aim 

to reconstruct the complete technological process or chaîne opératoire of the copper 

production on LCIIC Cyprus. This research has foremost found that there is a great need 

for a detailed, coherent and comparative study of all metallurgical remains within which a 

uniform terminology and methodology is applied and sufficient samples are investigated to 

guide us towards reliable results representative of the complete assemblage of every site. 

Ancient metallurgical processes are highly sensitive to changing conditions and 

even the smallest alterations in temperature or atmosphere can result in highly different 

microstructures or chemical compositions in the slag assemblage, a single slag lump or 

even a single slag sample. This study has illustrated how this variability may cause flaws 

in the reconstruction of the technological process if the sample selection was not done 
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carefully with a good understanding of the macroscopic composition of the complete slag 

assemblage and the sampled lumps and fragments. Also it has been made clear that the 

results of the study of the metallurgical remains should be fully interpreted within their 

archaeological context.  

Therefore, as a result of the difficulties experienced within this project, I propose 

the renewed macroscopic investigation of the complete metallurgical assemblages of 

various LBA sites such as Enkomi, Kition, Hala Sultan Tekke, but also Apliki, Myrtou-

Pighades and Episkopi-Bamboula. Enkomi and Apliki are fortunately currently studied by 

Prof. Vasiliki Kassianidou. Of a major importance is the assessment of the quantity by 

weight of the debris, which serves as a guideline in the understanding the scale of the 

metallurgical activities that took place at the site under investigation, and the 

differentiation between the various types of slag and technical ceramics, which can give us 

already a first thought on which stage(s) of the multi-phase process of the sulphide ore 

smelting the debris possibly derives from. It is only though the microscopic and chemical 

analysis that this last aspect can be best understood. 

Though we may be able to reconstruct the technological process, it remains 

problematic to assess its spatial organisation fully without the identification of the copper 

source. Provenance studies by means of lead isotope analysis have primarily focussed on 

the final artefacts, which are often restricted by the affects of alloying and recycling. But 

the provenance of the artefacts reveals little about the spatial organisation of the 

technological process since the metal used in the creation of the object may have moved as 

ore, matte, pure metal or as final artefact. More attention should be paid towards the stages 

in between that are also less negatively affected by disturbing factors. Lead isotope 

analysis on the numerous slag assemblages from various LBA sites may illuminate the 

possibility of regional copper production within which the local copper sources were used 

or clarify the rather restricted scale of the metallurgical practices in regions where due to 

the proximity of rich ore-deposits copper production and export is expected to be a primary 

economic activity.  

It is also of great interest to expand this research further to the later period of the 

Early Iron Age during which Cyprus presumably had to give way to the Arabah as primary 

copper producer in the Eastern Mediterranean. The quality of the metal objects of some 

sites do not justify a complete downfall in the copper production on Cyprus, and gradually 

more evidence of metallurgical activities are being found on the island that could be dated 

to the 11th and 10th century BC. The inter-disciplinary study of these metallurgical remains 
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of immediate post-Bronze Age date is of immense importance in the understanding of this 

period of political, social and economic upheaval. 

The value of further interdisciplinary study of the ingot fragments of the Cape 

Gelidonya shipwreck has been discussed in detail in Chapter 8, and will not be repeated 

here. 
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APPENDICES 

APPENDIX I: Accuracy and precision of the chemical analyses 

Appendix I:1. Evaluation of the accuracy and detection limits of the pXRF instrument used. 
 
The results for the analyses of the certified reference materials and the detection limits of the pXRF instrument for the copper alloys (after 
Charalambous et al. 2014: 207, Table 2). 
 

E
le

m
en

t 

Certified Reference Material (CRM) 

Detection    
Limits              

(%) 
CRM-875 

BCR-691 

Quaternary bronze Brass Arsenic-Copper Lead-bronze Tin-bronze 

CV ± uncert MV ± std CV ± uncert MV ± std CV ± uncert MV ± std CV ± uncert MV ± std CV ± uncert MV ± std CV ± uncert MV ± std 

Sn 10.5 ± 0.8 10.5 ± 0.2 7.16 ± 0.21 7.11 ± 0.05 2.06 ± 0.07 2.18 ± 0.1 0.2 ± 0.029 0.24 ± 0.03 10.1 ± 0.8 9.85 ± 0.15 7 ± 0.6 7.4 ± 0.05 0.1 

Pb 5.4 ± 0.4 5.2 ± 0.3 7.9 ± 0.7 7.7 ± 0.6 0.39 ± 0.04 0.5 ± 0.05 0.18 ± 0.01 0.31 ± 0.02 9.2 ± 1.7 9 ± 0.4 0.2 ± 0.018 0.27 ± 0.02 0.1 

Zn  0.14 ± 0.02 n.d 6.02 ± 0.22 5.91 ± 0.15 14.8 ± 0.5 14.83 ± 0.3 0.05 ± 0.01 n.d 0.15 ± 0.02 n.d 0.16 ± 0.03 n.d 0.2 

Fe 0.6 ± 0.06 0.65 ± 0.02           0.05 

As   0.19 ± 0.01 n.d 0.1 ± 0.01 n.d 4.6 ± 0.27 4.67 ± 0.35 0.29 ± 0.02 0.27 ± 0.02 0.19 ± 0.02 n.d 0.2 

 
(CV = certified value; MV = measured value; uncert = uncertainty; std = standard deviation). 
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Appendix I:2. Evaluation of the analytical precision and accuracy of the SEM-EDS instruments used at UCL London and UCL Qatar.  
 
Precision evaluated by calculating the standard deviation (STDEV) for each oxide after repeated runs of each sample and the coefficient of variation 
(CV, in %). Accuracy evaluated by calculating the difference between analysed and certified values in the form of absolute (δ absolute) and relative (δ 
relative, in %) errors. 
 

U
C

L
 L

on
do

n 

BCR-2 Na2O MgO Al2O3 SiO2 K2O CaO TiO2 FeO Total 

MEAN Analysed value (wt%) 2.88 3.46 12.82 56.98 1.82 7.07 2.42 12.55 100.00 

Certified value (wt%) 3.16 3.59 13.50 54.10 1.79 7.12 2.26 12.43 97.95 

precision 
STDEV Analysed value (σ) 0.12 0.13 0.06 0.30 0.03 0.08 0.02 0.16 

  
CV Analysed value (%RSD) 4.12 3.76 0.46 0.52 1.88 1.17 0.80 1.28 

accuracy 
δ absolute -0.28 -0.14 -0.70 2.81 0.03 -0.06 0.16 0.10 

δ % relative -8.98 -3.81 -5.18 5.20 1.73 -0.79 7.03 0.83 

BHVO-2 Na2O MgO Al2O3 SiO2 K2O CaO TiO2 FeO Total 

MEAN Analysed value (wt%) 2.04 6.98 12.77 52.34 0.52 11.34 2.84 11.17 100.00 

Certified value (wt%) 2.22 7.23 13.50 49.90 0.52 11.40 2.73 12.30 99.80 

precision 
STDEV Analysed value (σ) 0.12 0.05 0.06 0.18 0.04 0.05 0.05 0.13 

  
CV Analysed value (%RSD) 3.93 1.72 1.57 1.15 1.92 1.76 1.41 0.00 

accuracy 
δ absolute -0.18 -0.25 -0.73 2.44 0.00 -0.06 0.11 -1.13 

δ % relative -8.25 -3.46 -5.38 4.90 0.15 -0.53 3.93 -9.19 
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U
C

L
 Q

at
ar

 

BCR-2G Na2O MgO Al2O3 SiO2 K2O CaO TiO2 FeO Total 

MEAN Analysed value (wt%) 3.03 3.61 13.67 55.45 1.89 7.30 2.42 12.57 99.94 

Certified value (wt%) 3.16 3.59 13.50 54.10 1.79 7.12 2.26 12.41 97.93 

precision 
STDEV Analysed value (σ) 0.20 0.05 0.04 0.17 0.01 0.03 0.03 0.05 

  
CV Analysed value (%RSD) 6.52 1.27 0.30 0.31 0.60 0.42 1.10 0.37 

accuracy 
δ absolute -0.13 0.02 0.17 1.35 0.10 0.18 0.16 0.16 

δ % relative -4.21 0.68 1.27 2.49 5.46 2.58 7.02 1.30 

BHVO-2G Na2O MgO Al2O3 SiO2 K2O CaO TiO2 FeO Total 

MEAN Analysed value (wt%) 2.20 7.31 13.64 50.69 0.53 11.62 2.87 11.14 100.00 

Certified value (wt%) 2.18 7.23 13.50 49.80 0.51 11.40 2.75 10.79 98.16 

precision 
STDEV Analysed value (σ) 0.03 0.04 0.03 0.08 0.01 0.07 0.07 0.06 

  
CV Analysed value (%RSD) 4.09 2.05 1.61 0.85 1.89 2.07 2.44 0.00 

accuracy 
δ absolute 0.02 0.08 0.14 0.89 0.02 0.22 0.12 0.36 

δ % relative 0.94 1.04 1.07 1.79 3.60 1.94 4.27 3.30 

Le
nte

 Van
 Brem

pt



 
 

459 

APPENDIX II: Kalavasos-Ayios Dhimitrios Slag 

Appendix II:1. Macroscopic study of the slag samples from Kalavasos-Ayios Dhimitrios. 
 

    lump section  SEM 

Sample no. ar
ea

 
building 

sl
ag

 ty
pe

 

si
ze

 

w
ei

gh
t 

(c
or

ro
de

d)
 

lu
st

ro
us

 
ph

as
e 

comments 

# 
sa

m
pl

es
 

U
C

L
 L

 

U
C

L
 Q

 

K-AD M0001-01 E B. I TS 11.6 471.3   matte inclusions 1 x x 

K-AD M0001-05 E B. I TS 7.4 317.7   matte inclusions 1 x   

K-AD M0002-01 E B. I TS 7.6 140.9     1   x 

K-AD M0003-01 E B. I TS 8.6 563.7     1   x 

K-AD M0003-02 E B. I TS 8.0 457.8     1 x   

K-AD M0005-01 E N. of B.I TS 7.5 235.7     1   x 

K-AD M0005-05 E N. of B.I TS 4.4 67.0     1     

K-AD M0005-07 E N. of B.I TS 5.7 108.6     1 x   

K-AD M0005-10 E N. of B.I TS 4.9 91.5   no outer surface 1     

K-AD M0010-02 E N. of B.I TS 7.5 182.5     1     

K-AD M0010-07 E N. of B.I TS 4.5 51.3     1 x   

K-AD M0010-08 E N. of B.I TS 8.6 211.9   no outer surface 1   x 

K-AD M0037-01 SE B.IX TS 4.6 134.7   matte inclusions 1 x   

K-AD M0017-01 E B.II FS A 17.5 2493.6 xx   4 3 1,4 

K-AD M0030-01 C B.III FS A 6.0 210.2 xx   1 x   

K-AD M0043-01 SE B.VIII FS A 18.0 4758.0 xx   2 1,2   

K-AD M0057-01 W B.IX FS A 11.0 946.0 x   1 x   

K-AD M0077-01 W n.d. FS A 13.0 2012.1 xx greenish colour 3   1,3 

K-AD M0077-02 W n.d. FS A 11.8 889.4 x charcoal incl. 1 x   

K-AD M0079-01 W B.V FS A 10.8 936.0 x surface layer 1 x x 

K-AD M0082-01 W B.V FS A 20.4 4076.0 xx   1 x x 

K-AD U0005-01 SE B.IX FS A 13.1 2509.4 xx copper incl. 4 4 1,3 

K-AD U0042-01 W B.V FS A 14.2 1886.3 x charcoal incl. 3 1,2,3   

K-AD M0026-01 C B.III FS B 8.4 579.7     1 x   

K-AD M0044-01 SE B.VIII FS B 14.3 910.0     1 x   

K-AD M0052-01 SE B.IX FS B 4.6 138.3     1 x   

K-AD M0056-01 SE B.IX FS B 7.0 469.9     1 x   

K-AD M0070-03 NE B.X X         1 x   

K-AD M0038-01 SE N.of B.X Misc.       silver inclusions 1 x   

K-AD M0086-02 NE B.X Misc.       layering 1 x   

K-AD M0093-03 NE B.XIII Misc.       layering 1     
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Appendix II:2. Chemical composition of iron-silicate phases of the slag samples from 
Kalavasos-Ayios Dhimitrios as analsed by SEM-EDS. 
 
All values are given in weight %. The average, relative standard deviation and inter-sample 
variation are calculated for the major and minor oxides. 
 

K-AD TAP SLAG weight percent (wt%) 

K-AD M0001-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.8 1.4 5.1 17.5 10.1 0.6 2.3 0.2 59.0 2.7 99.7 
Bulk 2 0.5 1.3 5.4 18.4 9.2 0.4 1.2 0.2 59.9 3.6 100.0 
Bulk 3 0.4 1.2 5.7 20.0 9.6 0.4 0.9 0.2 58.0 3.3 99.6 

Mean 0.5 1.3 5.4 18.6 9.6 0.5 1.5 0.2 59.0 3.2 99.8 

STDEV 0.2 0.1 0.3 1.3 0.5 0.1 0.7 0.0 0.9 0.4 
 CV (%) 36 8 5 7 5 18 51 5 2 13 

K-AD M0001-05 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.2 2.2 5.7 25.0 5.8 0.5 0.9 0.3 57.6 1.4 99.8 
Bulk 2 0.7 1.1 5.7 23.4 9.3 0.7 1.5 0.2 54.9 1.7 99.2 
Bulk 3 0.5 2.0 5.6 23.8 7.6 0.4 1.1 0.1 56.4 1.6 99.2 
Bulk 4 0.2 2.1 5.3 22.6 4.7 0.2 0.8 0.1 61.0 1.9 98.9 
Bulk 5 0.3 1.0 6.3 28.1 7.6 0.4 1.1 0.2 52.7 1.2 98.8 

Mean 0.4 1.7 5.7 24.6 7.0 0.5 1.1 0.2 56.5 1.6 99.2 

STDEV 0.2 0.6 0.4 2.1 1.8 0.2 0.2 0.1 3.1 0.3 
 CV (%) 60 34 7 9 25 40 21 54 6 16 

K-AD M0002-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 1.2 2.3 7.2 23.9 4.9 0.8 3.3 0.3 55.3 1.0 100.0 
Bulk 2 1.1 2.1 7.0 23.8 4.5 0.7 3.1 0.3 56.3 1.1 100.0 
Bulk 3 1.4 2.1 7.4 23.5 5.1 0.8 3.4 0.3 54.7 1.2 99.9 

Mean 1.2 2.2 7.2 23.7 4.8 0.7 3.3 0.3 55.4 1.1 100.0 

STDEV 0.1 0.1 0.2 0.2 0.3 0.1 0.1 0.0 0.8 0.1 
 CV (%) 12 5 3 1 6 9 4 2 1 11 

K-AD M0003-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.7 1.6 5.6 18.7 6.2 0.5 2.4 0.3 62.2 1.6 99.6 
Bulk 2 0.9 2.0 5.5 20.5 5.8 0.6 2.6 0.3 60.2 1.5 99.9 
Bulk 3 0.9 2.1 5.2 20.3 5.6 0.6 2.6 0.3 60.6 1.4 99.6 
Bulk 4 0.7 1.9 5.5 23.7 6.1 0.6 1.2 0.3 58.2 1.7 99.9 

Mean 0.8 1.9 5.4 20.8 5.9 0.6 2.2 0.3 60.3 1.5 99.7 

STDEV 0.1 0.2 0.1 2.1 0.3 0.0 0.7 0.0 1.6 0.1 
 CV (%) 17 11 3 10 4 7 30 8 3 7 

K-AD M0003-02 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.9 2.0 6.3 22.5 5.6 0.8 2.7 0.4 56.2 1.4 98.9 
Bulk 2 0.7 1.7 6.0 20.1 7.0 0.8 2.3 0.3 56.8 2.9 98.6 
Bulk 3 0.6 2.2 4.9 20.5 6.2 0.4 1.7 0.3 60.6 2.1 99.4 
Bulk 4 0.5 2.3 5.7 22.3 5.9 0.6 1.7 0.2 57.6 1.4 98.2 
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Mean 0.7 2.1 5.7 21.3 6.2 0.6 2.1 0.3 57.8 2.0 98.8 

STDEV 0.2 0.3 0.6 1.2 0.6 0.2 0.5 0.1 2.0 0.7 
 CV (%) 27 13 11 6 10 26 25 28 3 35 

            
K-AD M0005-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 1.6 2.0 7.1 24.0 4.0 0.9 4.6 0.3 54.4 0.9 99.8 

Bulk 2 1.4 2.3 6.5 24.7 3.6 0.8 4.2 0.3 55.0 0.8 99.6 
Bulk 3 1.1 2.0 7.4 25.9 3.6 0.9 3.6 0.4 53.8 1.0 99.6 

Mean 1.4 2.1 7.0 24.9 3.8 0.9 4.1 0.3 54.4 0.9 99.7 

STDEV 0.2 0.2 0.4 0.9 0.2 0.1 0.5 0.0 0.6 0.1 
 CV (%) 17 7 6 4 6 10 12 14 1 9 

K-AD M0005-07 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.9 1.8 5.7 23.7 3.4 0.8 4.2 0.2 56.7 0.9 98.3 
Bulk 2 1.1 1.6 5.1 23.8 3.7 0.6 3.4 0.2 57.6 1.2 98.3 

Bulk 3 0.9 1.4 5.5 24.5 4.1 0.8 2.9 0.3 57.4 1.6 99.4 
Bulk 4 1.0 1.6 5.3 23.6 3.9 0.7 3.3 0.3 57.9 1.3 98.7 

Mean 1.0 1.6 5.4 23.9 3.8 0.7 3.5 0.2 57.4 1.2 98.7 

STDEV 0.1 0.1 0.3 0.4 0.3 0.1 0.6 0.0 0.5 0.3 
 CV (%) 6 8 5 2 7 10 16 21 1 22 

K-AD M0005-10 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 2.1 2.8 7.5 27.3 3.2 0.6 3.0 0.3 52.6 0.7 100.0 
Bulk 2 2.4 2.3 8.2 27.7 2.9 0.7 3.3 0.3 51.3 0.7 99.8 

Bulk 3 2.2 2.6 8.3 27.9 2.6 0.7 2.9 0.3 51.8 0.7 100.0 

Mean 2.2 2.6 8.0 27.6 2.9 0.7 3.1 0.3 51.9 0.7 99.9 

STDEV 0.2 0.2 0.5 0.3 0.3 0.1 0.2 0.0 0.6 0.0 
 CV (%) 8 8 6 1 11 8 6 3 1 3 

K-AD M0010-07 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.5 1.0 3.6 14.7 6.2 0.3 1.5 0.2 69.5 2.0 99.4 
Bulk 2 0.3 0.9 3.6 14.8 6.4 0.3 1.2 0.1 70.3 1.7 99.6 
Bulk 3 0.4 1.2 4.6 17.7 5.9 0.4 1.5 0.1 65.8 1.6 99.3 

Bulk 4 0.3 1.1 4.5 17.0 5.6 0.4 1.1 0.3 67.2 1.7 99.1 
Bulk 5 0.5 1.0 4.7 17.0 5.7 0.4 1.1 0.2 66.2 1.9 98.8 
Bulk 6 0.7 1.2 4.9 17.5 5.5 0.4 1.5 0.2 65.5 1.6 99.0 

Mean 0.5 1.1 4.3 16.5 5.9 0.4 1.3 0.2 67.4 1.7 99.2 

STDEV 0.1 0.1 0.6 1.3 0.3 0.1 0.2 0.1 2.0 0.1 
 CV (%) 28 13 13 8 6 14 15 47 3 8 

K-AD M0010-08 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 2.5 1.9 8.3 27.6 3.2 0.7 3.4 0.3 51.3 0.8 99.9 

Bulk 2 2.1 2.6 8.1 27.6 3.3 0.6 2.9 0.3 51.6 0.8 99.9 
Bulk 3 2.4 2.6 8.5 28.3 2.3 0.7 3.1 0.3 50.4 1.4 99.9 

Mean 2.3 2.3 8.3 27.8 2.9 0.7 3.1 0.3 51.1 1.0 99.9 

STDEV 0.2 0.4 0.2 0.4 0.5 0.0 0.2 0.0 0.7 0.4 
 CV (%) 9 16 2 2 18 6 8 5 1 38 
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K-AD M0037-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 1.0 1.8 6.2 21.8 6.3 0.7 2.8 0.1 56.5 1.2 98.4 
Bulk 2 1.1 1.6 5.7 22.9 5.8 0.6 3.0 0.4 55.8 1.7 98.5 
Bulk 3 1.2 1.9 6.0 23.9 5.9 0.7 2.8 0.2 54.8 1.5 98.8 
Bulk 4 1.1 2.0 6.1 23.5 4.9 0.8 2.9 0.3 55.9 0.9 98.3 
Mean 1.1 1.8 6.0 23.0 5.7 0.7 2.9 0.2 55.8 1.3 98.5 

STDEV 0.1 0.2 0.2 0.9 0.6 0.1 0.1 0.1 0.7 0.4 
 CV (%) 8 9 3 4 11 13 3 49 1 27 

            
K-AD FURNACE 

SLAG weight percent (wt%) 

K-AD M0017-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 4.2 1.4 12.1 36.2 1.4 0.5 3.3 0.6 39.0 1.0 99.7 
Bulk 2 3.7 1.2 12.1 36.5 1.1 0.5 3.5 0.6 39.7 0.8 99.7 
Bulk 3 3.2 1.3 11.7 38.6 1.3 0.3 3.1 0.6 38.0 1.6 99.7 

Mean 3.7 1.3 12.0 37.1 1.3 0.4 3.3 0.6 38.9 1.1 99.7 

STDEV 0.5 0.1 0.2 1.3 0.2 0.1 0.2 0.0 0.9 0.4 
 CV (%) 14 8 2 4 12 27 6 0 2 37 

K-AD M0017-01 
SLAG 3 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 4.0 0.9 12.1 40.0 1.2 0.4 3.1 0.6 36.4 0.7 99.4 
Bulk 2 2.7 0.7 11.6 39.1 2.3 0.4 3.1 0.7 34.9 3.8 99.3 
Bulk 3 4.0 1.1 11.9 39.6 1.4 0.5 3.3 0.6 35.5 0.9 98.8 
Bulk 4 3.9 1.1 11.9 37.6 1.1 0.4 3.2 0.7 38.9 0.3 99.1 

Mean 3.7 1.0 11.9 39.1 1.5 0.4 3.2 0.7 36.4 1.4 99.2 

STDEV 0.6 0.2 0.2 1.1 0.5 0.0 0.1 0.1 1.8 1.6 
 CV (%) 17 20 2 3 37 12 3 9 5 112 

K-AD M0017-01 
SLAG 4 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 3.7 1.6 11.7 36.6 1.2 0.4 3.1 0.6 40.2 0.4 99.5 
Bulk 2 4.1 1.3 12.6 37.4 1.4 0.5 3.4 0.6 37.9 0.3 99.5 

Bulk 3 4.3 1.3 12.3 37.1 1.4 0.5 3.5 0.6 38.4 0.3 99.7 

Mean 4.0 1.4 12.2 37.0 1.3 0.5 3.3 0.6 38.8 0.3 99.6 

STDEV 0.3 0.2 0.5 0.4 0.1 0.1 0.2 0.0 1.2 0.1 
 CV (%) 8 12 4 1 9 12 6 0 3 17 

K-AD M0026-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.9 2.2 7.6 29.6 1.6 0.6 2.6 0.2 52.0 1.8 99.1 
Bulk 2 1.1 2.8 6.7 28.9 1.5 0.5 2.3 0.0 53.7 1.5 99.0 
Bulk 3 1.7 1.5 8.0 29.1 1.7 0.9 3.7 0.3 51.0 0.6 98.5 
Bulk 4 0.9 2.3 7.8 29.0 2.2 0.6 2.4 0.0 51.0 2.8 99.0 

Mean 1.2 2.2 7.5 29.2 1.8 0.7 2.8 0.1 51.9 1.7 98.9 

STDEV 0.4 0.5 0.6 0.3 0.3 0.2 0.6 0.2 1.3 0.9 
 CV (%) 33 24 8 1 18 27 23 120 2 54 
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K-AD M0030-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 1.8 2.2 12.7 40.5 0.9 0.6 4.2 0.4 33.8 1.8 98.9 
Bulk 2 1.6 2.9 10.7 38.5 0.8 0.6 3.5 0.3 39.0 1.4 99.3 
Bulk 3 2.0 1.8 12.5 39.1 1.1 0.8 4.3 0.4 35.4 1.6 99.0 

Mean 1.8 2.3 12.0 39.4 0.9 0.7 4.0 0.4 36.1 1.6 99.1 

STDEV 0.2 0.6 1.1 1.0 0.2 0.1 0.4 0.1 2.7 0.2 
 CV (%) 11 24 9 3 16 17 11 16 7 12 

K-AD M0043-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 1.9 2.6 9.0 36.0 1.1 0.7 2.6 0.2 44.1 0.5 98.7 
Bulk 2 2.3 1.5 11.4 37.7 1.3 0.9 3.4 0.4 39.3 0.4 98.6 
Bulk 3 2.4 1.7 11.8 37.9 1.3 0.8 3.6 0.3 40.1 0.2 100.1 
Bulk 4 1.9 2.1 10.0 34.9 1.6 0.7 2.6 0.3 44.7 0.5 99.3 

Mean 2.1 2.0 10.6 36.6 1.3 0.8 3.1 0.3 42.1 0.4 99.2 

STDEV 0.3 0.5 1.3 1.4 0.2 0.1 0.5 0.1 2.7 0.1 
 CV (%) 12 25 12 4 16 12 17 27 7 35 

K-AD M0043-01 
SLAG 2 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.1 1.5 5.5 28.5 2.2 0.1 0.6 0.2 57.5 3.0 99.2 

Bulk 2 1.1 1.3 6.3 24.0 3.8 0.4 1.5 0.1 58.7 1.6 98.8 
Bulk 3 0.4 2.1 6.6 24.8 3.4 0.2 1.1 0.1 58.0 2.6 99.3 
Bulk 4 0.5 2.0 4.4 22.1 3.3 0.2 1.2 0.2 61.8 3.0 98.7 
Bulk 5 1.2 2.0 5.6 25.0 1.7 0.4 1.7 0.1 59.8 1.0 98.5 

Mean 0.7 1.8 5.7 24.9 2.9 0.3 1.2 0.1 59.2 2.2 98.9 

STDEV 0.5 0.4 0.9 2.3 0.9 0.1 0.4 0.1 1.7 0.9 
 CV (%) 72 20 15 9 31 52 34 39 3 40 

K-AD M0044-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 2.2 2.0 10.4 35.6 1.4 0.9 3.1 0.3 43.1 0.2 99.2 
Bulk 2 1.8 2.5 9.3 34.5 1.3 0.7 2.9 0.3 45.1 0.4 98.8 

Bulk 3 2.2 1.9 9.7 35.5 1.8 0.9 3.1 0.3 43.0 0.5 98.9 

Mean 2.1 2.1 9.8 35.2 1.5 0.8 3.0 0.3 43.7 0.4 99.0 

STDEV 0.2 0.3 0.6 0.6 0.3 0.1 0.1 0.0 1.2 0.2 
 CV (%) 11 15 6 2 18 14 4 0 3 42 

K-AD M0052-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 1.6 3.0 9.5 37.0 0.9 0.8 4.9 0.3 41.2 0.2 99.4 
Bulk 2 1.6 3.0 10.2 36.0 1.2 0.8 4.4 0.3 41.8 0.2 99.5 
Bulk 3 1.7 2.8 11.1 36.2 1.0 0.8 4.8 0.4 39.3 0.9 99.0 

Mean 1.6 2.9 10.3 36.4 1.0 0.8 4.7 0.3 40.8 0.4 99.3 

STDEV 0.1 0.1 0.8 0.5 0.2 0.0 0.3 0.1 1.3 0.4 
 CV (%) 4 4 8 1 15 0 6 17 3 93 

K-AD M0056-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 2.1 1.9 10.8 35.0 1.3 0.8 3.7 0.4 42.5 0.2 98.7 
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Bulk 2 1.3 3.8 7.4 32.6 1.3 0.5 2.6 0.1 48.6 1.1 99.3 
Bulk 3 2.1 2.0 10.7 35.3 2.0 0.9 4.1 0.3 41.0 0.4 98.8 
Bulk 4 2.0 2.0 10.3 35.0 1.7 0.8 3.9 0.3 41.9 0.5 98.4 

Mean 1.9 2.4 9.8 34.5 1.6 0.8 3.6 0.3 43.5 0.6 98.8 

STDEV 0.4 0.9 1.6 1.3 0.3 0.2 0.7 0.1 3.5 0.4 
 CV (%) 21 38 16 4 22 23 19 46 8 70 

K-AD M0057-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 1.9 2.0 9.0 32.5 2.3 0.9 4.2 0.5 44.2 1.8 99.3 
Bulk 2 2.3 1.4 11.5 38.2 0.9 1.3 5.9 0.7 35.8 0.9 98.9 
Bulk 3 2.4 1.5 11.4 39.6 1.0 1.1 6.0 0.8 35.5 0.3 99.6 

Mean 2.2 1.6 10.6 36.8 1.4 1.1 5.4 0.7 38.5 1.0 99.3 

STDEV 0.3 0.3 1.4 3.8 0.8 0.2 1.0 0.2 4.9 0.8 
 CV (%) 12 20 13 10 56 18 19 23 13 75 

K-AD M0077-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 3.2 1.9 16.6 42.6 0.5 1.2 5.4 0.8 27.3 0.1 99.6 
Bulk 2 3.0 2.2 16.0 42.1 0.5 1.1 4.9 0.7 28.9 0.4 99.8 

Bulk 3 3.2 2.0 16.7 43.3 0.8 1.2 5.2 0.8 26.2 0.3 99.7 

Mean 3.1 2.0 16.4 42.7 0.6 1.2 5.2 0.8 27.5 0.3 99.7 

STDEV 0.1 0.2 0.4 0.6 0.2 0.1 0.3 0.1 1.4 0.2  
 

 CV (%) 4 8 2 1 29 5 5 8 5 57 
K-AD M0077-01 

SLAG 3 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 3.1 2.2 16.0 44.2 0.5 1.2 5.3 0.8 25.9 0.3 99.5 
Bulk 2 2.9 2.1 15.5 42.1 0.5 1.1 4.8 0.8 29.2 0.8 99.8 
Bulk 3 2.4 2.1 14.7 42.0 0.6 1.0 4.3 0.7 30.7 1.1 99.6 

Mean 2.8 2.1 15.4 42.8 0.5 1.1 4.8 0.8 28.6 0.7 99.6 

STDEV 0.4 0.1 0.7 1.2 0.1 0.1 0.5 0.1 2.5 0.4 
 CV (%) 13 3 4 3 11 9 10 8 9 55 

K-AD M0077-02 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 2.6 1.9 8.2 30.0 3.0 0.5 2.3 0.4 50.7 1.1 100.7 
Bulk 2 2.7 1.5 8.8 28.7 3.3 0.8 2.4 0.4 48.3 0.8 97.7 
Bulk 3 2.5 1.6 8.3 28.4 3.3 0.7 2.4 0.6 49.6 1.0 98.4 

Mean 2.6 1.7 8.4 29.0 3.2 0.7 2.4 0.5 49.5 1.0 98.9 

STDEV 0.1 0.2 0.3 0.9 0.2 0.2 0.1 0.1 1.2 0.2 
 CV (%) 4 12 4 3 5 23 2 25 2 16 

K-AD M0079-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 UCL L 2.4 1.1 6.7 25.5 3.1 0.7 1.9 0.5 56.3 0.6 98.8 
Bulk 2 UCL L 2.2 1.3 6.2 25.3 4.3 0.4 1.6 0.3 56.0 0.9 98.5 
Bulk 3 UCL L 2.9 1.3 6.9 28.1 5.3 0.9 2.4 0.2 49.1 1.7 98.8 

Bulk 1 UCL Q 2.5 2.0 6.6 29.1 2.2 0.6 2.1 0.3 53.6 0.6 99.6 
Bulk 2 UCL Q 2.5 1.7 7.6 28.2 2.8 0.7 2.2 0.4 52.7 0.9 99.7 
Bulk 3 UCL Q 2.1 1.1 7.7 22.8 6.8 0.5 1.7 0.3 54.9 1.7 99.6 
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Mean 2.4 1.4 7.0 26.5 4.1 0.6 2.0 0.3 53.8 1.1 99.2 

STDEV 0.3 0.4 0.6 2.4 1.7 0.2 0.3 0.1 2.7 0.5 
 CV (%) 12 25 8 9 43 28 15 31 5 48 

K-AD M0082-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 1.5 2.7 11.6 31.2 1.0 1.6 10.8 0.7 37.8 0.5 99.4 
Bulk 2 0.8 3.9 8.7 27.8 2.4 0.7 3.0 0.3 50.2 1.7 99.5 
Bulk 3 1.1 3.0 10.0 26.8 2.0 0.9 4.3 0.4 50.1 1.0 99.6 

Mean 1.1 3.2 10.1 28.6 1.8 1.1 6.0 0.5 46.0 1.1 99.5 

STDEV 0.4 0.6 1.5 2.3 0.7 0.5 4.2 0.2 7.1 0.6 
 CV (%) 31 20 14 8 40 44 69 45 15 57 

K-AD U0005-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 1.2 3.4 9.1 35.4 0.9 0.9 3.4 0.5 44.5 0.4 99.7 
Bulk 2 1.6 1.6 11.7 37.2 1.6 1.2 4.7 0.6 39.0 0.5 99.7 
Bulk 3 1.4 2.5 10.3 36.3 1.3 1.1 4.0 0.5 41.7 0.4 99.5 

Mean 1.4 2.5 10.4 36.3 1.3 1.1 4.0 0.5 41.7 0.4 99.6 

STDEV 0.2 0.9 1.3 0.9 0.4 0.2 0.7 0.1 2.8 0.1 
 CV (%) 14 36 13 2 28 14 16 11 7 13 

K-AD U0005-01 
SLAG 3 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.5 1.5 6.9 31.4 2.2 0.4 1.2 0.4 50.6 4.5 99.6 
Bulk 2 0.7 1.9 7.1 34.0 1.0 0.6 1.8 0.4 43.6 8.4 99.5 
Bulk 3 0.9 1.9 7.2 28.0 1.3 0.6 2.2 0.3 55.4 1.7 99.5 

Mean 0.7 1.8 7.1 31.1 1.5 0.5 1.7 0.4 49.9 4.9 99.5 

STDEV 0.2 0.2 0.2 3.0 0.6 0.1 0.5 0.1 5.9 3.4 
 CV (%) 29 13 2 10 42 22 29 16 12 69 

K-AD U0005-01 
SLAG 4 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.5 1.3 5.7 20.4 3.7 0.4 1.6 0.4 60.6 4.1 98.7 
Bulk 2 0.8 1.5 5.7 24.0 2.6 0.5 1.9 0.3 60.0 1.6 98.9 
Bulk 3 0.6 1.8 5.7 24.2 2.5 0.4 1.8 0.3 58.0 4.0 99.3 
Mean 0.6 1.5 5.7 22.9 2.9 0.4 1.8 0.3 59.5 3.2 99.0 

STDEV 0.2 0.3 0.0 2.1 0.7 0.1 0.2 0.1 1.4 1.4 
 CV (%) 24 16 0 9 23 13 9 17 2 44 

K-AD U0042-01 
SLAG 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 3.0 1.3 7.6 29.9 3.3 1.0 3.1 0.5 46.6 2.7 99.0 
Bulk 2 3.2 1.0 9.4 31.9 1.8 1.4 4.6 0.5 44.6 0.8 99.2 

Mean 3.1 1.2 8.5 30.9 2.6 1.2 3.9 0.5 45.6 1.8 99.1 

STDEV 0.1 0.2 1.3 1.4 1.1 0.3 1.1 0.0 1.4 1.3 
 CV (%) 5 18 15 5 42 24 28 0 3 77 

K-AD U0042-01 
SLAG 2 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 2.7 1.2 8.0 30.9 2.8 1.2 4.4 0.4 46.5 0.7 98.8 
Bulk 2 2.8 1.6 8.0 32.5 1.5 1.0 3.7 0.2 46.7 0.9 98.9 
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Bulk 3 2.6 1.2 7.5 29.1 2.6 1.2 5.7 0.4 47.9 1.0 99.2 
Bulk 4 2.6 0.9 8.7 30.9 1.9 1.2 4.1 0.4 47.4 0.6 98.7 
Bulk 5 2.2 1.3 7.4 28.9 2.3 1.1 3.9 0.3 50.1 1.1 98.6 

Mean 2.6 1.2 7.9 30.5 2.2 1.1 4.4 0.3 47.7 0.9 98.8 

STDEV 0.2 0.3 0.5 1.5 0.5 0.1 0.8 0.1 1.4 0.2 
 CV (%) 9 20 7 5 24 8 18 26 3 24 

K-AD U0042-01 
SLAG 3 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 2.9 1.0 9.0 31.3 2.0 1.5 5.2 0.5 44.6 0.7 98.7 
Bulk 2 3.0 0.9 9.3 32.2 1.8 1.4 5.2 0.4 43.7 0.4 98.3 
Bulk 3 3.1 0.8 8.8 31.4 2.3 1.4 5.5 0.3 44.6 0.5 98.7 
Bulk 4 3.0 1.0 8.4 30.3 2.4 1.4 6.2 0.4 45.5 0.5 99.1 

Mean 3.0 0.9 8.9 31.3 2.1 1.4 5.5 0.4 44.6 0.5 98.7 

STDEV 0.1 0.1 0.4 0.8 0.3 0.1 0.5 0.1 0.7 0.1 
 CV (%) 3 10 4 2 13 4 9 20 2 24 

	 	 	 	 	 	 	 	 	 	 	 	
K-AD Type X Slag weight percent (wt%) 

K-AD M0070-03 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.9 3.3 6.3 28.5 2.3 0.6 2.5 0.3 51.5 2.3 98.5 
Bulk 2 1.0 3.4 6.4 29.6 2.3 0.8 3.2 0.3 49.9 2.0 98.8 
Bulk 3 0.8 3.6 7.4 29.7 1.4 0.6 2.9 0.3 51.1 1.4 99.1 

Mean 0.9 3.4 6.7 29.3 2.0 0.7 2.9 0.3 50.8 1.9 98.8 

STDEV 0.1 0.1 0.6 0.7 0.5 0.1 0.3 0.0 0.8 0.5  
CV (%) 9.1 4.2 9.4 2.3 27.2 14.2 12.3 6.3 1.7 24.3  

	
	 	 	 	 	 	 	 	 	 	 	K-AD Misc. Slag weight percent (wt%) 

K-AD M0038-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 2.5 1.8 11.9 36.9 1.4 1.3 4.2 0.6 37.6 0.4 98.6 
Bulk 2 2.8 1.6 10.7 35.7 1.2 1.3 4.3 0.5 40.3 0.3 98.8 
Bulk 3 2.5 1.6 11.5 37.1 1.3 1.3 4.3 0.5 38.0 0.3 98.6 

Mean 2.6 1.7 11.4 36.6 1.3 1.3 4.3 0.6 38.6 0.4 98.7 

STDEV 0.1 0.1 0.6 0.8 0.1 0.0 0.0 0.1 1.5 0.0  
CV (%) 5.5 3.9 5.4 2.2 6.7 1.2 1.1 10.4 3.9 8.8  

K-AD M0086-02 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.3 3.5 3.8 23.1 1.1 0.6 6.1 0.2 58.9 0.8 98.5 
Bulk 2 0.4 3.5 4.1 24.1 0.9 0.5 5.4 0.2 60.4 0.6 100.0 
Bulk 3 0.4 3.9 3.8 23.4 1.2 0.4 6.4 0.1 59.1 0.7 99.4 

Mean 0.4 3.6 3.9 23.5 1.1 0.5 6.0 0.2 59.4 0.7 99.3 

STDEV 0.0 0.2 0.2 0.5 0.2 0.1 0.5 0.0 0.8 0.1  
CV (%) 12.4 6.5 4.2 2.1 15.6 15.2 8.4 23.9 1.4 12.4  
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Appendix II:3. Copper-concentration and its spatial distribution in the sections of furnace slag from Kalavasos-
Ayios Dhimitrios as detected by pXRF. 

 
K-AD U00042-02 Cu (wt%)  A B C D E   

MEAN 3.0 1 - 1.3 - 0.5 -   
STDEV 2.8 2 0.6 1.2 - 1.4 0.5   

CV 95 3 1.3 1.1 6.6 3.0 3.3   
Min 0.5 4 1.5 1.7 6.0 5.9 9.3   
Max 9.3 5 - 0.6 - 7.6 -   

K-AD U0003-01 Cu (wt%)  A B C D E F G 
MEAN 1.8 1 - - 0.2 1.6 - - - 
STDEV 1.9 2 - - 0.4 1.6 4.5 2.6 - 

CV 106 3 0.3 - 1.2 - 1.6 4.3 0.9 
Min 0.2 4 - 0.6 - 1.1 2.7 7.7 1.2 
Max 7.7 5 - 0.4 0.2 0.2 2.3 - - 

K-AD M0017-03 Cu (wt%)  A B C D    
MEAN 2.6 1 0.3 0.4 5.9 2.6    
STDEV 2.1 2 0.4 1.3 2.0 3.9    

CV 80 3 6.3 - 1.4 4.3    
Min 0.3 4 - - 2.4 -    
Max 6.3         

K-AD U0005-02 Cu (wt%)  A B C D    
MEAN 5.1 1 0.3 0.3 20.3 9.8    
STDEV 6.3 2 0.2 0.3 10.2 6.9    

CV 123 3 0.3 0.3 10.1 -    
Min 0.2 4 - 0.3 7.1 -    
Max 20.3         

K-AD M0078-02 Cu (wt%)  A B C D    
MEAN 4.0 1 - 3.9 11.5 -    
STDEV 4.8 2 0.3 0.8 12.3 1.2    

CV 121 3 - 0.3 4.9 0.4    
Min 0.3         
Max 12.3         

K-AD U0042-02 Cu (wt%)  A B C D E   
MEAN 3.0 1 - 1.2 0.8 0.3 -   
STDEV 3.1 2 0.8 1.4 1.5 4.8 -   

CV 102 3 0.7 1.6 9.7 6.3 7.1   
Min 0.3 4 - 0.6 1.5 7.1 -   
Max 9.7         

K-AD U0042-02 Cu (wt%)  A B C D    
MEAN 5.2 1 - 24.7 - -    
STDEV 8.7 2 1.1 0.7 11.4 0.5    

CV 166 3 2.1 0.5 1.0 -    
Min 0.5         
Max 24.7         
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APPENDIX III: Kalavasos-Ayios Dhimitrios Technical Ceramics 

Appendix III:1. Macroscopic study of the technical ceramic samples from Kalavasos-Ayios 
Dhimitrios 
 

K-AD M0401 K-AD M0402 

 

 

K-AD M0403 K-AD M0404 

 
 

K-AD U0006 K-AD U0007 
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K-AD M0407 K-AD M0408 

 
 K-AD M0409 K-AD M0410 

 
 

K-AD M0405 K-AD M0406 
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K-AD U0009 
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Appendix III:2. Chemical composition of the fabrics of the technical ceramic samples from Kalavasos-Ayios Dhimitrios as analysed by SEM-EDS. 
 
All values are given in weight %. The average and standard deviation are calculated for the major and minor oxides. 
 
K-AD FABRIC GROUP 1 weight percent (wt%) 

K-AD M0401 Ceramic Fabric Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

Bulk 1 0.6 7.7 11.4 60.5 0.1 1.4 8.1 0.4 0.2 0.3 8.6 0.3 0.4 0.4 100.4 
Bulk 2 0.5 8.0 10.0 61.1 0.0 1.1 8.5 0.5 0.1 0.2 7.5 3.4 0.1 0.0 101.0 
Bulk 3 0.7 7.0 10.5 62.2 0.1 1.5 7.4 0.7 0.2 0.2 8.2 0.3 0.2 0.3 99.5 

Mean 0.6 7.6 10.6 61.2 0.1 1.3 8.0 0.6 0.2 0.2 8.1 1.3 0.2 0.2 100.2 

STDEV 0.1 0.5 0.7 0.8 0.1 0.2 0.6 0.1 0.1 0.1 0.5 1.8 0.2 0.2  
K-AD M0404 Ceramic Fabric Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

Bulk 1 0.7 9.2 10.0 59.9 0.3 0.8 9.5 0.5 0.3 0.2 8.0 n.d. n.d. 0.4 99.8 
Bulk 2 0.7 8.7 10.7 60.8 0.2 1.0 8.8 0.5 0.3 0.2 8.1 n.d. n.d. n.d. 100.0 
Bulk 3 1.0 8.4 11.9 60.0 0.4 1.2 7.3 0.5 0.2 0.2 8.9 n.d. n.d. n.d. 100.0 

Mean 0.8 8.8 10.9 60.2 0.3 1.0 8.6 0.5 0.3 0.2 8.3 n.d. n.d. 0.4 100.3 

STDEV 0.2 0.4 1.0 0.5 0.1 0.2 1.1 0.0 0.1 0.0 0.5        
K-AD M0405 Ceramic Fabric Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

Bulk 1 0.5 7.9 10.3 59.8 0.1 1.3 10.7 0.5 0.2 0.1 7.8 0.1 0.1 0.0 99.4 
Bulk 2 0.6 8.1 9.4 61.3 0.0 1.4 8.8 0.6 0.3 0.2 7.8 0.0 0.3 0.6 99.4 
Bulk 3 0.8 7.8 9.3 61.0 0.3 1.6 9.8 0.6 0.3 0.2 7.4 0.1 0.1 0.1 99.4 
Bulk 4 0.5 8.4 9.8 58.0 0.0 1.3 10.5 0.4 0.3 0.3 8.4 0.0 0.1 0.2 98.2 
Bulk 5 0.6 8.6 10.7 58.0 0.2 1.5 9.8 0.4 0.1 0.2 8.4 n.d. 0.3 0.2 99.0 
Bulk 6 0.8 7.6 11.1 57.7 0.1 1.7 9.7 0.5 0.2 0.2 8.8 n.d. 0.2 n.d. 98.6 

Mean 0.6 8.1 10.1 59.3 0.1 1.5 9.9 0.5 0.2 0.2 8.1 0.1 0.2 0.2 99.1 

STDEV 0.2 0.3 0.7 1.6 0.1 0.1 0.7 0.1 0.1 0.1 0.5 0.1 0.1 0.2  
K-AD M0408 Ceramic Fabric Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total Le
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Bulk 1 0.8 7.6 9.5 63.7 0.2 0.8 8.6 0.4 0.2 0.2 7.4 0.2 n.d. 0.4 100.0 
Bulk 2 0.8 8.5 10.4 57.5 n.d. 1.0 10.9 0.7 0.4 0.2 8.9 n.d. n.d. n.d. 99.3 
Bulk 3 1.0 8.1 10.5 60.6 n.d. 1.1 8.6 0.5 0.4 0.1 8.5 n.d. n.d. 0.1 99.5 
Bulk 4 1.1 7.9 12.8 55.5 0.1 1.0 10.1 0.6 0.6 0.3 9.1 0.2 n.d. 0.1 99.4 
Bulk 5 0.6 8.0 9.4 61.6 0.1 0.9 9.8 0.6 0.6 0.0 8.0 0.1 n.d. 0.2 99.9 
Bulk 6 0.7 8.4 8.5 62.9 0.3 0.6 9.7 0.5 0.1 0.1 7.3 0.3 n.d. n.d. 99.4 

Mean 0.8 8.1 10.2 60.3 0.2 0.9 9.6 0.5 0.4 0.2 8.2 0.2 n.d. 0.2 99.8 

STDEV 0.2 0.3 1.5 3.2 0.1 0.2 0.9 0.1 0.2 0.1 0.8 0.1   0.1  
K-AD M0409 Ceramic Fabric Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

Bulk 1 0.6 9.2 11.2 57.8 0.3 1.0 10.9 0.4 0.3 0.2 8.0 n.d. n.d. n.d. 99.9 
Bulk 2 0.9 7.7 11.3 60.3 0.2 1.2 8.3 1.0 0.6 n.d. 8.6 n.d. n.d. n.d. 100.1 
Bulk 3 0.9 8.9 10.0 59.7 0.2 0.9 9.1 0.6 0.3 0.2 9.2 n.d. n.d. n.d. 100.0 

Mean 0.8 8.6 10.8 59.2 0.2 1.0 9.4 0.7 0.4 0.2 8.6 n.d. n.d. n.d. 99.9 

STDEV 0.1 0.8 0.7 1.3 0.1 0.1 1.3 0.3 0.2 0.0 0.6        
FABRIC GROUP 1 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

MEAN 0.7 8.2 10.5 60.1 0.2 1.1 9.1 0.6 0.3 0.2 8.3 0.5 0.2 0.3 100.3 

STDEV 0.1 0.5 0.4 0.8 0.1 0.2 0.8 0.1 0.1 0.0 0.2 0.7 0.0 0.1  
                
K-AD FABRIC GROUP 2 weight percent (wt%) 

K-AD M0407 Ceramic Fabric Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

Bulk 1 1.1 2.5 16.4 59.7 0.4 2.0 7.3 0.8 n.d. 0.2 8.4 n.d. n.d. 1.2 100.0 
Bulk 2 1.0 3.2 16.9 57.3 0.2 2.1 7.8 1.0 n.d. 0.5 9.9 n.d. n.d. n.d. 99.9 
Bulk 3 1.0 3.2 16.1 59.0 n.d. 1.9 9.2 0.9 n.d. n.d. 8.9 n.d. n.d. n.d. 100.2 
Bulk 4 1.0 3.1 16.0 58.6 0.2 2.0 9.6 0.9 n.d. 0.2 8.3 n.d. n.d. n.d. 99.9 

Mean 1.0 3.0 16.3 58.6 0.3 2.0 8.5 0.9 n.d. 0.3 8.9 n.d. n.d. 1.2 101.0 

STDEV 0.0 0.3 0.4 1.0 0.1 0.1 1.1 0.1   0.2 0.8        
K-AD U0007 Ceramic Fabric Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

Bulk 1 0.9 3.0 15.6 61.1 0.6 1.9 6.1 0.8 n.d. 0.2 8.5 n.d. n.d. 1.3 100.0 
Le

nte
 Van

 Brem
pt



 489 

Bulk 2 1.9 2.7 17.2 58.2 0.2 1.9 7.9 1.1 n.d. 0.4 8.6 n.d. n.d. n.d. 100.1 
Bulk 3 1.0 3.6 15.1 58.7 0.2 1.8 9.4 0.9 0.2 n.d. 9.1 n.d. n.d. n.d. 100.0 

Mean 1.3 3.1 16.0 59.3 0.3 1.9 7.8 0.9 0.2 0.3 8.7 n.d. n.d. 1.3 101.1 

STDEV 0.5 0.5 1.1 1.5 0.2 0.1 1.6 0.2   0.1 0.3        
FABRIC GROUP 2 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

MEAN 1.2 3.0 16.1 59.0 0.3 1.9 8.1 0.9 0.2 0.3 8.8 n.d. n.d. 1.2 101.0 

STDEV 0.2 0.1 0.3 0.5 0.0 0.1 0.5 0.0   0.0 0.1     0.1  
                
  weight percent (wt%) 

K-AD M0410 Ceramic Fabric Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

Bulk 1 1.7 2.4 16.6 58.8 0.9 1.3 2.4 1.0 n.d. 0.0 14.3 0.4 0.1 n.d. 99.9 
Bulk 2 1.6 2.3 17.0 59.0 1.2 1.3 2.0 1.0 n.d. 0.0 12.7 1.1 0.3 0.0 99.5 
Bulk 3 1.5 3.3 16.7 52.9 1.2 0.9 2.5 1.0 n.d. 0.1 17.1 0.7 0.0 0.2 98.1 
Bulk 4 1.7 3.5 18.0 57.0 0.8 0.9 2.5 0.6 n.d. 0.1 13.7 0.3 n.d. 0.3 99.4 

Mean 1.6 2.9 17.1 56.9 1.0 1.1 2.4 0.9 n.d. 0.0 14.5 0.6 0.2 0.2 99.4 

STDEV 0.1 0.6 0.7 2.8 0.2 0.2 0.2 0.2   0.1 1.9 0.3 0.2 0.1  
K-AD U0006 Ceramic Fabric Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

Bulk 1 1.7 8.7 10.8 51.9 0.3 1.2 15.8 0.6 n.d. 0.2 8.5 n.d. n.d. n.d. 99.7 
Bulk 2 2.1 5.7 12.1 48.9 0.4 1.6 18.1 1.2 n.d. n.d. 8.9 n.d. n.d. n.d. 99.0 
Bulk 3 2.3 6.7 10.5 49.9 1.0 0.9 16.7 0.6 n.d. n.d. 11.0 n.d. n.d. n.d. 99.6 
Bulk 4 1.4 8.0 10.5 50.6 0.4 1.6 16.5 0.6 n.d. 0.2 9.7 n.d. n.d. 0.4 99.9 

Mean 1.9 7.3 11.0 50.3 0.5 1.3 16.8 0.7 n.d. 0.2 9.5 n.d. n.d. 0.4 99.9 

STDEV 0.4 1.4 0.7 1.3 0.3 0.3 0.9 0.3   0.0 1.1        
K-AD U0009 Ceramic Fabric Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO FeO CuO SnO2 BaO Total 

Bulk 1 3.6 2.6 18.1 58.1 0.3 0.6 2.8 1.2 n.d. 0.3 12.3 0.2 n.d. n.d. 100.1 
Bulk 2 3.4 2.6 17.1 56.9 0.3 0.6 2.9 1.2 n.d. 0.3 13.3 1.3 n.d. n.d. 99.9 
Bulk 3 3.8 2.5 17.9 57.8 0.2 0.6 2.7 1.2 n.d. 0.2 12.4 0.8 n.d. n.d. 100.1 
Mean 3.6 2.6 17.7 57.6 0.2 0.6 2.8 1.2 n.d. 0.3 12.7 0.8 n.d. n.d. 100.1 
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STDEV 0.2 0.1 0.5 0.6 0.0 0.0 0.1 0.0   0.0 0.5 0.6      
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Appendix III:3. Chemical composition of the slag layers of the technical ceramic samples from Kalavasos-Ayios Dhimitrios as analysed by SEM-EDS. 

 

All values are given in weight %. The average, standard deviation and inter-sample variation are calculated for the major and minor oxides 
 

K-AD CRUCIBLES  weight percent (wt%) 

K-AD M0401 Slag Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 

Bulk 1 0.4 1.7 3.7 28.5 0.4 1.9 0.9 5.2 0.1 55.0 1.4 0.1 99.3 
Bulk 2 0.0 1.3 4.1 22.0 0.3 0.8 0.3 2.5 0.2 65.7 1.6 0.1 98.9 

Mean 0.2 1.5 3.9 25.3 0.3 1.4 0.6 3.9 0.1 60.3 1.5 0.1 99.1 

STDEV 0.2 0.2 0.3 4.6 0.1 0.7 0.4 1.9 0.1 7.6 0.2 0.0  
CV (%) 108 16 7 18 34 54 61 49 47 13 14 18  
K-AD M0404 Slag Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 

Bulk 1 0.5 4.1 5.0 30.9 n.d. 0.4 0.5 6.7 0.2 50.9 0.5 n.d. 99.7 
Bulk 2 0.5 4.0 5.2 31.5 n.d. 0.4 0.5 6.5 0.1 50.8 0.3 n.d. 99.8 
Bulk 3 0.7 4.8 6.7 37.5 n.d. 0.3 0.6 7.4 0.3 41.1 0.4 n.d. 99.8 

Mean 0.5 4.3 5.6 33.3 n.d. 0.4 0.5 6.8 0.2 47.6 0.4 n.d. 99.6 

STDEV 0.1 0.4 0.9 3.7   0.0 0.1 0.5 0.1 5.6 0.1    
CV (%) 20 10 17 11   9 12 7 38 12 28    
K-AD M0405 Slag Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 

Bulk 1 0.1 6.0 4.8 32.9 0.1 0.7 0.4 8.2 0.2 45.9 0.4 0.1 99.8 
Bulk 2 0.1 5.6 4.9 33.5 0.0 0.6 0.4 8.2 0.1 45.3 0.3 0.2 99.2 
Bulk 3 0.2 4.0 3.0 24.7 0.1 0.2 0.5 8.4 0.1 50.5 6.3 1.1 99.1 
Bulk 4 0.2 4.8 4.2 30.6 0.1 0.5 0.4 8.2 0.1 45.8 4.0 0.3 99.2 
Bulk 5 0.1 3.4 4.0 27.0 0.2 0.4 0.5 6.6 0.2 54.1 1.9 0.5 98.9 
Mean 0.2 4.7 4.2 29.8 0.1 0.5 0.4 7.9 0.1 48.3 2.6 0.4 99.2 

STDEV 0.1 1.1 0.8 3.8 0.1 0.2 0.1 0.7 0.1 3.9 2.6 0.4  Le
nte
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CV (%) 46 23 19 13 80 41 14 9 49 8 99 95  
K-AD M0408 Slag Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 

Bulk 1 0.5 3.6 5.3 28.2 0.2 0.7 0.4 6.5 0.2 52.9 0.4 n.d. 98.9 
Bulk 2 0.6 3.2 4.6 24.7 0.2 1.3 0.4 5.1 0.2 58.0 0.9 n.d. 99.2 
Bulk 3 0.5 3.6 5.0 27.0 0.1 0.6 0.4 6.4 0.2 54.8 0.6 n.d. 99.2 
Mean 0.5 3.5 5.0 26.6 0.2 0.9 0.4 6.0 0.2 55.2 0.6 n.d. 99.1 

STDEV 0.1 0.2 0.4 1.7 0.0 0.3 0.0 0.8 0.0 2.6 0.2    
CV (%) 16 7 8 7 6 40 6 13 26 5 35    
K-AD M0409 Slag Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 

Bulk 1 0.6 5.0 4.8 26.7 0.4 0.7 1.2 10.9 0.3 46.3 2.6 0.3 99.8 
Bulk 2 0.7 3.5 4.4 26.1 0.3 1.0 1.0 11.3 0.2 49.1 2.2 0.3 100.1 
Bulk 3 0.6 3.6 4.3 26.2 0.4 1.0 1.0 12.4 0.2 48.3 1.9 0.3 100.2 

Mean 0.7 4.0 4.5 26.3 0.4 0.9 1.1 11.5 0.2 47.9 2.2 0.3 100.0 

STDEV 0.1 0.9 0.2 0.3 0.0 0.2 0.1 0.8 0.1 1.4 1.4 0.0  
CV (%) 12 21 6 1 7 19 9 7 32 3 3 6  
CRUCIBLE SLAGS Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 

MEAN 0.4 3.9 4.6 28.6 0.2 0.7 0.6 7.5 0.2 50.9 1.6 0.3 99.5 

STDEV 0.2 1.2 0.8 3.9 0.1 0.4 0.3 2.5 0.1 5.9 1.6 0.3  
Inter CV (%) 50 31 17 14 50 57 50 33 50 12 100 100  
Mean Intra CV (%) 40 15 11 10 32 33 20 17 38 8 36 40  
  

 weight percent (wt%) 

K-AD U0006 Slag Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 

Bulk 1 3.5 1.9 6.9 33.9 0.3 0.2 1.8 9.1 0.2 36.8 5.4 n.d. 100.0 
Bulk 2 1.8 3.7 8.2 31.9 0.2 0.6 1.1 8.4 0.4 42.5 1.1 n.d. 99.9 
Bulk 3 2.6 3.6 7.9 29.7 0.3 1.4 1.6 6.2 0.5 43.1 2.7 n.d. 99.6 
Bulk 4 1.1 3.6 6.5 26.1 0.3 2.3 1.0 6.4 0.4 51.2 1.1 n.d. 100.0 Le
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Mean 2.2 3.2 7.4 30.4 0.3 1.1 1.4 7.5 0.4 43.4 2.6 n.d. 99.9 

STDEV 1.1 0.9 0.8 3.3 0.0 0.9 0.4 1.5 0.1 5.9 2.0    
CV (%) 47 28 11 11 17 81 30 19 27 14 78    
  

 weight percent (wt%) 

K-AD U0009 Slag Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 FeO CuO SnO2 Total 

Bulk 1 0.8 1.5 8.1 30.4 0.6 1.8 0.4 2.9 0.7 51.7 1.1 n.d. 100.0 
Bulk 2 n.d. 1.2 6.3 43.1 0.6 1.5 0.4 1.8 0.9 42.0 2.4 n.d. 100.2 
Bulk 3 0.7 1.3 8.8 27.3 0.5 1.9 0.4 2.8 0.7 53.0 2.7 n.d. 100.1 

Mean 0.8 1.3 7.7 33.6 0.6 1.7 0.4 2.5 0.8 48.9 2.1 n.d. 100.4 

STDEV 0.0 0.1 1.3 8.4 0.0 0.2 0.0 0.6 0.1 6.0 0.8    
CV (%) 5 11 16 25 6 13 12 26 13 12 40    
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APPENDIX IV: Kalavasos-Ayios Dhimitrios Metal Objects, Fragments and Scrap 

Appendix IV:1. General chemical composition of the copper and bronze objects from 
Kalavasos-Ayios Dhimitrios as analysed by pXRF. 
 

K-AD Objects weight percent (wt%) 
Find No. Type Fe Ni Cu Zn Ag Sn Pb Total 
KAD-0077 Dagger 0.3 0.0 89.8 0.0 0.0 9.9 0.0 100.0 
KAD-0078 Ring 0.4 0.0 94.1 0.0 0.0 5.5 0.0 100.0 
KAD-0174 Point 0.4 0.0 94.8 0.0 0.0 4.9 0.0 100.0 
KAD-0178 Point 0.4 0.0 97.9 0.0 0.0 1.6 0.0 100.0 
KAD-0183 Pin? 0.5 0.0 94.9 0.0 0.0 4.5 0.2 100.0 
KAD-0189 Spearbut 3.2 0.0 95.5 0.0 0.0 1.0 0.1 99.8 
KAD-0205 Axe 0.6 0.0 92.4 0.0 0.0 7.0 0.1 100.0 
KAD-0209A Armour attach. 0.4 0.0 84.9 0.0 0.0 14.6 0.1 100.0 
KAD-0210 Chain 0.6 0.0 72.9 0.0 0.0 5.1 21.1 99.7 
KAD-0215 Tweezers 0.4 0.0 94.0 0.0 0.0 5.5 0.0 100.0 
KAD-0223 Pin 0.5 0.0 84.0 0.0 0.0 12.9 2.5 99.9 
KAD-0226a Misc. (Base) 0.9 0.0 72.3 0.0 0.0 2.3 24.3 99.7 
KAD-0226b Misc. (Cylinder) 0.8 0.0 74.4 0.0 0.0 2.2 22.1 99.5 
KAD-0226c Misc. (Knobs) 1.8 0.0 61.0 0.0 0.0 0.4 36.4 99.6 
KAD-0226d Misc. (Ring) 0.7 0.0 69.6 0.0 0.0 2.0 27.3 99.7 
KAD-0233 Spearhead 0.3 0.0 98.2 0.0 0.0 1.4 0.1 100.0 
KAD-0242 Ring 0.7 0.0 97.8 0.0 0.0 1.3 0.1 99.9 
KAD-0254 Bracelet 0.3 0.0 93.9 0.0 0.0 5.7 0.1 100.0 
KAD-0263 Blade 0.4 0.1 90.4 0.0 0.0 8.9 0.1 99.9 
KAD-0268 Pinhead? 0.3 0.0 96.2 0.0 0.0 3.3 0.1 100.0 
KAD-0271 Pinhead 0.4 0.0 99.4 0.0 0.0 0.2 0.0 100.0 
KAD-0276 Blade 0.4 0.0 94.5 0.1 0.0 4.9 0.1 100.0 
KAD-0277 Chain 0.5 0.1 88.1 9.2 0.0 1.7 0.4 100.0 
KAD-0302 Pin 0.7 0.0 94.0 0.0 0.0 3.9 1.5 99.9 
KAD-0320 Ring 0.4 0.0 96.9 0.1 0.0 2.6 0.0 99.9 
KAD-0325 Ring 1.7 0.5 83.2 0.0 9.2 0.3 0.1 94.9 
KAD-0336 Chisel 0.4 0.0 93.1 0.0 0.0 6.4 0.1 99.9 
KAD-0355 Knife 0.5 0.0 96.7 0.0 0.0 2.7 0.0 100.0 
KAD-0408 Ring 2.8 0.0 96.7 0.0 0.0 0.0 0.3 99.8 
KAD-0412 Pin 1.2 0.0 96.1 0.0 0.0 2.5 0.0 99.9 
KAD-0413 Dagger 0.2 0.1 99.4 0.0 0.0 0.3 0.0 100.0 
KAD-0414a Dagger 3.6 0.0 95.7 0.0 0.0 0.3 0.4 99.9 
KAD-0414b Dagger Rivets 0.7 0.0 96.3 0.0 0.0 2.9 0.1 100.0 
KAD-0456 Stylus 0.5 0.0 93.1 0.0 0.0 5.9 0.3 99.9 
KAD-0457 Stylus? 0.4 0.0 98.7 0.1 0.0 0.5 0.1 99.8 
KAD-0458 Awl? 0.3 0.1 95.5 0.0 0.0 4.0 0.1 100.0 
KAD-0459 Chain 0.5 0.0 95.2 0.0 0.0 3.7 0.0 99.4 
KAD-0468 Ingot 0.5 0.1 98.6 0.0 0.0 0.7 0.0 99.9 

Le
nte

 Van
 Brem

pt



 495 

KAD-0469 Pin 0.4 0.0 96.0 0.1 0.0 3.4 0.1 99.9 
KAD-0471 Ingot? 1.0 0.0 90.0 0.4 0.0 8.2 0.1 99.7 
KAD-0550 Misc. 0.7 0.0 97.4 0.0 0.0 1.8 0.0 99.9 
KAD-0588 Ingot 0.6 0.0 99.3 0.0 0.0 0.0 0.1 99.9 
KAD-0642a Rivet 1.0 0.0 93.3 0.1 0.0 4.7 0.1 99.2 
KAD-0642b Strip 0.7 0.0 92.4 0.1 0.0 6.7 0.1 100.0 
KAD-0671 Ingot? 5.9 0.0 91.2 0.1 0.0 1.1 1.5 99.8 
KAD-0673 Ingot? 1.4 0.0 90.7 0.5 0.0 5.7 1.1 99.3 
KAD-0674 Ingot? 4.9 0.0 94.9 0.0 0.0 0.0 0.0 99.9 
KAD-0676 Ingot? 5.4 0.0 94.4 0.1 0.0 0.0 0.0 99.9 
KAD-0677 Ring 1.1 0.0 92.9 0.0 0.0 5.0 0.2 99.2 
KAD-0816 Dagger 0.3 0.0 84.7 0.0 0.0 14.0 1.0 100.0 
KAD-1395 Chisel 0.5 0.0 92.4 0.0 0.0 6.7 0.0 99.7 
KAD-1396 Blade 1.7 0.1 84.0 0.0 0.0 12.2 0.0 98.0 
KAD-1407 Dagger 0.6 0.0 88.9 0.0 0.0 10.4 0.1 100.0 
KAD-1426b Pin (Head) 0.6 0.0 92.8 0.0 0.0 6.5 0.1 99.9 
KAD-1426a Pin 0.7 0.0 93.5 0.0 0.0 5.7 0.1 100.0 
KAD-1440 Awl 0.4 0.0 96.8 0.0 0.0 2.8 0.0 100.0 
KAD-1441 Axe 0.3 0.0 96.2 0.0 0.0 3.4 0.0 100.0 
KAD-1444 Bowl 0.2 0.0 96.4 0.0 0.0 3.4 0.0 100.0 
KAD-1473 Awl 0.4 0.0 94.7 0.0 0.0 4.8 0.1 100.0 
KAD-1502 Stylus? 0.5 0.0 92.7 0.0 0.0 6.7 0.0 99.9 
KAD-1540 Misc. 0.5 0.0 89.6 0.1 0.0 9.0 0.0 99.2 
KAD-1545 Sickle 0.7 0.0 92.8 0.2 0.0 6.2 0.0 99.9 
KAD-1634a Dagger 0.1 0.0 94.7 0.0 0.0 5.1 0.0 100.0 
KAD-1634b Dagger Rivets 0.8 0.0 82.0 0.0 0.0 17.0 0.1 99.9 
KAD-1635a Dagger 0.6 0.1 96.1 0.0 0.0 2.9 0.2 100.0 
KAD-1635b Dagger Rivets 0.6 0.0 88.1 0.0 0.0 11.1 0.2 100.0 
KAD-1636a Dagger 0.3 0.1 95.6 0.0 0.0 4.0 0.0 100.0 
KAD-1636b Dagger Rivets 0.3 0.1 92.6 0.0 0.0 7.0 0.0 99.9 
KAD-1791 Dagger 0.1 0.0 94.4 0.0 0.0 5.5 0.0 100.0 
KAD-1835 Misc. 0.1 0.0 98.6 0.0 0.0 1.2 0.1 100.0 
KAD-1870 Ring 0.7 0.0 96.9 0.0 0.0 2.3 0.0 99.9 
KAD-1877 Earring 0.4 0.0 98.1 0.0 0.0 1.0 0.4 99.9 
KAD-1883 Pin 0.7 0.0 97.1 0.0 0.0 2.0 0.2 100.0 
KAD-1884 Ingot? 13.1 0.0 86.4 0.0 0.0 0.0 0.0 99.5 
KAD-1889 Stylus? 0.5 0.1 98.3 0.0 0.0 1.0 0.1 99.9 
KAD-1955 Misc. 0.4 0.1 98.6 0.0 0.0 0.9 0.0 100.0 
KAD-1991 Rivet 1.5 0.0 87.2 0.0 0.0 11.3 0.0 100.0 
KAD-2009a Dagger 0.3 0.0 95.8 0.0 0.0 3.8 0.1 100.0 
KAD-2009b Dagger Rivets 0.2 0.0 94.0 0.0 0.0 5.7 0.0 99.9 
KAD-2014 Blade 0.3 0.0 96.9 0.0 0.0 2.7 0.0 100.0 
KAD-2030a Dagger 0.3 0.0 83.6 0.1 0.0 15.9 0.1 100.0 
KAD-2030b Dagger Rivets 0.3 0.0 78.5 0.0 0.0 21.0 0.1 100.0 
KAD-2304a Dagger 0.2 0.0 92.9 0.0 0.0 6.9 0.0 100.0 
KAD-2304b Dagger Rivets 0.4 0.0 92.7 0.0 0.0 6.6 0.3 100.0 
KAD-2305a Dagger 0.4 0.0 89.7 0.0 0.0 9.9 0.0 100.0 
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KAD-2305b Dagger Rivets 0.4 0.0 88.1 0.0 0.0 11.3 0.1 100.0 
KAD-2306 Bowl 0.4 0.0 91.1 0.0 0.0 8.4 0.0 99.8 
KAD-2311a Dagger 0.4 0.0 97.2 0.0 0.0 2.3 0.1 100.0 
KAD-2311b Dagger Rivets 0.4 0.0 96.3 0.0 0.0 3.1 0.2 100.0 
KAD-2314 Fibula 0.2 0.0 97.4 0.0 0.0 2.3 0.0 99.9 
KAD-U0050 Vessel? 0.3 0.1 98.5 0.0 0.0 1.0 0.0 99.9 
KAD-U0051a Handle 0.3 0.1 98.0 0.0 0.0 1.6 0.0 100.0 
KAD-U0051b Handle (Rim) 0.4 0.1 97.8 0.0 0.0 1.7 0.0 99.9 
KAD-U0051c Handle (Rivet) 0.3 0.1 98.1 0.0 0.0 1.4 0.1 100.0 

MEAN 0.9 0.0 92.3 0.1 0.1 4.8 1.5 99.8 
STDEV 1.6 0.1 7.0 0.9 0.9 4.2 6.0  

Min. 0.1 0.0 61.0 0.0 0.0 0.0 0.0  
Max. 13.1 0.5 99.4 9.2 9.2 21.0 36.4  

 
 
Appendix IV: 2. General chemical composition of the copper and bronze fragments from 
Kalavasos-Ayios Dhimitrios as analysed by pXRF. 
 

K-AD Fragments weight percent (wt%) 
Find No. Type Fe Ni Cu Zn Ag Sn Pb Total 
KAD-0270 Fragment 0.2 0.0 97.9 0.0 0.0 1.8 0.0 100.0 
KAD-0207/D Fragment 0.3 0.0 97.9 0.0 0.0 1.8 0.0 100.0 
KAD-0207/A Fragment 0.3 0.0 81.0 0.0 0.0 18.2 0.3 99.9 
KAD-0269 Fragment 0.3 0.0 97.1 0.0 0.0 2.5 0.0 100.0 
KAD-0265 Fragment 0.4 0.0 98.1 0.0 0.0 1.6 0.0 100.0 
KAD-1208 Fragment 0.4 0.0 94.4 0.0 0.0 5.1 0.0 99.9 
KAD-0551 Fragment 0.4 0.0 98.3 0.0 0.0 1.3 0.0 100.0 
KAD-0267 Fragment 0.4 0.0 99.5 0.0 0.0 0.0 0.0 100.0 
KAD-2232 Fragment 0.5 0.0 98.7 0.0 0.0 0.6 0.1 99.9 
KAD-0207/C Fragment 0.6 0.0 99.1 0.0 0.0 0.3 0.1 100.0 
KAD-0411/1 Fragment 0.6 0.0 97.2 0.0 0.0 2.1 0.1 99.9 
KAD-0235 Fragment 0.7 0.0 56.5 0.0 0.0 9.6 32.0 98.8 
KAD-0411/2 Fragment 1.0 0.0 96.1 0.0 0.0 2.6 0.0 99.8 
KAD-0184/2 Fragment 1.8 0.0 96.6 0.0 0.0 0.1 0.3 98.7 
KAD-0274 Fragment 2.7 0.0 67.8 0.0 0.0 1.3 27.8 99.6 
KAD-0275 Fragment 3.2 0.0 75.0 0.0 0.0 3.2 18.1 99.5 
KAD-1471 Fragment 0.7 0.0 95.1 0.0 0.0 4.0 0.0 99.9 
KAD-0273 Fragment 0.4 0.0 92.2 0.1 0.0 7.1 0.0 99.7 
KAD-0266 Fragment 0.4 0.0 94.8 0.1 0.0 4.7 0.0 100.0 
KAD-0315 Fragment 0.9 0.0 92.6 0.1 0.0 6.1 0.2 99.9 
KAD-0207/B Fragment 0.6 0.0 66.1 0.1 0.0 8.4 24.5 99.8 
KAD-0321 Fragment 0.3 0.0 97.6 0.2 0.0 1.9 0.0 100.0 
KAD-0313 Fragment 0.8 0.1 95.4 0.2 0.0 3.3 0.2 99.9 
KAD-0316 Fragment 0.9 0.0 96.5 0.4 0.0 1.9 0.2 99.9 
KAD-1997 Fragments 0.1 0.0 92.0 0.0 0.0 7.6 0.2 100.0 
KAD-1931/2 Fragments 0.2 0.0 91.8 0.0 0.0 8.0 0.1 100.0 
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KAD-1931/1 Fragments 0.2 0.0 93.7 0.0 0.0 5.9 0.2 100.0 
KAD-2031 Fragments 0.2 0.0 90.6 0.0 0.0 9.1 0.0 99.9 
KAD-1931/4 Fragments 0.4 0.0 91.2 0.0 0.0 8.2 0.1 100.0 
KAD-1931/3 Fragments 0.5 0.0 91.4 0.0 0.0 7.9 0.1 99.9 
KAD-0570/2 Fragments 0.5 0.0 98.8 0.0 0.0 0.6 0.0 99.9 
KAD-0570/1 Fragments 0.6 0.1 92.4 0.0 0.0 6.3 0.6 100.0 
KAD-1555/3 Fragments 0.7 0.1 92.8 0.0 0.0 6.1 0.3 100.0 
KAD-1555/1 Fragments 0.8 0.1 89.8 0.0 0.0 8.9 0.4 100.0 
KAD-1555/2 Fragments 1.3 0.0 95.8 0.0 0.0 2.6 0.3 99.9 
KAD-2065 Fragments 0.3 0.0 86.7 0.0 0.0 12.9 0.0 100.0 
KAD-1750 Fragments 0.2 0.0 94.0 0.2 0.0 5.7 0.0 100.0 
KAD-1953 Pin/Needle 0.1 0.0 97.0 0.0 0.0 2.8 0.0 100.0 
KAD-0021 Pin/Needle 0.3 0.0 91.0 0.0 0.0 8.7 0.0 100.0 
KAD-0184/1 Pin/Needle 0.3 0.0 91.3 0.0 0.0 8.3 0.0 100.0 
KAD-0195 Pin/Needle 0.4 0.0 97.7 0.0 0.0 1.8 0.1 100.0 
KAD-1908 Pin/Needle 0.9 0.0 95.5 0.0 0.0 3.5 0.0 99.8 
KAD-0560 Pin/Needle 1.1 0.0 92.1 0.0 0.0 6.7 0.0 99.9 
KAD-2254 Pin/Needle 1.3 0.0 94.8 0.0 0.0 3.5 0.1 99.7 
KAD-1876 Rod 0.3 0.0 92.2 0.0 0.0 7.5 0.0 100.0 
KAD-1586 Rod 0.5 0.0 98.4 0.0 0.0 1.0 0.0 99.9 
KAD-0188 Rod 0.7 0.0 96.5 0.0 0.0 2.7 0.1 100.0 
KAD-0564 Rod 1.5 0.0 98.0 0.0 0.0 0.2 0.1 99.8 
KAD-2003 Rod 0.3 0.0 95.2 0.1 0.0 4.3 0.1 99.9 
KAD-0886 Scrap 1.5 0.0 92.8 0.1 0.0 4.6 0.1 99.1 
KAD-1950 Sheet 0.1 0.0 98.1 0.0 0.0 1.6 0.2 100.0 
KAD-1748 Sheet 0.1 0.0 92.4 0.0 0.0 7.5 0.0 100.0 
KAD-2057/3 Sheet 0.1 0.0 93.6 0.0 0.0 6.1 0.1 100.0 
KAD-2057/1 Sheet 0.1 0.0 96.3 0.0 0.0 3.5 0.1 100.0 
KAD-1886 Sheet 0.1 0.0 97.7 0.0 0.0 1.9 0.2 100.0 
KAD-1932 Sheet 0.1 0.0 95.0 0.0 0.0 4.7 0.1 100.0 
KAD-0264 Sheet 0.1 0.0 93.3 0.0 0.0 6.5 0.0 100.0 
KAD-1665 Sheet 0.2 0.0 94.2 0.0 0.0 5.6 0.0 100.0 
KAD-1991 Sheet 0.2 0.0 97.3 0.0 0.0 2.4 0.1 100.0 
KAD-0211 Sheet 0.2 0.0 99.1 0.0 0.0 0.7 0.0 100.0 
KAD-1837 Sheet 0.2 0.0 88.8 0.0 0.0 10.9 0.1 100.0 
KAD-2057/2 Sheet 0.2 0.0 94.9 0.0 0.0 4.7 0.1 100.0 
KAD-0322 Sheet 0.3 0.0 94.1 0.0 0.0 5.5 0.0 99.9 
KAD-1408 Sheet 0.3 0.0 94.6 0.0 0.0 2.5 2.5 100.0 
KAD-0531 Sheet 0.4 0.0 92.1 0.0 0.0 7.4 0.0 99.9 
KAD-1948 Sheet 0.4 0.0 91.5 0.0 0.0 7.9 0.0 99.9 
KAD-2035 Sheet 0.4 0.0 70.9 0.0 0.0 28.6 0.1 100.0 
KAD-2017 Sheet 0.6 0.0 94.6 0.0 0.0 4.7 0.1 99.9 
KAD-1431 Sheet 0.6 0.0 94.7 0.0 0.0 4.2 0.4 100.0 
KAD-0672 Sheet 1.0 0.0 98.9 0.0 0.0 0.0 0.1 100.0 
KAD-0209B Sheet 0.3 0.0 87.7 0.0 0.0 11.9 0.0 100.0 
KAD-1958 Sheet 0.1 0.0 95.1 0.0 0.0 4.7 0.1 100.0 
KAD-1650 Sheet 0.2 0.0 94.2 0.0 0.0 5.6 0.0 100.0 
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KAD-1740 Sheet 0.1 0.0 92.2 0.1 0.0 7.7 0.0 100.0 
KAD-1960 Sheet 0.2 0.0 94.3 0.1 0.0 5.3 0.1 100.0 
KAD-1716 Sheet 0.1 0.0 90.1 0.1 0.0 9.7 0.0 100.0 
KAD-1933 Sheet 0.2 0.1 79.2 0.1 0.0 20.3 0.2 100.0 
KAD-1777 Sheet 0.9 0.0 67.3 0.1 0.0 31.6 0.0 99.9 
KAD-1551 Sheet 0.5 0.0 97.7 0.1 0.0 1.6 0.0 99.9 
KAD-1639 Sheet 0.1 0.0 90.5 0.1 0.0 9.2 0.0 100.0 
KAD-2004 Sheet 0.6 0.0 88.2 0.2 0.0 10.8 0.2 100.0 
KAD-0272 Sheet 0.3 0.0 88.0 1.0 0.0 10.4 0.2 100.0 
KAD-0530 Strip 0.3 0.0 99.3 0.0 0.0 0.3 0.0 99.9 
KAD-0179 Strip 0.4 0.0 88.2 0.0 0.0 10.6 0.7 100.0 
KAD-0409 Strip 0.4 0.0 99.3 0.0 0.0 0.1 0.0 99.9 
KAD-0641 Strip 0.5 0.2 98.6 0.0 0.0 0.3 0.4 99.9 
KAD-1472 Strip 1.2 0.0 98.6 0.0 0.0 0.1 0.0 99.9 

MEAN 0.5 0.0 92.4 0.0 0.0 5.7 1.3 99.9 
STDEV 0.5 0.0 8.0 0.1 0.0 5.5 5.5  

Min. 0.1 0.0 56.5 0.0 0.0 0.0 0.0  
Max. 3.2 0.2 99.5 1.0 0.0 31.6 32.0  

 
 
Appendix IV: 3. General chemical composition of the copper and bronze scrap from 
Kalavasos-Ayios Dhimitrios as analysed by pXRF. 
 
K-AD Scrap weight percent (wt%) 
Find No. Fe Cu Zn Sn Pb Total 
M0285/a 0.1 99.8 0.0 0.0 0.1 100.0 
U0035 0.1 99.9 0.0 0.0 0.0 100.0 
M0306/a 0.2 99.7 0.0 0.0 0.0 99.9 
M0308 0.3 87.9 0.0 11.8 0.1 100.0 
M0222 0.3 96.7 0.0 3.0 0.0 100.0 
M0285/b 0.3 99.6 0.0 0.0 0.1 100.0 
M0261/a 0.3 91.5 0.0 8.1 0.0 99.9 
M0272/c 0.3 99.6 0.0 0.0 0.0 99.9 
M0277 0.3 99.5 0.0 0.0 0.0 99.9 
M0275/a 0.4 99.5 0.0 0.0 0.0 99.9 
M0270 0.4 96.4 0.0 3.2 0.0 100.0 
M0247 0.4 89.1 0.0 10.3 0.0 99.8 
M0290/d 0.4 90.6 0.0 8.9 0.0 99.9 
M0272/f 0.5 90.6 0.0 8.8 0.0 99.9 
M0223 0.5 98.7 0.0 0.5 0.0 99.7 
M0294 0.5 99.0 0.0 0.4 0.0 100.0 
M0272/e 0.5 95.9 0.0 3.2 0.3 99.9 
M0302 0.5 94.8 0.0 4.5 0.0 99.9 
M0323 0.6 97.3 0.0 2.0 0.0 99.9 
M0306/b 0.7 99.2 0.0 0.0 0.0 99.9 
M0228 0.7 99.2 0.0 0.0 0.1 99.9 

Le
nte

 Van
 Brem

pt



 499 

M0299 0.7 99.1 0.0 0.0 0.1 99.9 
M0318/a 0.7 99.1 0.0 0.0 0.1 99.9 
M0272/d 0.7 96.5 0.0 2.6 0.1 99.9 
M0259/c 0.8 91.7 0.0 7.4 0.0 100.0 
M0245 0.8 94.0 0.0 5.1 0.0 99.9 
M0204 0.9 90.2 0.0 8.3 0.5 99.9 
M0303 0.9 98.9 0.0 0.0 0.0 99.8 
M0242 0.9 95.5 0.0 3.5 0.0 99.9 
M0275/b 1.0 99.0 0.0 0.0 0.0 99.9 
M0272/a 1.0 98.7 0.0 0.0 0.0 99.7 
M0279 1.0 90.9 0.0 8.0 0.0 99.9 
M0291 1.0 90.6 0.0 8.2 0.2 99.9 
M0259/b 1.0 91.5 0.0 7.2 0.0 99.7 
M0276/d 1.1 98.8 0.0 0.0 0.1 99.9 
M0281 1.1 94.8 0.0 4.0 0.0 99.9 
M0314 1.3 96.0 0.0 2.5 0.1 99.9 
M0263 1.4 94.2 0.0 4.4 0.0 99.9 
M0316 1.4 98.3 0.0 0.2 0.0 99.9 
M0310 1.5 87.0 0.0 11.4 0.0 99.9 
M0276/b 1.5 98.2 0.0 0.0 0.1 99.8 
M0238 1.7 92.9 0.0 5.4 0.0 99.9 
M0330 1.7 97.3 0.0 0.8 0.2 99.9 
M0236/a 1.7 88.5 0.0 9.7 0.1 99.9 
M0320/d 2.0 97.9 0.0 0.0 0.1 100.0 
M0320/b 2.2 87.0 0.0 10.6 0.0 99.8 
M0276/c 2.3 97.2 0.0 0.0 0.0 99.5 
M0328 2.7 96.9 0.0 0.0 0.0 99.7 
M0230 2.9 97.0 0.0 0.0 0.0 99.9 
M0259/d 3.5 86.9 0.0 9.4 0.1 99.8 
M0212 3.9 96.1 0.0 0.0 0.0 100.0 
M0287 4.1 95.5 0.0 0.0 0.0 99.6 
M0250/b 4.6 95.3 0.0 0.0 0.0 99.8 
M0259/a 5.7 88.6 0.0 5.5 0.0 99.7 
M0319 6.7 92.8 0.0 0.0 0.1 99.5 
M0264/d 7.5 91.9 0.0 0.0 0.2 99.6 
M0272/b 8.8 91.1 0.0 0.0 0.0 99.9 
U0043 16.0 83.7 0.0 0.1 0.0 99.8 
M0318/b 17.0 81.8 0.0 0.0 0.0 98.9 
M0271/a 17.1 80.6 0.0 1.7 0.1 99.5 
M0271/h 18.1 79.2 0.0 2.3 0.2 99.7 
M0233 4.3 86.5 0.0 9.0 0.0 99.9 
M0296 1.0 92.9 0.0 5.1 0.8 99.8 
U0033/b 0.2 92.5 0.0 7.2 0.0 99.9 
U0028 1.8 67.3 0.0 1.2 29.1 99.5 
X0006 1.7 59.6 0.1 10.9 25.9 98.2 
M0286 1.0 98.7 0.1 0.0 0.0 99.8 
M0306/a 0.6 87.5 0.1 11.8 0.1 100.0 
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U0022 9.3 66.8 0.1 4.6 18.9 99.6 
M0278 0.4 99.4 0.1 0.0 0.0 99.9 
M0288 6.7 87.4 0.1 5.5 0.3 99.8 
M0271/g 0.6 87.4 0.1 11.9 0.1 100.1 
M0243/a 1.2 94.2 0.1 3.0 1.3 99.8 
M0298 1.2 98.3 0.1 0.3 0.0 99.9 
M0250/a 1.6 98.0 0.1 0.0 0.0 99.7 
M0280 1.2 98.3 0.1 0.1 0.0 99.6 
M0312 1.7 92.3 0.1 5.7 0.0 99.8 
M0276/a 0.3 89.5 0.1 10.1 0.0 99.9 
M0297 0.5 89.1 0.1 10.2 0.0 100.0 
M0244 1.2 96.6 0.1 1.9 0.0 99.8 
M0309 1.5 85.4 0.1 13.0 0.0 99.9 
M0264/a 0.5 91.9 0.1 7.5 0.0 99.9 
M0220 0.0 98.4 0.1 1.5 0.0 100.0 
M0290/a 0.4 94.4 0.1 5.1 0.0 99.9 
M0264/c 0.9 98.7 0.1 0.0 0.2 99.9 
M0241 0.6 95.8 0.1 3.3 0.0 99.8 
M0264/b 0.9 90.0 0.1 8.7 0.0 99.8 
M0290/b 0.2 80.2 0.1 18.1 1.3 99.9 
M0275/b 1.1 97.9 0.1 0.7 0.0 99.9 
M0207 0.3 77.8 0.1 5.3 16.5 100.0 
M0211 0.3 89.7 0.1 9.8 0.0 99.9 
M0282/a 0.6 94.0 0.1 5.1 0.1 99.9 
M0261/b 0.5 85.6 0.1 13.6 0.0 99.9 
M0295/b 1.1 94.3 0.1 4.4 0.0 99.9 
M0275/a 1.0 96.2 0.1 2.5 0.0 99.9 
M0240 1.0 98.7 0.1 0.0 0.0 99.9 
M0248 6.0 86.6 0.1 6.0 1.2 99.8 
M0305 0.8 91.5 0.1 7.6 0.0 99.9 
M0274 0.7 95.8 0.1 3.3 0.0 99.9 
M0246/a 0.4 90.8 0.1 8.3 0.4 99.9 
M0271/d 0.9 89.6 0.1 9.2 0.1 99.9 
M0273/b 0.7 97.5 0.1 1.7 0.0 100.0 
M0282/b 1.4 98.2 0.1 0.0 0.1 99.8 
M0271/f 1.4 92.8 0.1 5.5 0.1 99.9 
M0246/b 0.7 94.0 0.1 5.0 0.1 100.0 
M0206 0.8 96.9 0.2 2.0 0.0 99.9 
M0293 0.2 99.6 0.2 0.0 0.1 99.9 
M0317 1.4 80.5 0.2 18.0 0.0 100.0 
M0262 1.3 98.4 0.2 0.0 0.1 99.9 
M0295/a 0.7 90.2 0.2 7.2 1.6 100.0 
M0273/a 1.4 98.0 0.2 0.3 0.1 99.9 
M0237 0.8 92.5 0.2 6.3 0.1 99.9 
M0271/e 0.9 98.7 0.2 0.0 0.1 99.8 
U0033/a 0.4 95.4 0.2 3.9 0.0 99.9 
M0271/c 0.8 98.9 0.2 0.0 0.0 99.9 
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M0239 0.3 98.4 0.2 1.1 0.0 100.0 
M0201 0.4 88.4 0.2 10.7 0.3 100.0 
M0313 1.2 98.1 0.2 0.0 0.0 99.5 
M0320/a 1.0 94.2 0.2 4.3 0.1 99.9 
M0203 0.8 96.3 0.2 2.7 0.1 100.0 
M0227 3.7 81.7 0.2 13.9 0.2 99.7 
M0216 0.9 97.2 0.2 1.5 0.1 99.9 
M0235/a 0.7 91.8 0.2 7.2 0.1 100.0 
M0271/b 0.6 90.4 0.3 8.6 0.1 99.9 
M0249 0.9 98.6 0.3 0.0 0.1 99.9 
M0235/b 1.2 93.6 0.3 4.4 0.0 100.0 
M0290/c 4.1 88.9 0.3 6.6 0.0 99.8 
M0210 0.1 97.9 0.3 1.7 0.0 100.0 
MEAN 1.9 93.0 0.1 4.1 0.8 99.8 
STDEV 3.2 6.8 0.1 4.4 4.0  
MIN 0.0 59.6 0.0 0.0 0.0  
MAX 18.1 99.9 0.3 18.1 29.1  
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APPENDIX V: Maroni-Tsaroukkas Slag 

Appendix V:1. Macroscopic study of the slag samples from Maroni-Tsaroukkas 
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Appendix V:2. Chemical composition of iron-silicate phases of the slag samples from 
Maroni-Vournes as analsed by SEM-EDS. 
 
All values are given in weight %. The average, standard deviation and inter-sample 
variation are calculated for the major and minor oxides. 

 

M-T TAP SLAG weight percent (wt%) 
MT #453-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 

Bulk 1 0.8 2.0 6.3 20.9 5.1 0.6 3.0 0.2 59.3 1.4 99.5 
Bulk 2 0.8 1.9 6.2 20.7 4.8 0.7 3.1 0.2 60.1 1.2 99.8 
Bulk 3 0.6 1.9 5.3 20.3 5.4 0.6 2.5 0.3 61.7 1.3 99.8 
Mean 0.7 1.9 5.9 20.7 5.1 0.6 2.9 0.2 60.3 1.3 99.7 

STDEV 0.1 0.0 0.5 0.3 0.3 0.0 0.3 0.0 1.2 0.1  
CV 19 2 9 2 6 8 11 6 2 8  

MT #453-02 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 2.9 0.7 10.2 27.5 1.9 1.1 2.6 0.5 51.6 0.6 99.6 
Bulk 2 2.6 0.9 8.6 26.8 1.6 1.0 2.2 0.5 54.4 1.3 99.8 
Bulk 3 0.3 1.2 6.6 22.2 3.1 0.1 0.7 0.4 62.2 2.9 99.7 
Mean 1.9 0.9 8.5 25.5 2.2 0.7 1.8 0.5 56.1 1.6 99.7 

STDEV 1.4 0.3 1.8 2.9 0.8 0.5 1.0 0.1 5.5 1.2  
CV 74 30 21 11 35 75 54 16 10 73  

MT #453-03 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.3 1.4 4.8 16.8 10.5 0.2 1.2 0.2 61.0 3.2 99.6 
Bulk 2 0.4 1.5 5.1 16.6 10.6 0.4 1.2 0.2 60.3 3.6 99.8 
Bulk 3 0.8 1.4 5.5 17.7 9.3 0.5 2.0 0.2 60.1 2.5 99.9 
Mean 0.5 1.4 5.1 17.0 10.1 0.4 1.4 0.2 60.4 3.1 99.8 

STDEV 0.2 0.0 0.3 0.6 0.7 0.1 0.5 0.0 0.5 0.6  
CV 47 2 6 3 7 35 32 15 1 18  

MT #454-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.7 1.6 4.7 17.1 7.9 0.5 2.1 0.2 62.9 2.0 99.6 
Bulk 2 0.6 1.7 4.8 16.4 8.3 0.4 2.2 0.2 62.9 2.3 99.7 
Bulk 3 0.7 1.7 5.4 18.3 7.4 0.5 2.7 0.2 61.1 2.0 99.8 
Mean 0.7 1.7 4.9 17.3 7.9 0.4 2.3 0.2 62.3 2.1 99.7 

STDEV 0.1 0.0 0.4 1.0 0.4 0.0 0.3 0.0 1.0 0.2  
CV 10 1 7 6 6 11 13 19 2 8  

MT #454-02 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.6 1.5 4.8 18.0 7.9 0.4 2.3 0.2 62.3 2.0 100.0 
Bulk 2 0.6 1.7 4.9 17.9 7.4 0.4 2.0 0.2 62.7 1.8 99.5 
Bulk 3 0.6 1.6 5.0 17.4 8.5 0.4 1.8 0.2 61.9 2.3 99.7 
Mean 0.6 1.6 4.9 17.8 7.9 0.4 2.0 0.2 62.3 2.0 99.7 

STDEV 0.0 0.1 0.1 0.4 0.5 0.0 0.3 0.0 0.4 0.3  
CV 0 5 3 2 7 4 13 3 1 14  
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APPENDIX VI: Alassa Metal Objects, Fragments and Scrap 

Appendix VI:1. General chemical composition of the copper-alloy objects, fragments and 
scrap from Alassa as analysed by pXRF 
 

Alassa Objects weight percent (wt%) 
Find No. Type Fe Cu Zn Ag Sn Pb Total 
1984/23 Sickle 0.2 87.7 0.0 0.0 9.3 2.7 99.9 
1984/3 Min. Ingot 1.8 94.7 0.0 0.0 1.2 0.1 97.9 
1984/38 Axe 1.3 83.7 0.1 0.0 11.3 3.5 99.8 
1984/42 Drill/awl 0.5 82.8 0.0 0.0 14.9 1.8 99.9 
1984/60 Needle 0.7 75.5 0.0 0.0 20.7 2.7 99.6 
1984/83 Chisel/graver 4.8 63.5 0.1 0.0 31.4 0.1 99.9 
1984/9 Stylus 0.3 84.6 0.0 0.0 14.3 0.7 99.9 
1984/93 Sword 0.3 94.0 0.0 0.0 5.6 0.0 100.0 
1985/123 Stylus 1.2 60.0 0.0 0.0 35.7 2.7 99.6 
1985/147 Ploughshare 0.5 86.0 0.2 0.0 11.6 1.6 99.8 
1991/180 Spearhead 0.4 95.9 0.0 0.0 3.7 0.0 100.0 
1991/181 Spearhead 0.3 90.7 0.0 0.0 9.1 0.0 100.0 
1991/182 Spearbutt 0.3 89.9 0.0 0.0 9.4 0.0 99.6 
1991/8 Spiral ring 2.3 66.0 0.0 0.0 23.1 7.9 99.3 
1992/38 Arrow 0.6 87.4 0.0 0.0 10.9 1.0 99.9 
1993/47 Misc. 0.3 58.0 0.1 0.0 13.1 28.1 99.6 
1994/59-1 Bowl? Fragment 0.9 59.0 2.1 0.0 14.6 21.4 98.0 
1994/63 Pin 0.6 77.3 0.0 0.0 17.8 3.5 99.2 
1995/A-1 Earring 0.3 87.2 0.0 0.0 12.4 0.1 99.9 
1995/A-2 Fragment 0.6 77.9 0.0 0.0 20.8 0.3 99.7 
1996/130 Min. Ingot Fragment 0.2 86.5 0.0 0.0 13.0 0.1 99.8 
1996/142 Fragment 0.8 55.9 0.0 0.0 40.8 2.3 99.8 
1996/224 Fragment 0.7 39.0 0.3 0.0 25.3 34.2 99.4 
1997/243 Armour attachment 1.0 80.2 4.8 0.0 10.6 3.1 99.7 
1997/301 Pin 0.2 98.2 0.0 0.0 1.5 0.0 99.9 
1999/361 Axe 0.2 77.1 0.1 0.0 22.3 0.3 99.9 
1999/687 Arrow? 1.2 77.4 0.0 0.0 20.8 0.3 99.8 
T.1/23 Bracelet 0.2 86.7 0.0 0.0 12.5 0.6 99.9 
T.1/23 Bracelet 0.3 85.0 0.0 0.0 13.8 0.7 99.8 
T.12/1 Fibula 0.3 82.6 0.1 0.0 13.5 3.4 99.9 
T.12/2 Spiral ring 0.6 92.8 0.0 0.0 3.8 2.6 99.7 
T.13/1 Fibula 0.3 92.9 0.2 0.0 6.2 0.5 100.0 
T.16/1 Vessel? Fragments 0.3 82.6 0.1 0.0 14.3 2.7 99.9 
T.2/17 Earring 1.0 85.2 0.0 0.0 13.9 0.0 100.0 
T.2/17 Earring 1.1 82.4 0.1 0.0 16.4 0.0 100.0 
T.3/42 Pin 0.8 78.4 0.0 0.0 16.5 4.2 99.8 
T.3/43 Bracelet 0.4 87.9 0.0 0.0 10.5 1.2 100.0 
T.3/46 Bracelet 0.3 87.4 0.0 0.0 11.3 0.9 99.9 
T.3/46 Bracelet 0.3 87.2 0.0 0.0 11.7 0.8 99.9 
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T.3/56 Bracelet 0.3 87.9 0.0 0.0 10.6 1.1 99.9 
T.3/56 Bracelet 0.4 81.6 0.0 0.0 17.8 0.1 99.9 
T.3/65 Bracelet 0.2 84.3 1.7 0.0 12.7 1.1 100.0 
T.3/70 Bracelet 0.4 88.3 0.3 0.0 8.9 2.1 99.9 
T.3/76 Bowl 0.3 90.0 0.0 0.0 9.6 0.1 100.0 
T.3/8 Bowl? Fragments 0.3 91.0 0.0 0.0 8.4 0.3 100.0 
T.3/83 Bracelet 0.2 87.7 0.0 0.0 10.5 1.5 99.9 
T.3/84 Dagger 1.0 88.8 0.4 0.0 9.5 0.3 99.9 
T.3/Chamber Bowl: rivets 0.4 91.9 0.3 0.0 7.3 0.1 100.0 
T.3/Chamber Bowl: side+bottom 0.5 82.6 0.3 0.0 16.1 0.3 99.8 
T.5/2 Dagger 0.5 90.5 0.0 0.0 8.9 0.1 100.0 
T.6/41a Spiral ring 1.0 86.3 0.0 0.0 11.7 1.0 99.9 
T.7/3 Bracelet 0.3 88.9 0.0 0.0 10.6 0.1 99.9 
T.7/3 Bracelet 0.3 88.8 0.0 0.0 10.8 0.1 99.9 
T.7/6 Bracelet 0.3 90.1 0.0 0.0 9.5 0.0 99.9 

MEAN 0.6 82.7 0.2 0.0 13.6 2.7 99.8 
STDEV 0.7 11.4 0.7 0.0 7.5 6.5  

Min. 0.2 39.0 0.0 0.0 1.2 0.0  
Max. 4.8 98.2 4.8 0.0 40.8 34.2  

         
Alassa Brass Objects weight percent (wt%) 

Find No. Type Fe Cu Zn Ag Sn Pb Total 
1997/243 Armour attach. 1.0 80.2 4.8 0.0 10.6 3.1 99.7 
1992/B-1 Attachment 0.1 92.6 5.6 0.2 0.0 1.4 99.8 
1992/C Attachment 0.2 89.8 8.8 0.0 0.7 0.3 99.9 

         
Alassa Scrap weight percent (wt%) 

Find No. Type Fe Cu Zn Ag Sn Pb Total 
1994/60 Sheet 1.4 79.6 4.0 0.0 10.4 3.5 99.0 
1992/33 Sheet 0.1 97.3 0.0 0.0 0.0 2.0 99.4 
1984/97 Sheet 3.8 86.1 0.2 0.0 9.7 0.0 99.7 
1997/241 Sheet 0.3 90.0 0.0 0.0 8.7 0.6 99.7 
1998/359 Sheet 0.9 95.6 0.0 0.0 3.3 0.0 99.9 
1991/A Sheet 0.1 97.5 0.0 0.0 0.0 1.8 99.4 
1992/A Sheet 0.1 99.2 0.0 0.0 0.2 0.1 99.5 
1996/133 Sheet 0.0 97.5 0.0 0.0 0.2 2.0 99.8 
2000/688 Sheet 0.4 98.4 0.2 0.0 0.7 0.3 99.9 
1992/43 Sheet 0.3 89.1 0.0 0.0 2.4 7.8 99.6 
1992/34 Spillage 0.9 81.2 0.0 0.0 17.6 0.1 99.7 
1992/B-2 Spillage 0.3 55.0 0.1 0.0 5.3 39.0 99.8 
1984/102 Scrap 0.5 82.4 0.0 0.0 16.9 0.1 100.0 
1991/10 Scrap 0.4 84.7 0.0 0.0 14.5 0.2 99.8 
1995/95 Scrap 0.4 73.4 0.0 0.0 25.8 0.1 99.7 
1996/135 Scrap 0.9 65.2 0.3 0.0 33.4 0.2 99.9 
1991/11 Scrap 1.0 89.0 0.0 0.0 2.4 7.6 100.0 

MEAN 0.7 86.0 0.3 0.0 8.9 3.8 99.7 
STDEV 0.9 12.4 1.0 0.0 9.9 9.4  

Le
nte

 Van
 Brem

pt



 507 

Min. 0.0 55.0 0.0 0.0 0.0 0.0  
Max. 3.8 99.2 4.0 0.0 33.4 39.0  
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APPENDIX VII: Arediou-Vouppes Slag 

Appendix VII:1. Macroscopic study of the slag samples from Arediou-Vouppes  
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Appendix VII:2. Chemical composition of iron-silicate phases of the slag samples from 

Arediou-Vouppes as analsed by SEM-EDS. 

 

All values are given in weight %. The average, standard deviation and inter-sample 
variation are calculated for the major and minor oxides. 
 

A-V Tap Slag weight percent (wt%) 
AV06 75-02 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.4 1.7 7.2 22.4 2.7 1.5 2.5 0.2 59.9 1.2 99.8 
Bulk 2 0.5 1.7 7.3 22.4 2.8 1.5 2.5 0.2 60.0 1.2 100.0 
Bulk 3 0.4 1.7 7.5 22.6 2.7 1.5 2.4 0.2 59.5 1.2 99.8 

Mean 0.4 1.7 7.3 22.5 2.7 1.5 2.5 0.2 59.8 1.2 99.9 
STDEV 0.0 0.0 0.2 0.1 0.0 0.0 0.1 0.0 0.3 0.0 

  
CV 9 1 2 1 1 3 2 12 0 1 
AV06 75-04 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.5 1.4 5.6 25.1 3.6 0.9 1.7 0.3 59.9 0.9 100.0 
Bulk 2 0.6 1.3 5.9 25.6 3.7 1.1 2.0 0.3 58.3 0.9 100.0 
Bulk 3 0.6 1.4 5.8 25.1 3.9 1.0 1.7 0.2 59.4 0.9 100.0 
Mean 0.6 1.4 5.8 25.2 3.7 1.0 1.8 0.2 59.2 0.9 99.8 
STDEV 0.0 0.1 0.2 0.3 0.2 0.1 0.2 0.0 0.8 0.0 

  
CV 8 5 3 1 5 13 9 10 1 3 
AV06 75-06 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.9 1.6 6.8 20.8 4.5 0.9 1.7 0.3 60.7 1.4 99.6 

Bulk 2 1.0 1.5 7.2 22.3 4.8 1.1 2.1 0.2 58.2 1.2 99.6 
Bulk 3 1.0 1.6 7.1 21.9 4.5 1.0 2.0 0.3 59.3 1.2 99.8 
Mean 0.9 1.5 7.0 21.7 4.6 1.0 2.0 0.3 59.4 1.3 99.7 
STDEV 0.1 0.0 0.2 0.8 0.1 0.1 0.2 0.0 1.3 0.1 

  
CV 6 2 3 4 3 10 11 10 2 11 
AV06 108-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.4 1.8 5.5 24.3 2.2 1.1 2.4 0.2 60.8 0.9 99.6 
Bulk 2 0.4 1.7 5.9 24.4 2.1 1.1 2.3 0.2 60.9 0.9 99.8 
Bulk 3 0.4 1.7 5.7 23.9 2.3 1.1 2.3 0.2 61.4 0.9 99.8 
Mean 0.4 1.7 5.7 24.2 2.2 1.1 2.3 0.2 61.1 0.9 99.7 
STDEV 0.0 0.0 0.2 0.3 0.1 0.0 0.0 0.0 0.3 0.0 

  
CV 4 2 3 1 4 1 1 12 1 5 

AV06 108-02 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.5 2.1 6.9 21.0 5.5 1.1 1.7 0.2 59.4 1.4 99.7 
Bulk 2 0.4 2.2 6.7 20.7 5.4 1.0 1.8 0.2 60.2 1.4 99.8 
Bulk 3 0.4 2.2 6.4 20.3 5.8 1.0 1.7 0.2 60.5 1.5 99.9 
Mean 0.4 2.2 6.7 20.6 5.6 1.0 1.7 0.2 60.0 1.4 99.8 
STDEV 0.1 0.1 0.3 0.4 0.2 0.1 0.0 0.0 0.5 0.1 

  
CV 13 4 4 2 3 5 3 5 1 4 
AV06 108-03 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.8 1.6 7.1 22.2 3.9 0.9 2.0 0.3 59.7 1.1 99.7 
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Bulk 2 1.0 1.5 7.0 21.1 4.5 1.0 1.7 0.2 60.5 1.4 99.9 
Bulk 3 0.8 1.5 6.9 20.8 4.2 0.9 1.7 0.3 61.6 1.3 100.0 
Mean 0.8 1.6 7.0 21.4 4.2 0.9 1.8 0.3 60.6 1.2 99.8 
STDEV 0.1 0.1 0.1 0.7 0.3 0.1 0.1 0.0 1.0 0.2 

  
CV 11 4 1 3 7 6 8 14 2 13 
AV08 225-01 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.3 1.9 6.3 24.5 2.7 1.3 1.9 0.2 59.9 1.0 100.0 

Bulk 2 0.3 1.8 6.3 24.2 2.9 1.2 1.8 0.2 60.4 1.0 100.0 
Bulk 3 0.3 1.6 6.6 24.2 3.0 1.3 2.0 0.2 59.9 1.1 100.0 
Mean 0.3 1.7 6.4 24.3 2.9 1.2 1.9 0.2 60.1 1.0 100.0 
STDEV 0.0 0.2 0.1 0.2 0.1 0.1 0.1 0.0 0.3 0.1 

  
CV 6 9 2 1 4 7 6 11 0 6 
AV08 225-02 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.5 1.8 6.4 25.6 2.0 1.3 1.7 0.2 59.7 0.6 99.8 
Bulk 2 0.5 1.8 6.3 24.8 2.9 1.4 1.8 0.2 59.3 0.9 99.8 
Bulk 3 0.5 1.8 5.9 24.6 3.3 1.2 1.5 0.2 59.7 1.0 99.7 
Mean 0.5 1.8 6.2 25.0 2.8 1.3 1.6 0.2 59.6 0.8 99.8 
STDEV 0.0 0.0 0.2 0.5 0.6 0.1 0.2 0.0 0.3 0.2 

  
CV 5 2 4 2 23 7 10 25 0 25 

AV08 225-03 Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO FeO CuO Total 
Bulk 1 0.6 1.8 6.5 20.7 5.3 1.2 1.7 0.2 60.2 1.5 99.6 
Bulk 2 0.5 1.8 6.8 20.2 5.5 1.2 1.6 0.2 60.8 1.6 100.0 
Bulk 3 0.5 2.0 6.5 20.6 5.3 1.1 1.8 0.2 60.5 1.4 99.9 
Mean 0.5 1.9 6.6 20.5 5.3 1.2 1.7 0.2 60.5 1.5 99.8 
STDEV 0.1 0.1 0.2 0.3 0.1 0.1 0.1 0.0 0.3 0.1 

  
CV 12 8 3 1 2 5 7 5 0 6 
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APPENDIX VIII: Cape Gelidonya Ingot Fragments 

Appendix VIII:1. Macroscopic study of the Cape Gelidonya ingot fragments 
 

Oxhide Ingots 

Fragment No. Part Weight 
(kg) 

Length 
max. (cm) 

Width 
max. (cm) 

Thickness 
max. (cm) 

Tickness 
min. (cm) 

In 1 complete 20.0 61.0 35.0 5.0 4.5 
In 6 complete 20.7 75.0 37.0 3.5 2.5 
In 8 complete 20.8 67.0 44.0 4.2 2.5 
In 13 complete 25.9 67.0 38.0 4.0 2.5 
In 14 complete 20.0 70.0 36.0 4.0 2.3 
In 19 complete 22.2 54.0 31.5  4.0 
In 20 complete 21.9 63.0 36.5 4.8 3.8 
In 21 complete 19.7 64.0 44.0 4.0 2.5 
In 30 complete 21.8 58.0 34.5 4.0 2.5 
In 16 incomplete 20.2 54.0 31.0 4.5 4.0 
In 17 incomplete 23.0 58.0 32.0  4.5 
In 32 incomplete 12.9 49.0 43.0 3.0 2.0 
In 28 incomplete 18.0 55.0 37.0 4.5 3.5 
In 24 incomplete 17.0 61.5 45.0 4.0 3.0 
In 3 incomplete 18.5 63.0 45.0 4.0 3.0 
In 26 incomplete 16.0 60.0 43.0 5.3 2.5 
In 25 incomplete 21.3 59.0 40.0 4.0 2.8 
In 27 incomplete 23.8 62.0 37.0 5.0 3.5 
In 7 incomplete 19.0 67.0 45.0 4.0 3.0 
In 12 incomplete 23.4 66.0 45.0  4.0 
In 9 incomplete 22.2 68.0 44.0 3.0 2.5 
In 11 incomplete 16.9 78.0 33.0  4.0 
In 15 incomplete 17.5 45.0 26.0  2.5 
In 10 incomplete 15.6 53.0 43.0  2.5 
In 18 incomplete 17.0 64.0  3.6 3.2 
In 31 incomplete 15.0 62.0 43.0 3.5 2.5 
In 29 incomplete 16.9 45.5 30.3 5.5 3.5 
In 33 incomplete 19.4 61.0 35.0 4.5 4.0 
In 34 corroded 10.9 62.2 34.5 5.0 4.0 
In 22 corroded 10.7 59.0    
In 23 corroded 15.5 68.0 45.0 3.5 2.5 
In 2 Pair of halves 21.8 74.0 35.0   
In 4 Pair of halves 18.2 66.0 45.0 4.0 2.0 
In 5 Pair of halves 22.0 58.0 44.0  4.0 
In 35 half 8.5 34.0 44.0 4.0 2.0 
In 36 half 8.8 36.0 45.0  2.6 
In 37 half 8.9 31.0 40.0 4.5 2.5 
In 38 half 9.5 33.0 45.0  4.0 
In 39 half 10.0 37.0 40.0  3.0 
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IN 95/1 quarter 7.0 36.8 20.0 5.2 2.8 
IN 95/2 quarter 4.6 33.2 15.8 4.5 3.0 
IN 95/3 quarter 3.7 33.5 17.2 5.5 2.5 
IN 95/4 quarter 5.9 30.5 25.8 5.0 2.4 
IN 95/5 quarter 3.1 29.2 15.0 3.4 2.2 
IN 95/6 quarter 2.7 20.1 16.1 3.8 3.0 
IN 95/9 quarter 5.4 32.2 18.0 4.8 2.0 
IN 95/12 quarter 2.4 23.0 12.5 5.2 2.5 
IN 95/16 quarter 2.5 26.3 13.6 3.9 2.0 
IN 95/7 corner 2.2 18.0 13.0 4.8 2.3 
IN 95/8 corner 1.7 19.0 13.3 4.7 2.7 
IN 95/10 corner 2.8 27.4 16.3 5.6 3.5 
IN 95/11 corner 3.5 21.7 17.2 4.5 2.9 
IN 95/13 corner 3.8 28.5 15.2 4.5 2.1 
IN 95/14 corner 2.6 22.0 12.5 4.3 3.0 
IN 95/15 corner 3.1 21.7 12.5 5.0 2.8 
IN 95/17 corner 3.2 19.4 13.6 5.7 2.8 
IN 95/18 corner 3.2 20.0 14.3 5.0 2.7 
IN 95/24 corner 1.7 18.0 11.5 5.0 2.0 
IN 95/25 corner 1.8 18.5 11.5 5.4 2.3 
FRAG 39 corner 4.1 22.5 15.0 / / 
FRAG 15 corner fragment 3.7 19.5 20.8 4.5 2.8 
FRAG 55 corner fragment 1.9 14.4 12.9 3.3 2.0 
FRAG 25 handle 1.7 16.3 11.0 4.2 3.0 
FRAG 26 handle 0.7 13.0 8.5 4.9 2.5 
FRAG 32 handle 0.8 10.0 8.2 2.9 2.1 
FRAG 35 handle 0.6 12.5 12.8 3.6 / 
FRAG 37 handle 0.7 12.3 7.8 4.2 2.8 
Gelidonya 29 (1) handle 0.6 15.0 6.3 4.3 2.1 
60/13-1 handle 2.0 16.5 10.0 5.7 3.6 
60/13-2 handle 1.7 14.4 10.5 5.0 3.2 
60/13-4 handle 1.7 13.5 8.0 4.5 3.4 
60/13-13 handle 0.9 12.0 5.8 5.4 3.9 
60/13-14 handle 1.0 13.0 6.0 6.5 4.5 
60/13-15 handle 0.5 13.0 4.5 4.1 3.5 
60/13-16 handle 0.5 10.5 5.3 4.0 3.5 
60/13-17 handle 0.4 9.4 6.0 3.4 3.0 
60/13-19 handle 0.6 12.5 5.7 4.3 3.3 
FRAG 30 handle fragment 0.4 5.0 6.0 3.9 2.7 
FRAG 33 handle fragment 0.6 8.8 5.0 4.3 4.1 
FRAG 40 handle fragment 1.1 10.4 10.3 4.2 2.4 
FRAG 43 handle fragment 0.7 8.5 8.2 2.8 2.3 
FRAG 47 handle fragment 0.8 8.0 10.2 4.2 3.0 
CG 1989-20 handle fragment 0.3 8.0 5.8 4.0 3.3 
GEL 2 handle fragment 0.2 5.9 6.0 2.9 2.2 
CG 1989-4 handle fragment 0.6 7.2 10.0 3.7 3.2 
CG 1989-42 (2) handle fragment 0.3 8.2 5.0 3.5 2.7 
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GEL 15 (1) handle fragment 0.6 10.0 7.3 4.3 3.9 
CG 1989-32 handle fragment 0.4 8.0 6.3 3.7 3.0 
60/13-3 handle fragment 1.2 10.8 9.0 4.4 3.3 
60/13-5 handle fragment 1.0 11.5 5.5 5.8 3.5 
60/13-6 handle fragment 0.9 7.2 6.0 5.8 3.9 
60/13-7 handle fragment 0.4 6.3 4.8 4.7 3.4 
60/13-8 handle fragment 0.3 5.7 5.0 3.5 2.8 
60/13-9 handle fragment 0.8 5.3 8.3 4.0 3.1 
60/13-10 handle fragment 0.6 7.3 6.0 4.3 2.6 
60/13-11 handle fragment 0.6 10.5 6.2 4.7 3.4 
60/13-12 handle fragment 0.6 8.0 6.9 5.0 3.1 
60/13-18 handle fragment 0.3 7.8 5.5 3.3 3.3 
60/13-20 handle fragment 0.3 8.5 3.3 4.0 3.1 
60/13-73 handle fragment 1.1 7.8 11.7 4.0 2.5 
60/13 - Oxhide 
fragments: handles 

handle fragments 
(24) 5.2 9.6  4.6 1.7 

FRAG 3 body 0.5 8.6 7.1 2.7 1.7 
FRAG 22 body 4.1 24.0 2.3 3.5 2.0 
FRAG 54 body 0.7 13.5 12.3 3.6 1.5 
60/13-250 body 1.0 13.5 9.0 2.5 2.0 
IN 95/29 edge/body 5.2 21.5 31.7 4.4 2.3 
FRAG 2 edge/body 1.4 15.5 3.3 2.6 1.5 
FRAG 19 edge/body 4.5 16.0 17.3 5.1 3.8 
FRAG 20 edge/body 2.3 17.2 12.0 4.5 3.2 
FRAG 21 edge/body 2.2 8.0 15.5 3.3 2.4 
FRAG 42 edge/body 0.8 9.3 8.0 3.6 2.7 
FRAG 44 edge/body 0.6 9.8 7.7 3.0 2.0 
60/13-50 edge/body 0.8 10.5 13.5 2.8 1.5 
60/13-51 edge/body 1.2 8.2 11.5 3.0 1.9 
60/13-74 edge/body 0.8 9.8 11.4 3.7 2.5 
FRAG 36 edge 0.9 14.0 6.5 3.5 2.3 
FRAG 41 edge 0.6 8.8 6.5 3.7 2.7 
FRAG 48 edge 0.4 7.9 5.8 2.8 1.7 
FRAG 60 edge 1.0 5.0 9.5 4.5 2.0 
FRAG 61 edge 1.7 16.0 11.0 4.7 2.7 
GEL 10 edge 0.4 5.8 8.4 3.7 2.2 
60/13-52 edge 0.5 5.0 10.5 3.3 2.3 
60/13-53 edge 0.6 11.5 8.0 3.0 1.8 
60/13-54 edge 0.8 8.5 11.0 3.3 2.1 
60/13-55 edge 0.6 9.0 10.5 3.1 1.5 
60/13-56 edge 0.5 8.0 6.0 3.1 2.0 
60/13-57 edge 0.5 5.4 6.0 3.3 2.6 
60/13-58 edge 0.4 6.0 7.3 3.5 1.7 
60/13-59 edge 0.5 8.5 5.5 3.3 1.7 
60/13-60 edge 0.5 8.2 7.0 3.5 2.0 
60/13-61 edge 0.6 7.3 6.5 3.8 2.6 
60/13-62 edge 0.7 9.0 6.0 3.8 2.1 
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60/13-63 edge 0.3 7.7 4.5 3.1 2.3 
60/13-64 edge 1.2 8.2 11.0 3.7 1.9 
60/13-65 edge 0.5 7.3 6.9 3.2 2.5 
60/13-66 edge 0.4 7.8 5.0 3.3 2.7 
60/13-67 edge 0.9 5.5 11.0 3.8 2.5 
60/13-68 edge 0.5 3.0 6.3 3.8 2.4 
60/13-69 edge 0.8 10.5 9.4 3.4 3.3 
60/13-70 edge 0.6 6.8 8.4 3.9 2.5 
60/13-71 edge 1.2 12.0 9.2 4.4 4.0 
60/13-72 edge 0.9 8.8 11.0 4.3 1.7 
60/13 - Oxhide 
fragments: edges edges (33) 7.9 6.3  3.8 1.8 

FRAG 6 fragment 0.4 7.2 7.0 3.6 2.3 
FRAG 12 fragment 0.3 8.0 6.5 3.7 2.2 
FRAG 16 fragment 0.4 12.3 7.8 4.1 2.0 
FRAG 34 fragment 0.3 9.5 6.3 2.9 1.9 
FRAG 53 fragment 0.7 8.4 8.6 4.0 2.5 
FRAG 57 fragment 0.6 8.5 7.5 3.5 2.6 
FRAG 58 fragment 0.7 11.0 8.1 2.3 1.9 
FRAG 63 fragment 0.7 6.8 7.0 3.7 2.5 
TOTAL 151 857.6     
       

Bun Ingots  

Fragment No. Part Weight 
(kg) 

max. 
length thickness   

BI 1 complete 3.4 20.0 3.5   
BI 2 complete 4.5 19.0 4.0   
BI 3 complete 1.4 19.5 2.6   
BI 4 complete 2.4 18.0 3.3   
BI 5 complete 5.5 22.5 5.4   
BI 6 complete 1.5 19.0 3.0   
BI 7 complete 4.0 26.0 3.8   
BI 8 complete 3.0 19.9 4.1   
BI 9 complete 3.0 20.5 3.6   
BI 10 complete 2.7 24.0 4.0   
BI 11 complete 3.0 21.5 6.3   
BI 12 complete 2.5 16.5 4.5   
BI 30 complete 2.5 21.0 1.8   
BI 14 incomplete 2.0 19.5 3.1   
BI 15 incomplete n.d. 13.5 3.0   
BI 16 incomplete 2.7 18.0 4.5   
BI 17 incomplete 2.9 23.0 3.1   
BI 18 incomplete 1.2 18.5 3.1   
BI 19 incomplete 3.0 22.0 3.5   
BI 20 incomplete 3.5 21.0 3.3   
BI 13 incomplete 4.5 22.0 n.d.   
BI 21 half 1.4 18.0 3.5   
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BI 22 half 1.1 18.0 3.0   
BI 23 half 3.8 26.0 5.0   
BI 24 half 2.1 22.3 4.0   
BI 26 half 1.1 18.5 2.3   
BI 27 half 4.0 19.0 4.0   
BI 28 half 1.8 20.0 3.0   
BI 29 half n.d. 18.0 n.d.   
BI 25 incomplete half 2.0 20.5 4.0   
FRAG 38 half 0.74 17.0 3.0   
60/13-154 half (irregular) 0.61 10.9 2.4   
60/13-155 half (irregular) 0.84 11.7 4.4   
60/13-168 half (irregular) 0.60 13.1 1.8   
60/13-153 half (irregular) 1.05 17.2 2.1   
60/13-152 half (irregular) 1.66 17.8 3.8   
BI 95/10 half (irregular) 1.41 19.0 3.3   
FRAG 1 half (irregular) 1.08 20.0 3.7   
BI 95/31 third (irregular) 0.72 11.5 2.7   
BI 95/20 third (irregular) 1.49 17.0 2.1   
BI 95/32 quarter 0.62 10.0 3.5   
BI 95/18 quarter 0.88 10.5 3.7   
60/13-150 quarter 1.81 12.7 3.6   
60/13-165 quarter 

(irregular) 1.10 9.0 4.3   

60/13-156 quarter 
(irregular) 0.67 9.7 3.0   

BI 95/25 quarter 
(irregular) 0.66 10.0 3.4   

60/13-169 quarter 
(irregular) 0.79 10.5 2.9   

FRAG 9 quarter 
(irregular) 0.79 11.4 2.8   

60/13-170 quarter 
(irregular) 1.33 11.9 3.5   

60/13-151 quarter 
(irregular) 1.89 13.2 4.2   

GEL 4 sixth (irregular) 0.28 7.2 2.7   
60/13-164 sixth (irregular) 0.30 8.4 2.6   
BI 95/28 sixth (irregular) 0.67 10.0 3.0   
BI 95/30 sixth (irregular) 0.87 11.5 3.1   
BI 95/22 eight 0.75 12.0 3.5   
GEL 16 (1) eight (irregular) 0.40 8.3 2.8   
BI 95/24 eight (irregular) 0.28 8.8 1.7   
FRAG 18 eight (irregular) 0.71 11.5 3.3   
60/13-166 fragment 0.15 7.0 2.0   
60/13-160 fragment 0.39 8.1 2.8   
60/13-167 fragment 0.25 8.2 1.2   
60/13-163 fragment 0.39 8.4 2.8   
60/13-157 fragment 0.55 9.2 3.7   
FRAG 52 fragment 0.34 9.5 1.9   
60/13-161 fragment 0.42 9.5 3.0   
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FRAG 45 fragment 0.46 10.0 2.3   
60/13-158 fragment 0.39 10.4 3.4   
60/13-159 fragment 0.99 10.4 3.5   
60/13-162 fragment 0.58 11.7 2.8   
GEL 34 fragment 0.28 12.7 1.7   
Gelidonya 29 (2) fragments 0.24 8.5 2.6   
60/13 - Bun 
Fragments fragments (47) 7.47 8.1    
TOTAL 118 114.05     
       

Slab Ingots  

Fragment No. Part Weight 
(kg) length width thickness  

SI 1 incomplete 1.0 27.0 7.0 1.5  
SI 2 complete 1.0 26.5 7.5 1.1  
SI 3 complete 1.0 27.7 7.4 1.2  
SI 4 complete 1.0 28.0 7.0 1.2  
SI 5 complete 1.1 30.2 7.5 1.3  
SI 6 incomplete 1.6 29.0 5.6 1.7  
SI 7 complete 1.0 29.0 7.1 1.2  
SI 8 complete 0.9 29.7 7.5 1.0  
SI 9 complete 1.0 24.7 8.0 0.8  
SI 10 complete 1.0 27.3 8.2 0.8  
SI 11 complete 0.7 21.8 6.5 1.0  
SI 12 incomplete 0.8 23.0 7.0 1.4  
SI 13 incomplete 0.4 15.0 5.5 1.2  
SI 14 incomplete 0.5 20.6 7.5 1.1  
SI 15 incomplete 1.0 23.5 7.0 1.5  
SI 16 incomplete 0.9 20.9 8.0 1.0  
SI 17 incomplete 0.5 21.5 7.8 1.3  
SI 18 fragment: end 0.3 8.5 6.8 1.0  
SI 19 fragment: end 0.2 10.5 7.5 5.0  
TOTAL 19 15.80     
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