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Summary 



In  the  Eighties  there  was  a  first  meeting  in  Cyprus,  and  Sardinia  made  its  appearance  in  the  official 
Conferences and in the personal discussions among scholars. This brought about a better mutual knowledge 
of  Bronze  Age  Metallurgy  on  the  two  islands,  and  many  projects,  aiming  to  a  deeper  scientific 
understanding, were planned.   
After  many  preliminary  papers  on  connected  topics,  two major  steps  brought  us  to  the  present  volume: 
Archaeometallurgy in Sardinia from the origins to the Early Iron Age  (F. Lo Schiavo A. GiumliaMair, U. 
Sanna, R. Valera eds., Instrumentum 30, Monique Mergoil, Montagnac 2005), followed by Oxhide ingots in 
the  central  Mediterranean  (F.  Lo  Schiavo,  J.  Muhly,  R.  Maddin, A.  GiumliaMair  eds.),  Biblioteca  di 
Antichità Cipriote 8, ICEVOCNR, Roma 2009.  Some of the Authors publishing their work in the present 
volume  (J.  Muhly,  R.  Maddin,  V.  Kassianidou,  G.  Papasavvas,  R.M.  Albanese  Procelli,  A.  Usai,  A. 
Hauptmann) had already worked together for the second. 
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The papers about Cyprus, covering the topic of mining, oxhide ingots and hoards, and population movements 
and transfer of metal, conclude the volume. This is certainly not the end of the story: for each section of the 
volume more work should be done, and more chapters should and must be added.  

However, the work presented in this volume was produced and collected for the two scholars we wish to 
honor and who were our inspiration both from a metallurgical and an archaeological point of view 

We hope that our effort will be appreciated. 

Alessandra Giumlia-Mair and Fulvia Lo Schiavo 

From the left:  Robert Maddin, Alessandra Giumlia-Mair, James D. Muhly and Fulvia Lo Schiavo 
visiting the Akropolis Museum in Athens. 5th of May 2016. 

Fulvia Lo Schiavo, Robert Maddin, James D. Muhly and Vassos Karageorgis 
in Nicosia, Cyprus, in October 2009. 
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cooling rate, etc.—it is pushed to the surface of 
the object through interdendritic filaments (or 
feeders) where it builds up a typical layer with 
a silvery color (Charles 1967; Keesman 1993; 
Northover 1998; Keesman, Moreno Onorato 
1999; Giumlia-Mair 2007; 2008; Kienlin 
2014). As laboratory experiments have shown, 
even arsenic amounts of 1% can produce tiny 
silvery spots on the surface (Giumlia-Mair 
2000). This phenomenon is known as “arsenic 
sweat”. The eutectic consists of a solid 
solution phase alpha and a compound gamma, 
containing 29.65% arsenic (Cu3As) that is 
relatively malleable and can be worked by 
hammering. The same phenomenon, producing 
a segregation layer on the surface, happens in 
copper alloys containing antimony, and the 
metal behaves in the same way when cold 
worked.  

 

 

Fig.1: SEM micrograph of experimental copper-based 
alloy with 1% of arsenic showing a silvery spot on the 
surface. (SEM micrograph A. Giumlia-Mair) 

 

The presence of both arsenic and antimony in 
copper enhances the segregation phenomenon, 
and it can produce a rather compact silvery 
layer on the surface (Giumlia-Mair 2008, 111). 
A further method to achieve a silvery surface 
on an arsenic-rich object is by selective 
corrosion of copper from the surface layers of 
an alloy containing around 4% arsenic or more. 
This method was tested and reported by 
Ryndina (2009), and it is also the method 
employed in very early times to achieve a 
silvery surface on very debased silver alloys 
(see below). It might have been used on 
arsenic-rich alloys as well, to evidence the 
corrosion-resistant gamma phase. Cementation 
is the method described by Smith (1973) in his 

study of the bull from Horoztepe. It is achieved 
by applying an arsenic-rich compound on the 
surface of a copper-based object and heating it 
in reducing conditions so as to obtain a layer of 
gamma phase on the surface. In nature there 
are various mixed copper minerals containing 
both arsenic and antimony, mainly sulphides. 
During the roasting, smelting, refining, and 
casting processes, however, arsenic and 
antimony disappear from copper or remain 
only at trace levels, mostly under 1%, because 
these elements are characterized by a low 
evaporation temperature, and they volatilize in 
air as As2O3 and Sb2O3. 

The presence of higher arsenic in ancient 
copper-based objects has been variously 
explained in the past: direct, but accidental 
smelting of arsenates (cfr., Budd et al. 1992; 
Pigott 1999), intentional selection of copper 
ores with high arsenic content, mixing of 
copper and arsenic ores (Weeks 2003, 116), or 
even deliberate mixing of different metal types 
(for a compendium, see for example Ottaway 
and Roberts 2008; Killick 2014), without 
reaching satisfactory conclusions. In the 
prehistory of the Central Andean and South 
central Andean zones, however, copper 
sulpharsenide ores (or fahlerz or gray ores) 
seem to have been used for the production of 
copper-arsenic alloys, either by direct smelting 
or by co-smelting (Shimada 1985; Lechtman 
and Klein 1999; Lechtman 2014, 388–389). In 
the Aegean and eastern Mediterranean the 
situation seems to be less straightforward, and 
different from western and central European 
areas, where objects with a low arsenic content 
are the rule after the end of the Early Bronze 
Age (cfr., for example, Craddock 1976; 
Riederer 2002; Kienlin 2104). 

 

Method of analysis 

As it was not possible to take destructive 
samples from the various finds, we employed a 
completely non-destructive analytical method 
that is widely used in archaeology (see, for 
example, Carter 1978; Helmig et al. 1989; Lutz 
and Pernicka 1996; Longoni et al. 1998; Uda et 
al. 2005; Mendoza Cuevas and Perez Gravie 
2010) for research on the composition of 
various kinds of materials, i.e., X-ray 
fluorescence spectrometry (XRF). The 
equipment we used, which was especially 
developed for studies on cultural heritage 
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materials, consisted of various transportable 
parts that have to be assembled in the place 
where the measurements are carried out. 

The set consists of a head containing the X-ray 
source, a support with devices controlling 
position and stability of the system, a 
transformer, a stabilizer, and a computer with 
dedicated software. The X-rays are emitted by 
a miniaturised X-ray tube. The spectrometer 
has a Si(Li) detector, and it operates at a 
maximum voltage of 50 kV and a maximum 
current of 0.35 mA. The head of the system is 
fitted with a laser pointer indicating the exact 
spot of measurement, a collimator that can 
reduce or enlarge as required the size of the 
beam, and a device for the control of the 
distance from the object to be measured within 
the acceptable span of +0.1 mm. When the 
distance is correct, the equipment emits an 
audio signal and the measurement can begin. 
After collecting the measurements data, the 
results are processed by employing a dedicated 
program that takes into calculation the values 
collected, and it compares them with those of 
standards of known different compositions, as 
similar as possible to ancient alloys, cast in the 
laboratory and checked by atomic absorption 
spectrometry (AAS) by AGM Archeoanalisi, 
Merano, Italy. The standards are run regularly 
at the beginning of a session, during the day at 
regular intervals, and whenever the equipment 
is switched off. This comparison permits the 
evaluation of possible disturbances due to 
vibrations, temperature changes, and 
instrument drift, and it enhances the precision 
of the measurements.  
 
Surface analyses such as XRF can be 
complicated when corrosion is present, 
because the composition of the upper layers 
does not correspond to the bulk composition. 
For this reason it is important to avoid 
measuring corrosion layers, in which all sorts 
of depletion of various elements such as lead, 
tin and arsenic etc. happens, and also 
enrichment phenomena take place when 
elements like iron and zinc (coming from the 
environment) are absorbed by the patina. 
Corroded elements can re-deposit by leaching 
out of the alloy onto the top of the patina. To 
avoid the corrosion, before analysis all objects 
were cleaned in the conservation laboratory of 
the INSTAP Study Center of East Crete. The 
conservators also removed the upper layers 
whenever necessary. All finds were then first 

carefully examined by means of various 
magnification devices and by a digital 
microscope (magnifications 10x, 50x, 200x). 
Visual inspection aids the identification of 
traces of working and polishing, remains of 
altered organic parts preserved in the patina, 
and the location of the areas most suitable for 
measurements. 

It is important to note that most analyzed 
pieces come from recent excavations and that 
they were mechanically cleaned and not treated 
in any other way. Only the finds from Gournia 
come from older excavations, but even in this 
case just three pieces out of the entire group 
have been electrolytically cleaned. These were 
not taken into consideration for the discussion. 
XRF is a surface method of analysis, however 
as all possible precautions have been taken and 
considering the consistency of the large 
number of analyses we carried out and the 
similarities of composition with several groups 
of finds from eastern Mediterranean regions 
(see below), we can be quite confident that our 
results are reliable and reflect the general 
trend. 

 

 
Early metallurgical activities in the region 
of Petras, Hagia Photia, and Livari 
 
Metallurgy began at an early date in the area of 
Petras and Hagia Photia. Evidence for metal-
working was found in the small Final Neolithic 
(FN) IV settlement adjacent to the Bronze Age 
cemetery at Kephala Petras (Papadatos 2007). 
In the settlement of Hagia Photia–Kouphota, 
next to the Early Bronze Age cemetery of 
Hagia Photia, traces of early metallurgical 
activities dated to the Early Minoan (EM) 
period were identified (Tsipopoulou 2007). 
Two crucibles with metal remains were in 
graves in the cemetery at Hagia Photia 
(Davaras and Betancourt 2004, 18, 51).  
This situation demonstrates that significant 
metallurgical activities occurred in Crete 
already in the FN IV to EM I period, contrary 
to the previous theories that in Crete complex 
metallurgy and therefore also wide cultural 
contacts only developed in the EM II period, 
around 2500 BC.  
 
The excavations at Poros-Katsambas (Doonan 
et al. 2007) and Kephala-Petras (Papadatos 
2007) indicate now the existence of a 
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developed metal industry several centuries 
earlier. Early metallurgical activities in Crete 
have been hypothesized previously (Betancourt 
2008; Schoep et al. 2012).  
 
Characteristic elongated triangular daggers 
with midribs and tools like chisels, saws, and 
awls came to light in the Hagia Photia 
cemetery. These artifacts were with all 
probability the production of a local metal 
workshop, and the similarities observed 
between these objects and those in the 
cemetery of Livari seem to suggest that the 
same workshop or a similar one furnished the 
finished objects to the people living in the 
settlement.  
 
The EM IB metal objects from the three 
cemeteries have been analyzed in the course of 
our investigations. 
 

Daggers from Petras, Hagia Photia, and 
Livari 

In the Bronze Age, daggers—or blades in 
general—represent the class of objects for 
which more attention and the highest quality 
control was exercised, as they were of utmost 
importance in combat as well as being the 
immediately identifiable status symbol of a 
warrior. They therefore can be considered the 
most suitable group of metal finds for 
observing the alloys that at the time were 
estimated to be the most efficient and suitable 
for such usage, and hence the most prestigious. 

The only dagger (Fig. 2) recovered from the 
cemetery of Petras (excavation number 
P.TSU09/65 [PRS 652]; Ferrence, Muhly, and 
Betancourt 2012, 138–139, fig. 4a; Branigan 
1974, 8, type IIb, cf. pl. 3), of a characteristic 
triangular shape, is in very good condition, and 
it still shows the original color of the metal on 
some areas of the surface. Even its rivets are 
still metallic, so that all parts of the weapon 
could be measured.  
The blade consists of arsenical copper with 
around 3% arsenic, while the rivets only 
contain around 1.5% arsenic.  
The alloys employed for the different parts—
the blade and the three rivets—thus were 
differentiated with the use of an arsenic-rich 
copper for the most important part, i.e., the 
blade, which had to be an efficient weapon that 
resisted blows and maintained a good cutting 
edge.  

 

Fig.2a: Dagger PTSU 09/65 from Petras 
(photo A.Giumlia-Mair) 

 

 

Fig.2b: Detail of the blade of dagger PTSU 09/65 from 
Petras showing the shiny metallic surface. 
(photo A.Giumlia-Mair) 

 

The less significant parts, i.e., the rivets that 
only had the function of firmly keeping the 
blade fixed on the wood or bone handle, 
contain less arsenic but slightly higher 
impurities, indicating that for such small 
mechanical parts less care in the choice of the 
alloy was employed. The smith who produced 
this weapon also was able to empirically 
distinguish and use the appropriate alloy where 
required. 

From the cemetery of Hagia Photia come five 
elongated daggers. The three longest ones—
Hagios Nikolaos Museum number (hereafter 
HNM) 4658 (Branigan 1967, 218, type IIId or 
V, cf. fig. 2, 1; Davaras and Betancourt 2004, 
9–10, fig. 9, 2A.50), HNM 4672 (Branigan 
1974, 10, type Va, cf. pl. 6, 238; Davaras and 
Betancourt 2004, 69–70, 196–197, 199, figs. 
157, 70.15, 485, 216.14), and HNM 4670 
(Branigan 1967, 218, type V, cf. fig. 2, 1)—
have a triangular shape and straight heel, while 
the shortest one, i.e., dagger HNM 4659 
(Branigan 1974, 8, type IIb, cf. pl. 3, 139), and 
also dagger HMN 4671 have narrow heels and 
three rivet holes. 
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Fig.3: Dagger HNM 4658 from Hagia Photia. L.: 26 cm. 
(photo A.Giumlia-Mair) 

 

 

 

 
Fig.4: Detail of the silvery surface of dagger HNM 4658 
from Hagia Photia with traces of polishing. X 50  
(photo A.Giumlia-Mair) 

 
All alloys employed for these daggers can be 
defined as “arsenical copper”, but, while 
dagger HMN 4671 only contains what is 
commonly considered a “normal” amount of 
arsenic (1.4%), the other three daggers (HNM 
4659, HNM 4670, HNM 4672) contain very 
high arsenic between 6% and 8% while the 
arsenic content determined in dagger HNM 
4658 (Fig. 3) reaches 23% on an area which, 
still now, has a marked silvery sheen (Fig.4), 
and 11% where the superficial patina fell off.  
We also must be aware that corrosion 
phenomena can enhance the silvery color on 
the surface by removing the copper from the 
upper layers. In this case, however, it would be 
too much of a coincidence that such 
phenomena happened in this period and in this 
period only, when treated debased silver 
daggers were in use. 
 

A lead isotope analysis was carried out at 
Oxford in the past on the copper of the 
daggers, and Kythnos was proposed as the 
source for the metal (Stos-Gale 1989, 288; 
1993, 122). 

From the excavation at Livari, three fragments 
of dagger points have been recovered 
(Papadatos 2015b, 93, 95–96; cat. nos. M3, 
M4, M5). The fragment of dagger M3, a well-
preserved point with a strong rib (Papadatos 
2015b, 93, 95–96, fig. 44, M3; Branigan 1974, 
11, 160, type VIII) contains around 6% 
arsenic, like the examples from Hagia Photia, 
but points M4 and M5 consist of interesting 
copper-based alloys, containing 5% and 27% 
silver, respectively.  
The high silver content cannot be due to a 
chance, but must be a deliberate addition. 
Similar alloys employed for daggers are 
known from other Cretan sites: Knossos-
Tekes, Viannos, and Koumasa (ca. 2000–1900 
BC, fig. 5), but also from Anatolia, 
Mesopotamia, the Caucasus, and Romania 
(Caneva and Palmieri, 1983, table 1; Palmieri 
et al. 1999; Hansen and Helwing 2016, 42, 48; 
Munteanu and Dumitroaia 2010, 134, fig. 1).  

 

 

Fig.5: The surface treated daggers of debased silver from 
Knossos-Tekes, Viannos, and Koumasa in the Herakleion 
Archaeological Museum (photo A.Giumlia-Mair) 

 

The important characteristic of these weapons 
was evidently the silvery color that in the 
debased alloys with low silver was achieved by 
treating the surface of the finished objects with 
acids to promote the leaching of copper from 
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the upper layers. The treatment left a very 
silvery porous surface that was then polished 
and finally looked like solid silver. This 
procedure was identified in the past on the 
daggers from tomb gamma at Koumasa 
(Xanthoudides 1924, 47; Stos-Gale and Gale 
1985). 

Among the eight daggers from Mochlos 
published by Tselios (2008), for which a date 
between EM II and EM III was suggested, and 
that mainly consist of arsenical copper or 
bronze with low amounts of arsenic, there is 
also dagger no. 1559, which contains 34.8% 
silver and was without any doubt surface 
treated like, for instance, the example from 
Koumasa. Similar surface treated daggers 
containing silver were also among the Early 
Greek Bronze Age pieces analyzed by 
Craddock (1976, 98; 104).  
 
The remaining copper-based objects from the 
excavations at Hagia Photia and Livari only 
contain arsenic amounts between ca. 1% and 
4% (with the only exception of a flat rod from 
Livari, unidentifiable as a particular type of 
object, but containing ca. 6% As), so that there 
cannot be any doubt that the composition of 
the daggers with high arsenic was intentional 
and deliberate. 

	

Use of arsenic at Late Minoan I Gournia 
and Mochlos 

Alloys containing arsenic employed in LM I 
deserve to be discussed in detail because in this 
period, elsewhere in western and central 
Europe, very different alloys were in use: the 
tin content was relatively high in most objects, 
reaching the highest percentages in daggers, 
with 8–12% Sn, while arsenic more or less 
disappeared in the Middle Bronze Age from 
commonly used copper-based alloys, and lead 
appeared sporadically as a simple addition but 
without any metallurgical function (cfr. for 
example Craddock 1976; Riederer 2002; 
Kienlin 2104). 
 
A relatively large group of around 70 objects 
from Gournia, excavated more than one 
century ago by Harriet Boyd Hawes (Boyd 
1904; Boyd Hawes et al. 1908) and now 
belonging to the collection of the University of 
Pennsylvania Museum of Archaeology and 
Anthropology (hereafter, Penn Museum) in 

Philadelphia, PA, USA, were analyzed by XRF 
in the frame of the same project, to obtain 
insights into the Cretan metallurgical tradition 
of the period. Most of the pieces are dated to 
the LM I period (1625–1450 BC), based on the 
deposition context (Betancourt 1979; 
Betancourt and Silverman 1991; Fotou 1993; 
Soles 1991); however, as the findspots of the 
single pieces were seldom recorded in the 
reports of the older excavations, some of the 
artifacts might belong to slightly earlier or later 
periods. The general analysis results of the 
entire group and the investigation of selected 
objects such as ornaments of personal use and 
small tools have been published elsewhere 
(Giumlia-Mair et al. 2015; Ferrence and 
Giumlia-Mair 2017) so that there is no need to 
repeat them or add a table here. Only the data 
regarding the use of arsenic in the alloys 
employed in the production of the copper-
based metal finds from the site are discussed in 
this paper. 
 

Around 25% of the finds contain a noticeable 
amount of arsenic, but many more contain 
traces of this element. The class of objects with 
the maximum As content (up to almost 4%) 
are the chisels (inv. nos. MS 4178, MS 4180–
MS 4182, MS 4199). The mean content in the 
objects with an As content higher than 1% is 
1.3% (st. dev. 0.98). In the class of blades and 
tools several pieces contain around 2% As, but 
there are also many with a somewhat lower 
content of this element, and in 29 finds arsenic 
was determined only at trace level. This result 
suggests that this element was an impurity 
coming from the raw Cu used in the 
production of the objects or from re-melting 
and recycling old artifacts with the addition of 
new unalloyed copper. In many cases there are 
traces of Sb as well. However, as the higher 
percentages were determined only in certain 
classes of objects, arsenic must have been also 
deliberately added to the metal. 

The object with the maximum Sn content 
(9.4% Sn) is the blade of a dagger (MS 4186), 
and in this case neither blade nor rivets 
contained measurable arsenic. This result 
might indicate a different metallurgical 
tradition, or perhaps, more simply, a better 
refined copper. Because of the higher tin 
content, there was no need to add arsenic as 
well; however, this object represents an 
exception in the group of analyzed finds 
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because of the elevated tin percentage and the 
lack of arsenic.  

Two of the daggers (MS 4183, MS 4184) 
contain ca. 1.5% and 3% tin and 1.5% and 
2.3% arsenic. Dagger MS 4187 has a more 

elongated shape, different from that of the 
other pieces, and it does not contain any tin, 
only some arsenic (up to ca. 1.5% As) in the 
rivets. These results must be considered 
indicative because of the presence of some 
corrosion. 

 

           

                    Fig. 7: Overall Sn and As content of the finds from Gournia 

 

Dagger MS 4746L (Fig.6) is rather interesting, 
characterized by a triangular shape, but 
regrettably missing the point and the part 
where the handle was fixed.  
This dagger contains almost 4% arsenic and no 
measurable tin. Large castings such as the axes 
(MS 4188, MS 4189) are made of copper 
containing 0.6% and 0.7% As, respectively, 
and no tin.  

 

 
Fig.6: Dagger MS 4746L from Gournia 
 (photo A.Giumlia-Mair) 

The heavy leg of a cauldron (MS 4718) 
contains over 5% tin, but also 1.5% arsenic. Its 

rivet is made of copper with 0.5% arsenic. The 
analysis of a sickle (MS 4185) showed that it is 
made of copper with ca. 1.5% arsenic, without 
any tin. The fragment of a small saw (MS 
4191) also consists of copper containing 1.6% 
arsenic and no tin.  

The analyses of small decorative objects of 
personal use, including pins, bracelets, and 
rings, but also the tweezers and the hook-
shaped pins, showed that for this class of 
objects alloys containing arsenic and tin were 
employed. As discussed elsewhere, tweezers, 
cosmetic scrapers, and hook-shaped pins seem 
to have been considered decorative objects, as 
their alloys are similar to those of jewelry 
(Ferrence and Giumlia-Mair 2017). The group 
of four hook-shaped pins (MS 4203–MS 4205, 
MS 4740) is characterised by a tin content of 
2–5% and up to 2.5% arsenic. For this period 
this kind of composition would be anomalous 
in any western European region. 

Similar results were determined in other kinds 
of personal ornaments, too. Among them, an 
open ring with flattened ends forming a bezel 
(MS 4739) consists of copper containing ca. 

528 |



	

2% tin and 1% arsenic. An alloy of this 
composition shows a distinctly different colour 
from unalloyed copper. Needle MS 4746D is 

made of a very similar alloy containing 2.2% 
tin and over 1% arsenic while other examples 
are made from well-purified, unalloyed copper. 

 

           

                Fig. 8: Overall Sn and As content of the finds from Mochlos

The analyses of the LM I copper-based finds 
from Mochlos (Soles and Giumlia-Mair, 
forthcoming; see also Soles and Giumlia-Mair 
in this volume) show results that are very 
similar to those determined from the copper-
based objects from Gournia, with relatively 
low tin contents and still rather high arsenic 
contents (mean 1.5 wt % As, range 0.2–4.3 wt 
%). 

Among the abundant metal finds from 
Mochlos, the Foundry Hoard stands out 
because of the metallurgical implications 
opened up by some of the finds belonging to it. 
The hoard consists of a large heap of metal 
pieces—ingots, scrap, tools, metal-working 
remains, and various kinds of broken and 
entire objects collected for recycling— that 
were certainly recovered from a burned metal 
workshop, as several objects bear traces of fire.  

In the middle of the heap, a very large chunk 
of what looks like a friable brown rock or a 
mineral was found. When analysed, the 
“mineral” gave extremely high arsenic and iron 
results, and, because of its similarities with the 
finds from Poros Katsambas, Tepe Hissar, and 
Arisman (Doonan et al. 2007; Thornton et al. 
2009; Rehren et al. 2012; see below), it was 
tentatively identified as speiss slag, which is 

produced by smelting complex sulphoarsenide 
ores (cf. Keesmann 1993). Speiss is a man-
made intermetallic compound of iron and 
arsenic, which can look like metal and can be 
cast, but being brittle it cannot be hammered. 
Possibly, in antiquity it was considered a metal 
like copper and silver.  

Speiss has been found in various regions 
around the eastern Mediterranean and beyond 
and might have been used as an alloying 
element to produce arsenical copper (see below 
for references). The very large brown chunk of 
arsenic-rich material from Mochlos will be 
further investigated in the near future. The data 
we collected up to now in the frame of our 
Cretan project disclose various peculiarities 
that need to be interpreted in a wider picture: 
our data on Early Minoan arsenic-rich copper 
finds and related silver objects, Late Minoan 
pieces containing low tin and arsenic 
percentages over 1%, and speiss are discussed 
below and compared with data from other 
regions. 

 
Discussion 
 
As often pointed out by James Muhly, 
elongated daggers with triangular shape and 
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midrib, and made of copper containing very 
high arsenic are known in the fourth 
millennium BC from the Black Sea area of the 
Maikop, Novosvobodnaya, Tripolye, and 
Usatovo cultures, together with gold and silver 
objects, long daggers decorated with silver 
rivets, and animal figurines (cfr. for example, 
Anthony 2007, 289–299; Hansen 2013, 152–
155; Giumlia-Mair et al. 2017).  
Not only the Cretan daggers have parallels at 
Maikop: as pointed out by Betancourt, Cretan 
shaft-hole axes also show similarities to 
Maikop axes and indicate an Early Bronze Age 
north–south trade route across the Caucasus 
Mountains (Betancourt 1970).  
 
It is also interesting to note that the silver ram 
figurine from Hagia Photia is remarkably 
similar to the animal figurines from Maikop 
(see for instance Hansen 2013, figs. 23, 30; 
Hansen 2014). Figurines of animals cast with 
lost wax technique are found in the fourth 
millennium in a very large territory between 
central Europe, the Carpathian basin, the Black 
Sea area, the Caucasus, Mesopotamia, the 
Persian Gulf, and Pakistan (Hansen 2013; 
2016, 115; Mille et al. 2004; Stöllner 2016, 
213–217).  
 
 

 
 
 
Fig. 9: Silver ram figurine HNM 4684 from Hagia Photia  
(photo A. Giumlia-Mair) 
 
 
The first arsenical and nickel-rich copper 
objects appear in the fourth millennium in 
Transcaucasia together with early precious 
metals (Courcier 2014). In Georgia, Armenia, 
and Azerbaijan objects containing up to 25% 
arsenic are reported (Stöllner 2016, 215). In 
Greece, too, there are the copper objects 
containing high arsenic from the Tharrounia 

Cave, Euboea, dated as early as Late Neolithic 
IIA (ca. end of the fifth to the beginning of the 
fourth millennium BC) (Muhly 2008, 71). 
Many more parallels exist, and at least the 
most significant must be taken into 
consideration in this discussion. 
 
Doonan et al. (2007) published the important 
data of the excavations at Poros Katsambas, 
where a large number of internally black-
slagged crucibles with copper prills containing 
concentrations of arsenic between 0.5% and 
52% were brought to light. Further, slag, dross, 
possible fragments of ingots (one of them with 
triangular cross-section, similar to Early 
Bronze Age ingots known from the Levant), 
molds, working residues such as spillage, sheet 
metal, and finished objects were recovered. Six 
of the mold fragments were recognized as 
molds for daggers, and four of them could be 
attributed to daggers of Branigan’s type V or 
VI, dated to EM I and EM IIA. The two 
remaining fragments were referred to 
Branigan’s type I–IV. The metallurgically 
most important find from Poros Katsambas 
was “a mineral fragment resembling iron pan” 
that, after SEM-EDS analysis, was identified 
as iron arsenide, i.e., löllingite that was 
employed in the production of arsenical 
copper. The process suggested in the 
publication was the heating of iron arsenide in 
mildly oxidizing conditions to transform it into 
arsenates. In high concentrations these would 
allow for the arsenic to dissolve into the 
copper, while the iron would remain in the slag 
(Doonan et al. 2007, 112). The interpretation 
of the “mineral” from Poros Katsambas as 
löllingite has been challenged by Thornton et 
al. (2009, 314) and Rehren et al. (2012). 
 
Thornton et al. published a report on the 
analyses of materials from an urban workshop 
at the EBA site of Tepe Hissar in northern Iran 
where various fragments of slag, mixed with 
other metallurgical debris like crucible and 
furnace fragments, molds, prills, and iron 
oxide minerals, were excavated from two 
different layers dated ca. 3350–3100 BC and 
ca. 3100–2900 BC (Thornton et al. 2009). 
Three fragments of slag were identified as 
speiss (without any copper or lead content, i.e., 
not deriving from the smelting of copper or 
lead ores) while a fragment of crucible with 
glassy slag and copper prills was interpreted as 
a container employed in the production of 
arsenical copper (Thornton et al. 2009, 311). 
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Among the related finds was a fragment of 
Plattenschlacke suggesting—together with a 
fragment of crucible containing copper prills—
the parallel production of copper without any 
arsenic. The speiss slag was produced in 
reducing conditions and high temperatures, 
maintained for an “extended period of time”, to 
achieve the separation of slag, matte, and 
speiss and obtain a speiss with a high arsenic 
content. The authors commented that the iron 
sulphide inclusions identified in the speiss slag 
would not form if löllingite and scorodite were 
smelted. They also suggested that the finds 
from Poros Katsambas were not to be 
identified as löllingite, but as speiss (Thornton 
et al. 2009, 314). The arsenic-rich speiss 
obtained in this way would be added to copper 
in a crucible to produce arsenical copper, while 
the iron would go into the slag. As an 
alternative, speiss could be used in a sealed 
crucible to confer a silvery color to a finished 
copper-based object by cementation. This 
method has been known for many decades 
from the well-known bull standard from 
Horoztepe, dated to the third millennium, and 
studied by Smith (1973). The small number of 
samples from Tepe Hissar analysed for the 
project were not sufficient to establish with 
certainty the use of speiss in the production of 
arsenical copper, but further research was 
carried out later on Iranian materials from 
other sites. 
 
It is important to note that for the last 2000 
years speiss has been regarded as a waste 
product and a great nuisance, because the 
metal that went into it is difficult to recover. 

 
The EBA site of Arisman in western Iran was 
excavated in 2000-2004 by an Iranian-German 
team. Abundant metallurgical remains, in 
particular a large slag heap of ca. 20 tons, 
dated by radiocarbon between 3100 and 2900 
BC, were discovered on the site. The slag 
heap, which did not show any stratification, 
contained a mixture of grey slag with green 
staining and entrapped copper prills, a rather 
porous brown slag (both kinds of slag were 
tapped), and crucible and furnace fragments 
(Pernicka et al. 2011; Rehren et al. 2012). The 
grey and very viscous slag fragments - 
containing gangue remains, matte, and copper 
prills - were identified as the remains of 
smelting of a copper ore that produced 
arsenical copper. The charge seemed to contain 

a noticeable quantity of sulfur, but many 
copper prills in contact with gangue were free 
of arsenic and low in iron, while, still in the 
same sample, prills that were deeply embedded 
in the slag consisted of arsenical copper. This 
situation indicated that arsenical copper was 
produced in a two-stage process, i.e., by 
adding to the charge the previously obtained 
speiss so that the copper would absorb arsenic 
during the process, which happened in strongly 
reducing conditions and relatively low 
temperatures. The brown slag contained 
ferrous speiss prills and had a rather high 
arsenic bulk content (ca. 1.6% As) and a 
copper content below the SEM-EDS detection 
limit (ca. 0.1%, again an indication that the 
speiss did not come from the smelting of 
copper ores). Among the debris, different 
kinds of technical ceramics were recognized: a 
more porous one, tempered with organic 
material was interpreted as furnace wall 
fragments, the second one, without temper, 
was identified as a kind of tapping crucible. 
The main differences between the grey and 
brown slag were that the grey slag contained 
higher iron oxide and lower lime, while the 
grey slag showed a much higher arsenic 
content (10 times higher than the brown slag), 
a lower copper content, and iron-arsenic 
inclusions. As in the case of Tepe Hissar, the 
brown slag was identified as slag from a 
smelting process of arsenopyrite, FeAsS (less 
likely löllingite, FeAs2 or scorodite, 
FeAsO4·2H2O), producing an iron-arsenic 
alloy (speiss) with estimated composition FeAs 
(Rehren et al. 2012, 1722). The process, 
carried out under mildly oxidizing conditions, 
produced 1) liquid slag that absorbed the iron 
oxide, 2) matte forming from copper and 
sulfur, and 3) the metallic speiss. In short, the 
authors hypothesized that the speiss was added 
to a low arsenic copper ore containing some 
iron hydroxides and then smelted, or, 
alternatively, copper was alloyed to a 
separately smelted speiss to obtain arsenical 
copper. Further, they suggested that the locally 
produced speiss might have been traded as an 
important alloying material, for example to 
metal working places like Poros Katsambas. 
 
Similar residues of smelting operations 
producing slag, matte, speiss, and copper had 
been previously found at Shahr-i-Sokhta, a site 
in eastern Iran, near the border of Pakistan and 
Afghanistan, dated to 2700–2500 BC 
(Hauptmann et al. 2003). 
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It is interesting to mention that several objects 
dated to the third millennium BC from Thermi 
near Thessaloniki, Kish in Mesopotamia, and 
Zeiraqun in Jordan (among others) were 
analyzed and isotopically compared with the 
ores of the Deh Hosein deposit in west-central 
Iran (Momenzadeh et al. 2002). The results 
showed that they were compatible with the 
isotopic data of the Deh Hosein mine (Nezafati 
et al. 2009). The obvious implication is that, if 
ores, copper, or objects were exported from 
Iran to the Aegean and other places, the speiss 
smelted at Arisman, Tepe Hissar, and 
elsewhere could also be a material traded to 
other regions. 
 
The finds from Çukuriçi Höyük in western 
Anatolia, analysed and published by Mathias 
Mehofer (2016) also give important hints for 
this study. The site is dated by radiocarbon 
between 2850 and 2750 BC and it is located at 
the mouth of the Kücük Menderes, a river that 
flows into the Aegean Sea near Selçuk 
(Ephesos). The site is considered a gateway to 
western Anatolia and the Aegean and Mehofer 
underlined its role in the trading network of the 
time by mentioning the locally produced 
copper-silver alloys, which have a particular 
and characteristic composition and are found in 
distant places such as Bosnia or Uruk-Warka 
in Mesopotamia (Mehofer 2016, 360; Born, 
Hansen 2001, 35, 52, fig. 45; Horejs et al. 
2010, 23, fig. 10). On the Çukuriçi hill the 
excavations brought to light a workshop with a 
large number of metallurgical finds, including 
54 furnaces similar to the well-known ones 
found at Norşuntepe (Hauptmann 1976), 10 
tuyeres, 57 crucibles, 3 molds for bar-shaped 
ingots, slag fragments, and over 100 metal 
objects. 
The abundant remains indicate that the metal 
production did not only supply the settlement, 
but it was also intended for trade. The analysis 
of an inclusion from a crucible fragment 
determined up to 30% arsenic in a copper prill, 
but the structure and size of the crucibles seem 
to be very different from the much larger ones 
from Arisman that were employed as part of 
the furnaces (Rehren et al. 2012). While the 
structures at Arisman were employed in the 
production of speiss to be added to copper in a 
second stage, the process at Çukuriçi Höyük 
seems to have directly produced arsenical 
copper by smelting together arsenic and copper 
ores. Bronze seems to have been also produced 
on the same site (Mehofer 2016, 366).  

 The analyses of the slag dated to the early 
third millennium BC at Arslantepe indicate 
that on the site copper without arsenic content 
was produced, while the objects collected from 
the site contain up to 6% arsenic (Palmieri et 
al. 1999). At early stages of the research the 
authors hypothesized that the copper/arsenic 
ores employed were possibly of Caucasian 
origin (Caneva and Palmieri, 1983, 641–644). 
 
Maria Ivanova (2012; 2016) attributes to the 
Caucasus the role of a mediator among the 
Near East, eastern and southeastern Europe, 
northern Iran, and central Asia in the fourth 
millennium BC, but she raises doubts on the 
measure of influence of the “Uruk expansion” 
from the Syro-Anatolian area. The work 
carried out on published analytical results of 
Mesopotamian metalwork of the third 
millennium BC by De Ryck et al. (2005) 
showed that at the end of the fourth 
millennium and at the beginning of the third 
arsenical copper alloys with an arsenic content 
up to 5% were generally in use. 
 
The investigation carried out by Buchholz 
(1967, 247–250, tab. 13) and Braidwood and 
Braidwood (1960, 373–379; 420–422; 453–
455) on late 4th–early third millennium and on 
third millennium objects from Amuq, near 
Antioch, in the Hatay province of southern 
Anatolia, discovered that tin was employed 
already in this period; some of the objects, 
however, contained arsenic percentages 
between 1% and 4% and some miniature 
accessories of statuettes were made of a 
copper-silver alloy, sometimes containing gold 
too, an alloy similar to those of the ring and 
beads from Petras in eastern Crete (Giumlia-
Mair et al. 2017). Further, the analysis of 14 
copper-based pins from broadly the same area 
revealed very high arsenic contents in all items 
(Selover 2010, reported by Kuruçayırlı 2015). 
The author interpreted the objects as imitations 
of silver, as some silver pins were also present 
on the site. As a comparison, the analyses of a 
group of 56 artifacts dated to the third 
millennium BC from Cilicia determined nine 
objects of bronze and 24 of arsenical copper, 
with eight objects containing both alloying 
elements; however, only arsenic, and no tin at 
all, was present in the analysed Middle Bronze 
Age objects (Esin 1969).  

The analyses of materials from Tarsus and 
Mersin, carried out by Kuruçayırlı and Özbal 
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(2005, 185–186, fig. 2a–h), confirmed Esin’s 
results (Esin 1969): only in the Late Bronze 
Age do copper-tin alloys (i.e., bronze) become 
common and the main kind of alloy, but 
arsenical copper remains present in copper-
based items as an alloying element for a much 
longer period—even until the Iron Age 
(Dardeniz 2007)—and in higher percentages 
than those determined in objects dated to the 
Early Bronze Age and later in western Europe. 

The data collected by Kuruçayırlı, both from 
earlier studies and from his own analyses 
(Kuruçayırlı 2015, 131–134; 144–150) clearly 
indicate that in the southern Anatolian regions 
considered in his study, despite the early (but 
sporadic) employment of tin in copper-based 
alloys, real bronze was quite scarce until Late 
Bronze Age II, while arsenical copper was 
widely used and even present in 21% of the 
objects in the Middle Bronze Age and in 14% 
of the analyzed objects in Late Bronze Age II, 
with many objects containing both tin and 
arsenic, as is the case with many pieces from 
Gournia and Mochlos in eastern Crete. It is 
important to note that higher arsenic 
percentages were determined in bronze objects, 
while in unalloyed copper objects the arsenic 
content was low. This was tentatively 
explained with the hypothesis that arsenic 
entered the alloy together with the tin, but the 
author also commented that no correlation 
between tin and arsenic contents could be 
found and that the situation could not be 
readily explained (Kuruçayırlı 2015, 149). If, 
as it seems now in light of the data we possess, 
we accept that the arsenic was introduced in 
the copper as speiss or by co-smelting, and 
some tin was added to it, the question would 
be solved.  

El Morr et al. (2103) interpreted the presence 
of arsenic in MBA I spearheads from Lebanon 
as intentional alloying of copper with speiss, 
imported from Iran and Oman via 
Mesopotamia.  

In the Aegean, the Levant, and Cyprus tin 
becomes finally the most important alloying 
element for copper only in the Late Bronze 
Age (Stos-Gale 1985; Pernicka 1999; Pare 
2000; Philip et al. 2003, 89; Gale and Stos-
Gale 1989, 252–254; Balthazar 1990, 161, 
431).  

We have to note, however, that according to 
the archive of tablets excavated from Royal 

Palace G at Ebla, dated to the second half of 
the third millennium BC, at Ebla, i.e., in 
northern Syria, only bronze was employed. 
Many texts give the amount of an.na (or 
Akkadian anaku, tin) that was added to a-gar5 
(Akkadian abaru, copper) to produce zabar 
(bronze), but there is no mention of a different 
process that might have used some form of 
arsenic. The Sumerian word for copper—
urudu—is mentioned in the tablets as well, but 
never in connection with alloying, and the 
meaning the word assumes in Ebla is difficult 
to understand (Archi 1993). The analyses 
carried out by Palmieri and Hauptmann 
supported the statement of the ancient tablets, 
as among the Early Bronze Age objects there 
was only copper alloyed with tin, and no 
arsenical copper; only some later Middle 
Bronze Age objects contained low tin, arsenic, 
and lead, and one single object was made of 
arsenical copper alloyed with tin (Palmieri and 
Hauptmann 2000, 1264; Peyronel 2012).  

Apparently there were differences in the use of 
metals and alloys and in the workshop habits 
even in adjacent regions. We have both bronze 
and arsenical production at sites employing 
speiss. At Çukuriçi Höyük, where co-smelting 
seems to have been the method employed in 
the production of arsenical copper, there is 
bronze production as well. In Middle Bronze 
Age Cilicia there is no bronze, only arsenical 
copper, but there is only bronze and no 
arsenical copper at Ebla. At Gournia and 
Mochlos in Crete there are very few real 
bronzes, and most objects contain noticeable 
amounts of arsenic. 

 

Conclusions 
 
The similarities of the metal finds from Petras, 
Livari, and Hagia Photia with the metallurgical 
production of the fourth millennium BC, the 
Cycladic influence, and the parallels with 
silver ornaments from far away regions such as 
the Caucasus and the Indus Valley, have been 
discussed elsewhere (Ferrence et al. 
forthcoming), and only need to be briefly 
mentioned here as a proof of a far-reaching 
metallurgical tradition. 
Bronze Age Crete seems to belong to the broad 
metallurgical province defined by Chernykh as 
“Circumpontic” (Chernykh et al. 2002; 2004). 
The degree of interregional circulation of 
metals and technologies illustrated by the 
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diffusion of metallurgical practices seems, 
however, to be much wider than just 
Circumpontic, and it covers a huge area, from 
the Carpathians (Hansen 2013) to the Adriatic 
(Primas 1996; Belinskij et al. 2017) in the 
west, Iran and Pakistan in the east, and the 
Aegean and the Levant in the south. The 
knowledge about metals and alloys apparently 
was disseminated over far away territories 
through a network of trade and relationships. 
The use of gold, silver, and arsenical copper 
seems to be the most defining characteristic of 
this metallurgical tradition, and in particular 
alloys containing arsenic were employed much 
longer and more extensively than in western 
and central European contexts, remaining in 
use until the Late Bronze Age and in some 
cases even the Iron Age (Dardeniz 2007; 
Meliksetian et al. 2011). 

The diffusion and reproduction of early 
metallurgical processes and habits can be 
reconstructed only up to a certain degree, as it 
seems that processes and workshop practices 
were not simply replicated, but only partly 
imitated, and changed by finding the best 
solution depending on the locally available 
materials, the regional traditions, and most 
probably also adapting to the social 
peculiarities of the area. The new materials and 
techniques were incorporated in existing 
traditions, and the results were regional 
variations in the production and use of 
arsenical copper.  

Arsenic, in the form of speiss or arsenic-rich 
ores, appears to have been more readily 
available than tin in most regions of this early 
koine, and its use was consolidated by 
millennia of metallurgical practice in the 
gigantic territory in which it circulated. As the 
advantages of bronze over arsenical copper are 
negligible (toxicity was not immediately 
evident), there was no reason to change 
metallurgical habits that had been handed 
down and perfected for millennia.  
The general impression is that in the Late 
Bronze Age the metal workers knew how to 
take advantage of the useful properties of 
arsenic and tin, and they employed them both 
together, especially in their alloys for special 
objects such as ornaments. The large chunk of 
“speiss” from the burned workshop found at 
Mochlos is a clear indication that arsenic was 
still added to copper-based alloys in Late 
Minoan times. 

Research on broad changes in the metallurgical 
organization requires rigorous evaluation, and 
we possess data from only a few sites; 
however, the general trend can be 
distinguished.  
Our work represents only a small step forward 
in the understanding of a general pattern. More 
work and more analyses will be needed in the 
future to define the metal production, 
workshop habits, connections to social 
organization, and all details of the arsenic trade 
network.  

Broad Relative 
Time Periods 

with 
Abbreviations 

Relative 
Time 

Periods 

Calendar 
Years (ca.) 

BCE 

Final Neolithic 
(FN) 4500–3200 

IA 
IB 
IIA 
IIB 

Early Minoan 
(EM) 

III 

3200–2000 

IA 
IB 
IIA 
IIB 

Middle Minoan 
(MM) 

III 

2000–1625 

IA 1625–1525 
IB 1525–1450 
II 1450–1425 

IIIA 1425–1300 
IIIB 1300–1200 

Late Minoan 
(LM) 

IIIC 1200–1125 

Table 1: Chronological time periods and abbreviations 
used for the Bronze Age in Crete. 
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