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ABSTRACT 
Recent excavations in Tepe Sagzabad in Qazvin Plain, Iran, yielded some archaeologi-

cal metal artifacts dating to the Early Iron Age. Among different metal fragments, a small 
tube was found. As a part of systematic analytical research, thin sheet tube was studied 
for elemental composition, manufacturing technique and deterioration mechanism using 
optical microscopy (OM), scanning electron microscopy combined with energy disper-
sive X-ray spectroscopy (SEM-EDS) and Raman spectroscopy. The results of analyses 
showed that the tube has been made from a thin sheet Cu-Sn alloy. In addition, it was 
found that the tube was completely mineralized, and there was no sound metal remained 
in it. Corrosion of the tube was composed of a bilayer structure in which the original 
shape of the artifact has been preserved. Raman characterization of the corrosion prod-
ucts showed that the inner layer is composed mainly of cupric oxide (tenorite) beneath an 
outer cuprous oxide layer (cuprite) which has grown outward from the original surface. 
This is believed to be due to a corrosion phenomenon of bronze alloys known as "decu-
prification process". Moreover, microscopic investigation showed presence of elongated 
inclusions merely in the inner layer indicating both the manufacturing process and the 
limit of the original surface of the tube. 
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1. INTRODUCTION 

Archaeological objects are regarded as 
historical documents and aesthetic entities 
(Caple, 2000). Archaeological metal arte-
facts are of great importance to study the 
manufacturing techniques (Scott, 1991) and 
long-term corrosion phenomena (Robbiola 
et al. 1998; Piccardo et al. 2007). Technologi-
cal information including materials (alloys) 
and methods have been the subject of 
studying evolution of metallurgy from an-
cient time (Thornton 2009). On the other 
hand, archaeometallurgical studies could 
be a subject of further investigation regard-
ing cultural impacts of neighboring lands: 
Iranian Plateau, Mesopotamia and Eastern 
Mediterranean. 

Moreover, most of metallic archaeologi-
cal objects buried for a long-time are usual-
ly covered with corrosion products (Scott, 
2002; Ingo et al. 2006; Oudbashi & Emami 
2010; Schweizer, 1994; Chase, 1991). Corro-
sion studies on these metallic artefacts are 
performed with the aim of evaluating their 
stability (Bernard & Joiret, 2009) and trac-
ing the original shape and inner markers 
which may have preserved in corrosion 
products. This is particularly the object re-
garding the copper-tin alloys (Piccardo et 
al. 2007; Robbiola et al. 1998; Chase, 1991; 
Cronyn 2004; Bertholon, 2007).  

 
 
 
 
 
 
 
 
 
 

 
Figure 1. Sheet tube found during the excavation of 

Tepe Sagzabad (1500-800 BC) 

 
The case study presented in this paper is 

a systematic analytical research performed 
on a small copper-based tube (Fig. 1  and 2) 
dated to the Early Iron Age (1500-800 BC) 
which was found during the excavation of 
Tepe Sagzabad (1997-1999) in Qazvin Plain, 

north-central Iran (Tala’i, 1984). The aim is 
to investigate the manufacturing tech-
niques and technological evidences. 

 
 
 
 
 
 
 
 
 
 

 
Figure 2. Sheet tube found during the excavation of 

Tepe Sagzabad (1500-800 BC) 

2. EXPERIMENTAL 

The analytical studies carried out were 
based on optical microscopy, scanning elec-
tron microscopy combine with an energy-
dispersive X-ray spectrometer (SEM-EDS) 
and Raman spectroscopy. In order to study 
the elemental composition and manufac-
turing technique, cross-section of the tube 
was taken using jeweler's saw. The sample 
was embedded in Buhler epoxy resin and 
polished using silicon carbide abrasive pa-
pers (up to 1200 grit). The final polishing 
was performed with diamond pastes up to 
0.25 µm.  

The sheet tube was heavily corroded and 
completely mineralized in such a way that 
the original shape was preserved in the 
corrosion products. Hence, it could provide 
clues for tracing manufacturing technique 
through corrosion products by microscopic 
investigation. BK-POL/BK-POLR optical 
microscope equipped with a Canon EOS 
Kiss X4 CCD camera and Breeze System 
image capture software was used to study 
the cross-section of the tub.  

Layered structure in cross section was 
studied using scanning electron microsco-
py (SEM). In addition, morphology of the 
inclusions in the cross section was investi-
gated using SEM. EDS was used to deter-
mine the elemental composition of differ-
ent layers and inclusions in the microstruc-
ture. SEM-EDS analyses were carried out 
using the VEGA II TESCAN, Czech Repub-
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lic. EDS: Rontec, Quantax/QX2, Germany 
in Razi Metallurgical Research Center, Teh-
ran, Iran. 

Moreover, Raman spectroscopy was per-
formed on the cross-section of the tube to 
identify each layers of corrosion. Micro-
Raman spectrometer equipment employed 

was a LabRam HR600 (Jobin Horiba Scien-
tific- France). The Raman spectra were 
measured with the following operational 
condition: laser excitation at 632.8 nm; 2-4 
mW laser power; 100x objective; integra-
tion time 5s and ten accumulations. 

 
 

 
 

Figure 4. Microscopic image of boundary of two 
layers, L1 and L2, in cross-section. Note the pres-

ence of elongated sulfide inclusions individually in 
the inner layer (left part). 

 

3. RESULTS AND DISCUSSION 

Microscopic investigation by optical mi-
croscopy using 10x magnification clearly 
showed two distinct layers; L1 and L2. As 
tube was completely corroded, there was 
no sound metal in the cross-section. How-
ever, the inner layer (L1) with dark color 
and outer layer (L2) with pale red color 

and columnar crystals of corrosion prod-
ucts in radial direction are clearly seen (Fig. 
3). In addition, microscopic study at high 
magnifications illustrated the presence of 
elongated inclusions only in the the inner 
layer (L1) but not in the outer layer (L2) 
(Fig. 4). 

Double layer structure was also identi-
fied in the SEM micrographs (Fig. 5).  

 
Figure 5. SEM-BSE image: detail of the cross sec-

tion of the tube showing two layers and zones 
which have been analyzed. 

L 1 L 2 

L1 L2 

Limit of the original surface 

Figure 3. Images of the cross-section of the tube 
under the optical microscope. Left: the cross-

section of the tube showing two distinct layers, 
Right: part of the cross-section of the tube at 
higher magnification showing two different 

inner layers (L1, L2) and two outer layers. 
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EDS analyses carried out on the inner 
and outer layers showed copper-tin alloy 
as material used for tube manufacturing. 
Analysis the inner layer showed about 61% 
by weight of copper and 7% by weight of 
tin. High amount of Cl (30 wt%) was also 
identified in the inner layer (Table 1).  

In contrast, analysis of outer layer 
showed no Sn in the composition. High 
amount of Cl was similar to that identified 
in the inner layer. Moreover, EDS analyses 
of inclusions showed copper, tin, chlorine, 
and high amount of sulfur (Fig. 6 and Ta-
ble. 1).  

 
 
Figure 6. SEM-BSE image showing detail of inclu-

sion presence in the inner layer 
 

 
Table 1. Composition of sheet tube (wt%) in cross 

section as obtained by SEM-EDS 
 

Sample No. Cu Sn Cl S Fe Pb 

Zone A  
(inner layer, L1) 

61.52 6.96 30.07 1.00 0.46 - 

Zone B  
(outer layer, L2) 

65.84 - 32.96 - - 1.20 

Zone C 
(Inclusions) 

75.64 2.86 7.10 14.41 - - 

 
In addition, the cross section of sample 

was scanned and elemental maps were 
produced. SEM-EDS elemental mapping 
across the cross section clearly showed two 

layers having clear differences in tin con-
tent (Fig. 7). Results obtained demonstrated 
the inner layer having appreciable amount 
of tin in contrast with the outer layer (Fig. 
7A and 7C). It is particularly noticeable at 
the point where two ends of the sheet over-
lapped which four layers including Cu-Sn 
and Cu layers alternatively could be seen 
in the elemental map (Fig. 7B and 7D).  

Although the Raman technique is insen-
sitive to most pure metals and alloys, it is 
well suited to the identification and study 
of corrosion and patina layers on metal ar-
tefacts (Smith & Clark 2004: 1149). The na-
ture of the corrosion layers was investigat-
ed by Raman micro-spectrometry (Fig. 8).  

Examination of the cross-sectioned tube 
showed that the artefact has been made by 
rolling or cold-working a thin metal sheet 
(Thornton 2009: 308; Malek Shahmirzadi 
1979: 59; Martinon-Torres et al. 2007: 199). 
The analyses showed that copper and tin 
are the main components of the alloy. Alt-
hough copper-tin alloys first appeared in 
Iranian Plateau (Frame 2010: 1705), Meso-
potamia and Anatolia during the third mil-
lennium BC (Kassianidou & Knapp 2005: 
224), it was around the 2nd millennium BC 
which the tin bronze mostly replaced the 
copper arsenic alloys (De Ryck et al. 2005: 
262; Eaton & Mckerrell 1976: 147; Lechtman 
& Klein 1999: 497).  
In addition, SEM and OM images clearly 
showed heavily elongated inclusions along 
the cross-section of the tube. Sulfur com-
pound inclusions (Cu-Fe-S) elongated 
along the cross-section of the artifact indi-
cate the effects of heavy hot/cold working 
during the thin sheet manufacturing pro-
cess (Frame 2010; Scott 1991; Artioli 2010). 
Moreover, presence of sulfide inclusions 
indicates the use of sulfidic ore sources. 
Iran, Anatolia, Oman and Cyprus have 
been identified as regions in which most of 
the copper deposits consist of sulfidic ores 
(De Ryck et al. 2005: 261; Kaufman 2013: 
684). 
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Figure 7. SEM micrographs and elemental maps of the cross-section of the tube showing differences in the 

tin content in two layers; Right figures (B and D) show four alternative layers where two ends of sheet 
overlapped. 

 

 
 

Figure 8. The Raman spectra obtained from each of the corrosion layers. The upper spectrum corresponds 
to tenorite (L1) and the lower spectrum corresponds to cuprite (L2). 
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 In spite of the complete mineralization, 
the original shape of the artifact was pre-
served in the corrosion products. Locating 
the limit of the original surface is a major 
point for any study concerning corroded 
artefacts (Bertholon, 2007: 35). In this re-
spect, internal markers such as inclusions 
remained from metallurgical structure are 
indications which can be used to locate the 
limit of the original surface between the 
corrosion layers (Neff et al. 2004; 2). Corro-
sion layers above the original surface are 
clearly recognizable, because they have no 
such internal structures. Accordingly, 
boundary between inner dark corrosion 
layer (L1) containing sulfide inclusions, 
and outer pale red (L2) is the limit of the 
original surface. On the other hand, the 
original thickness of the bronze sheet is 

given by L1 layer thickness. 
A chemical feature of corrosion of the ar-

tifact is depletion of tin in the outer layer 
with respect to the inner dark layer. This 
phenomenon can be explained by copper 
selective dissolution inducing its removal 
from the alloy, known as "decuprification 
process" (Robbiola & Portier 2006: 5; Al-
berghina et al., 2011: 136; Bernard & Joiret, 
2009: 2). On the other hand, tin enrichment 
in the inner layer can be related to the low 
solubility and high stability of tin species 
(Alberghina et al., 2011), allowing the tin 
ions to remain in their original location (i.e. 
in the inner dark corrosion layer (L1)). 

Outer and inner corrosion layers (L1 and 
L2) were identified by Raman spectroscopy 
(Fig. 8). Raman micro-spectroscopy per-
formed on the inner layer corresponds to 
cupric oxide (tenorite) with the bands at 
294, 338 and 611 cm-1 (Mattei et al., 2008: 
304). Tenorite (CuO) is rare component of 
natural patinas which indicates that the 
object has been subjected to heating before 
or during burial (Scott 2002). However, 
converting the original artefact's thickness 
(L1) into tenorite is slightly confusing. The 
Raman spectra obtained from the outer 
corrosion layer (L2) corresponds to cu-
prous oxide (cuprite) (Bouchard & Smith 
2003: 2259; Piccardo et al. 2007: 248; Mathis 
et al. 2007: 229). Cuprite (Cu2O) is a com-

mon corrosion product found in the majori-
ty of buried bronze artifacts as patina (Scott 
2002; Robbiola et al. 1998). 

It is noteworthy that there are another 
two thin corrosion layers above the outer 
layer (L2); a red cuprite beneath a green 
copper corrosion deposits (Cu species) (Fig.  
3). Elemental map of the cross-section of 
the tube showed high amount of Sn in the 
external red cuprite layer under the green 
corrosion layer (it can be seen as a line in 
the left side of the Fig. 7C). According to 
the presence of a tin-enriched area far from 
the original surface (inner bulk alloy) it can 
be assumed that corrosion process of the 
artefact consists of two steps: 
(i) an initial step of the alloy dissolution by 

which Type 1 corrosion structure is in-
troduced. Hypothesis proposed by Rob-
biola et al. (1998) is likely to occurred 
giving such structure;  

(ii) in the second step, the presence of fis-
sures parallel to the interface met-
al/corrosion layer in contact with un-
derlying metal (Robbiola et al. 1988) or 
of cleavages at some corrosion 
interface in the location of the original 
surface (Bertholon 2001) while migra-
tion process through the corrosion  
layers take places, with anions inward, 
can lead to the formation of new corro-
sion products at the external lay-
ers/alloy interface. Consequently, pri-
mary tin-enriched layer moves outward 
(Fig. 9). At the end of this stage, inward 
migration of chloride anions (from envi-
ronment to the bulk alloy) leads to im-
plementation of chloride compounds 
occurs up to induce full metal corrosion; 
as in some parts, under the red cuprite, 
bright green chloride species can be seen 
(left side of the cross-section in figure 3).  

In this paper, a deviation from the Type 
1 model suggested by Robbiola et al. (1998) 
has been proposed. Although three-layer 
structure resembled Type 2 corrosion struc-
ture, the original shape of the object was 
left untouched, which is one of the main 
features of the Type 1 corrosion. 
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Figure 9. Schematic representation of corrosion mechanism in the tube, left: initial stage of the corro-
sion with cleavage at the location of original surface, right: final stage of the corrosion with growing 

columnar cuprite beneath the primary corrosion layers. 
 

4. CONCLUSION 

In this research it was found that the 
Sagzababd's tube has been manufactured 
by rolling or cold-working a thin sheet of 
Cu-Sn alloy. Although the tube was com-
pletely mineralized, presence of some inner 
markers (elongated sulfide inclusions) pre-
served in the corrosion layers could be 
used for tracing the manufacturing tech-
nique. Sulfide inclusions implies sulfide 
ores have been the main source of copper. 
In addition, a deviation from normal types 

of corrosion structures was identified in the 
tube which interferes with the location of 
the original surface between the corrosion 
layers. Preservation of the original shape 
and size of the tube while high amount of 
chloride is present is of great importance in 
the conservation cultural copper-tin arte-
facts. Result presented here showed that it 
is possible tracing manufacturing tech-
nique in corrosion products and complete-
ly mineralized artefacts.  
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