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Abstract

Undoubtedly, one of the most important man-made objects in history is copper objects and their
alloys, and in this regard, according to the available evidence, its oldest alloy, as copper-arsenic, has an
important role in history. The existence of these works in various sites, especially in southeastern Iran
since the Early Bronze Age, confirms this claim. One of the most significant strategic sites is located
in the southeastern of Iran, is Spidezh. It is one of the most important settlement centers belonging to
the third and second millennium BC, which is located 40 km southwest of Bazman. The site is located
3 km from Makhsan village and about 160 km from Iranshahr. Significant artifacts were brought to
light from Spidezh cemetery such as stamps, ornaments (beads, pins, kohl holder pin, mirrors),
agricultural tools, different types of weapons, etc. Spidezh registered under the number 6745 in the list
of national monuments of Iran. In this study, a number of metal objects in Spidezh cemetery were
examined to identify copper-arsenic compounds and the properties of this alloy. To study these
objects, the SEM-EDS method was used to identify the microstructure of the metal matrix and the
chemical composition of the elements, as well as the metallographic method to study the fabrication
technique and phases studies. SEM-EDX analysis shows that some objects are made of Cu-As-Zn
alloy and others are made of Cu-As alloy by casting and are considered as arsenic-containing bronze
alloys. Arsenic acts as an excellent oxidant element in metal, reducing the porosity of the alloy and
significantly increasing its hardness. Deliberate addition of low levels of arsenic can act as a dioxin in
the samples. Also, the presence of sulfide in the impurities of these objects can be due to the use of
sulfide ores. The amount of calcium and potassium in the EDS spot analysis of the inclusions
indicates that this amount of elements is owing to coal fuel. These elements are considered as flux
charge melt and eventually absorb the slag. The SEM images suggest that the impurities in the whole
matrix of the metal in a point and elongated from can be the reason for the presence of unrefined
copper with spiess in the process of making these works. This discarded waste contains sulfide,
arsenide and iron-like compounds. The uniform and high percentage of 5% arsenic in these works
shows that the manufacturing process of these alloys has been done by Co-Smelting method.
Metallographic studies show that the physical operation on these works was a repetition of a cycle of
cold work and annealing (irradiation) to further shape these works.
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Introduction

Copper alloy containing arsenic is a product of man-made production in the early 5% millennium
BC [1]. There are many sites in the Iranian plateau from the Early Bronze Age that have been
studied. areas are Tappeh Yahya, Shahdad and Meymantabad (25 km southeast of Tehran) could be
consider as typical site in this regard. The alloys obtained from these site have been analyzed using
ICP-MS and PIXE to show that they are arsenical alloy [2,6]. One of the most important and
strategic sites on the Iranian plateau, which is located in the southeastern region of Iranshahr (Fig.
1, A-B), is the Spidezh of Bazman, dating back to third and second millennium BC [12]. The main
purpose of this study is to investigate the microstructure and fabrication of metal artifacts
discovered from Spidezh.

Materials and Methods

The objects studied in this come from Spidezh of Bazman cemetery excavation during 2002-2006
seasons which contains objects such as two axes (1-M, 2-A) and one dagger (3-D). A small cross-
sectional sample of each object was prepared for instrumental analysis and metallography. The
samples were then mounted in epoxy resin. To prepare the samples, they were sanded and polished
using 800 to 4000-degree sandpaper. Finally, diamond (1pm) paste was used for the final polishing.
The samples were etched in FeCls alcoholic solution and examined under microscope (OM). In
order to identify the chemical composition of studied samples, mounted specimens were made by
SEM-EDX method in Razi Metallurgy Laboratory of Tehran. This analysis was performed with a
scanning electron microscope (SEM) model VEGA II, made by TESCAN Company in the Czech
Republic and an X-ray spectrophotometer (EDS) device made in RONTEC, Germany with Quntax
software model QXo.

Result and Discussion

The results of SEM-EDS analysis on dagger (3-D) and two other analyses (2-A, 1-M) from Spidezh
are shown in (table-1). These articles are made with copper base and with a high percentage of 5%
arsenic by Co-Smelting method. The element copper in these works varies from 88.5 to 72.75%
and arsenic from 1.6 to 4.6% in sample matrix. The 2% arsenic content in the samples can cause
discoloration of the surface, creating a silver surface [2]. Low level of arsenic can play a role in
dioxide of these artifacts. The element zinc in two axes varies from 1.25 to 3.20%. This percentage
of zinc can be due to presence of zinc-containing ores such as smithsonite (ZnCOs3), sphalerite
(ZnS) and rosasite (Cu,Zn)2CO3(OH)2 [14] in the observed objects. The main composition of
these two axes is Cu-As-Zn. Also, the high percentage of 2 to 7.5% of iron in the samples of axes
(table-1) is most likely due to the presence of completely refined copper. Identifying this percentage
of iron in a point can be the reason for using spiess to produce spiess from smelting iron ore such
as arsenopyrite (FeAsS), 16lligite (FeAsS2) and scorodite (FeAsO4.2H>0) [8,20,21,22]. In the image
of SEM from the Axe (1-M) in image 4 (B), the stretched veins of iron impurities along the object
are the result of hammering in this work, it is possible that these iron impurity patticles could be
crushed or widened during the hammering, which is quite evident in figure 4, 5(B). The dagger (3-
D) has no sound metal. Metallographic images of axes after etching with FeCls alcohol solution,
microstructure are observed in a complex and scaly from with many strain lines, which is due to the
hard work on these works. Metallographic examination of figure -8 (A, B) shows that the samples
were formed during a cycle with hot and cold work operations and the slip lines in these samples
show that the final operation was done with cold work. The twin lines are also smooth and
elongated and scattered in the metallographic images 8 (A, B) due to the hard work on these
samples. According to figure -1 (B) the phase diagram under casting conditions. One phase may
occur during arsenic solidification, which is phase a-(Cu-As), which is present in the two axes.

Conclusion

According to the SEM-EDS analysis carried out on the objects, it was determined that the axes
discovered from Spidezh were made of alloy Cu-As-Zn and the dagger objects were made of alloy
Cu-As by casting in the mold. Due to the high volatility of arsenic, the concentration of this
material in casting has not been easily controlled and has reduced arsenic. Also in higher formability
stage with heat treatment (Annealing) has caused more arsenic drop from solid solution. Another
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feature of arsenic is that it has been used as an alloy component with copper to produce copper
containing arsenic.
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Table 1: Results of analysis SEM-EDX of three Copper arsenic-containing artifacts obtained from Spidej cemetery

Sample (0] C Cl1 K Ca Fe Cu Zn As Sb Si S Ag
1-Mj-Zon A 20.36 - 8.05 2.45 0.51 4.99 3348 322 357 - - - _
1-M;-Zon B 26.79 - 3.31 227 - 7.36 20.57 - 0.07 - 099 289 _
1-M;-Matrix - - - - - - 88.49 320 4.10 - - - _
2-Ar-Zon A 16.77 - 10.65 - 0.18 1.72 33.28 - 0.07  2.65 - 414 _
2-Ar-ZonB 1218 - 9.93 0.31 - 1.97 30.26 - 0.02 281 - 4.42 _
2-Ap-Matrix - - - - - - 8213 125 4.60 - - - 0.24
3-D-Matrix 12.55 2.63 8.72 - - - 72.75 - 1.59 - - - -
3-D-Zone A  10.34 - 5.11 - - - 82.56 - - - - - -
3-D-Zone B 15.62 1.90 15.78 - 0.92 - 62.37 - 5.38 - - - -
3-D-Zone C  14.11 13.51 7.97 - - - 41.15 - 2.79 - 1.27 - -
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Table 2: The most common minerals containing arsenic

ol sixe 0l Jse
Sulfides and solfosalts Arsenopyrite FeAsS
Arsenical pyrite Fe(As,S)2
Cobaltite CoAsS
Enargite CuzAsSy
Gersdorffite NiAsS
Orpiment AsyS3
Proustite Ag3AsS;
Realger AssSy
Tennantite (Cu,Fe)12As4813
Arsenides Domeykite CusAs
Lollingite FeAs;
Nickeline NiAs
Rammelsbergite NiAs;
Safflorite CoAs;
Sperrylite PtAs;
As (III) Oxides Arsenolite As;O3
Claudite AsyO3
Gebhardite Pbg(As205)OCls
Leiteite ZnAs> Oy
Reinerite Zn3(AsO3)2
Trippkeite CuAsyOy
As (V) oxides Austinite CaZnAsO4OH
Conichalcite CaCuAsO4OH
Erythrite Co3(AsO4)2.8H,0O
Horensite Mg3(AsO4)2.8H0O
Juhenbaumite Cas(AsO4);0H
Mansfieldite AlAsO4.2H,O
Oliverite Cu(AsO4)OH
Sarmientite Fe,AsO4SO4OH.5H,0
Scorodite FeAsO4.2H,O
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Liquid phase separation during smelting

specific gravity

siliceous slag 3—4
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Fig. 3: Simple design by keesmann. According to the
specific gravity of the compounds, the partial separation
includes: 1-Silicate slag 2-Matte, i.e sulfide (Iron) of
copper 3- Speiss 4- Copper metal

D- 45503 2 VIFY aopp b &S aib g Jlej 51 b

1199 Glisso ] g july 93 oladk it Juw | AP


http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dor.isc.ac/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html

[ Downloaded from jra-tabriziau.ir on 2023-03-17 ]

[ DOR: 20.1001.1.24764647.1399.6.2.8.4 ]

[ DOI: 10.52547/jra.6.2.75]

Ak . . - . .
wubb Ry liwl 0 jy swoliliad g

(1-M) 03b0sd 555 o Ligo 3 3,5 5 005 0t slo oSl B> L3 SEM-EDX (A B) f S

Fig. 4: (A, B). SEM-EDX represents stretched and round impurities in the field of axe head No.(1-M)

(2-A) olasd 5 g digo 13 3,5 g o 040iS (sla alBL odimy lis SEM-EDX (A, B) 0 S
5: (A, B). SEM-EDX Reperesents elongated and rounded impurities in the head No. (2-A) Matrix. Fig

U5 ol oalBb gy s ol Wndigas o /¥
Mg g Jwl sl ssilgw uo S8 jloslisl
s sty o (S SKiadlS ) 03litol ] o

039 gl sl il (gGygllie > e 6 ]Sl
O ygmodn Lo Bl ol oles )0 [25,26,27] canl
oo > ol gl pel s 4 g Wedi e b (56

28] siile o 3L Lo

b Jleinly ol (1o alafio 4 g5 b 45 395 0 0103
4S8 1500 sla —albl ol ] 2L 4 by e
089y L 09800 013 o dinejyd 00D oS O ygods
cé)5 51438 3JUT 5590 (0-F) B JIKal s SEM- EDS
S 5 sl Lo sl oyl o wims o bt ol

LY lsee 4 y9dg o MO 7L Y /8 Lo )i e

5 oo SIS sla 53)05 il U pbgy (6 yimS B 6 dgng g plaiel Ol g la L2l sdins Wi SEM-EDX : (A, B) & S
(B-D) o)lad 2 aipe )3 (yue o F2)55 oy slaael

A | 1Paa Gliwej g b g 6 o s Jlw


http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dor.isc.ac/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html

[ Downloaded from jra-tabriziau.ir on 2023-03-17 ]

[ DOR: 20.1001.1.24764647.1399.6.2.8.4 ]

[ DOI: 10.52547/jra.6.2.75]

Ol jupuul adhio I 5Sciw T yuo bl idb jo ) 9 (r9Sawg jSuo Sl gz / glySes 9 Y82 iy
SR 3

6: (A, B): SEM-EDX show incolosiobns and irregular cavities and the presence of a light gray phase caused by .Fig
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Fig. 7: microstructure of axe (1-M) in figure A and Axe (2-A) in Figure Bbefore etching: including elongated impuritie of
copper sulfide and iron arsenide in the bronze field
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Fig. 8: Microstructures of axe (1-M) and (2-A) after etching in alcoholic solution FeCls In the image of axe No.(1-M)
image A and in the image of axe No.(2-A) in image B. Crystallized and worked bronze grains with twins and strain lines

b1y L (A 5 5L sle (Seiunl e SUT 0
Gy 4y 45 {[30,34] it drlge pogSae il
o3 Sas alols g slarel 53gioxe (33, 3y
Do oo oy cpl dbul s g 0l Siuw 000

P S bld 9 (Bl pae v 2g L
{Segregation) (glasly Lislis 5asay 5 liwl pas
LS 395 o s Siitan)] JBu Lawgs sridlo) HLid
ooy (210)808 bawogi Clde Jgloxe J31 5l Stas)l
il (5 bl &y g b 45 S 1B
e ;D CSeosd (CuzAs) Y 5L slon! caw Clie
9 Shesd & gm0ty Slgie S8 plSbml (inen 9
)92 98 ;> Cementation [8, 35, 47] sl 5 ,b jl
g S (395 gt b 5[14,36] e
13,37, 38] 345 sl

I P PUPURETRI AR S NN
I oty il pae > Skl sol> o
Syl 3l tlizee gladop LY 5B wlonds aisy
Lly i o 1) SaSSgr Jlidbo gl @ yg sl sddlool
03,5 UiliS Sl 7§ 5L CusAs ol i

Ao | 199 Glise] g juuly g 0ledh it Jbu

[30] 3945 0333 0l s S &3 1503

P YL el Gl a3, S3YL o aley
LacKewls o oyal dgmg s a0 1lg5 o b 2Bl
¢ Ly (Chalcopyrite) CuFeS, ¢y 56808 s il
o=l 53 ol STy i il e p3 ol
Caol ledl pl 2929 0 sl by alBL

M ds Cu-As gbgd Jols glapl SLo o
=) j3503) SAD HC (slod 3 LEIAY Lo y> S
o) 93 [31] sy e 7510 4 5T (slod > M
L St ) 2 (Brot) Sy Jislo 5, ol
G0 SiSSg slod o o3lb oy S 5 93 9 LMY
S5 L e J i B LS 2y sanlito PAD
Voo bos o 0 SsSiy Jldle ©js0d Cushs
&gty CusAs Y56 [32] 5,5 0 S5 YO 5C 4
Loy 2,5 o KB AYY ©C (sl 3 uiloeie
YVIQ g YOOy (S 5 daly (0 Lod 3l Jai e

O ygmodn 45 jSie (Sdze 83lo )l dgng Siiww)]

L lgseds g o 2ol CusAs oS 5 b aubs


http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dor.isc.ac/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html

[ Downloaded from jra-tabriziau.ir on 2023-03-17 ]

[ DOR: 20.1001.1.24764647.1399.6.2.8.4 ]

[ DOI: 10.52547/jra.6.2.75]

Ol jupuul adhio I 5Sciw T yuo bl idb jo ) 9 (r9Sawg jSuo Sl gz / glySes 9 Y82 iy
SR 3

dl")—& @a_w C,‘i919\ Lol D945 o0 OU‘A&)J Lglo)jﬁ c\a.w ] 0l 0303 u‘““’ Y 65l dlmfl)flib » s
w{As)
10 20 30 40 50 60 70 80 % 100 o 10 20 ETe
I w 1 1 1 1 1 L 1 1 1 lzm '] [l ']
(&l (o
1084.6 °C 1084.6 °C
=C e
L
o 288527 °C o 253 &2
5 700§C & FOSN
5 685 °C
6.83 - 3 614°C 6.83) ey ;
! 600 ¥ _4{0-’ 600 °C imblimtion)|  couny | Y [ —
(Cu) 5 (aAs)— Sy H— 5
I e w—
400 400 — o
65— C 1 -5 300 °C 6.5 m22 T — 5
I\ 1" FJ
200 { 'i 200 { }
PPl P ,
il = 11 14—
11 1 I
0 11 a ¥ 1 I T T
10 20 30 40 50 60 70 80 % 100 o 10 20 30
Cu As Cu
x (As)

aid S S )] Loy Baimd Ui (0 Hldges 33]] Sl Caliska (slads ) g Lod jd Cu-As ol pl,Sbs sy Lis (V= lages

sl 045 asedie K)jey8 )l b oS Glojy Sl BT 5

Fig. 1: A: shows the equilibrium diagram of Cu-As at different temperatures and weight percentages of arsenic. Figure-1,
B: indicates the weight percentage used in Spidej of Bazman artifacts, which is marked with a red bar

5 P Wy o PN PR A PP W )lﬂ Sy p &S
ol ods el 3 BT cpl (gloyds jalls by oy

6 15 4o £

A e bl g9y » SEM-EDS 3JUT & a5 b
Cu-As- LT 31 Sl dogome | ddguiSe cloys
PGS By, ey & Cu-As WISl s < 5 9 Zn
)] YL iy s any lensazsl I8
0395 JyuS BB Sluley g ey 3 oole ol clale
3 e ol 0ad Syl ol cuw g cul

(cse L) ple ) Sllas b i spdy p)8 Jolpe
Lol il o Sols Jolomo 5| S )] yriin il
bl oyl )3 70 g Sy YL oy b poay
T ol cdlo 3 plojom wosd (g 2 ks Wl e
Lo ool slaalsl (Vb a0y 4 g b il
s )_ianT 9 Cowl 09— qu_ml 0d_S )Lﬂ )»oL.C
g e a8 o3l ol G Sy 5 el 2 solel

5 kb S g Sasyy M Wi BT ol
140, 22, 41, 42] asb onsdy opl Mg 13 (gdes Sl 5
Olog el HBT 50 Syl &ials .o V= jlages 5
Ol S350 8 )le3 Ly Cu-As (5L 151> (g
C By bl o (651 pl 5L llas .cawl sadodl
9395 0] Sawo dlessl b 3 JBSS ol Sao
)13 3939 5WT gl 53 &S ol - (Cu,As) 56 56 oyl
Si3lw SEM polai 5 (8159l 3 JL>yma
o=l o o oS sl siis saaline (Bra) (ST
sile ol Bl jeis Jlis ) logas ksl
At Jid e gg ol 286 Ll oyl &S A0S 0
7 Ly s e Sio ] YU 203 4y 255 b Sy
Q.LA)']).) » 4)Lﬂ u—"l JJA_J.» L;.))P 9 L.bdw oK
POst- (g S gy jl dm gy 8L b i la
i 45 294 o0 ] (depositional) precipitation
S92 ool (58 0 sl Jolome Sy B A algs
2 1oy 50b 5 gy [44] el fye 13 L g e
s sla 55,05 Lol 410,34,45] LS sloo! prdane

199 uLuqug_,.uLa 9 & jlouks ol Jlw | A


http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dor.isc.ac/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html

[ Downloaded from jra-tabriziau.ir on 2023-03-17 ]

[ DOR: 20.1001.1.24764647.1399.6.2.8.4 ]

[ DOI: 10.52547/jra.6.2.75]

s . :
\—smu[:wb Ry liwl 0 jy swoliliad g

S5l 3wl
csolol paliaze M 385 Ol jl dlie Bainy
b o5 Cao o 00l eleciin gas g Ll
Ol iy > L gleialy 5§ S8 (4l (il
gl 3 e A bled o (gl Swliw imgi

33,5 o 3l Siis JleS clio sl

References

[1] Thornton CP, Lamberg-Karlovsky CC,
Liezers M, Young SM. On pins and
needles: tracing the evolution of copper-
base alloying at Tepe Yahya, Iran, via ICP-
MS analysis of common-place items.
Journal of Archaeological Science. 2002
Dec 1;29(12):1451-60.

[2] Lechtman H. Arsenic bronze: dirty copper
or chosen alloy? A view from the
Americas. Journal of field archaeology.
1996 Jan 1;23(4):477-514.

[3] Meier DM. Preliminary archacometallurgical
investigations of Bronze Age metal finds
from Shahdad and Tepe Yahya. Iranian
Journal of Archaeological Studies. 2011
Apr 1;1(2):25-34.

[4] Kashani P, Sodaci B, YOUSEFI R,
Hamivand M.  Arsenical  Copper
production in the Late-chalcolithic period,
central plateau, Iran. Case study: Copper-
based Artefacts in  Meymanatabad.
Interdisciplinaria Archaeologica, Natural
Sciences in Archaeology. 2013:99-103.

[5] Hauptmann A, Rehren T, Schmitt-Strecker
S. Early Bronze Age copper metallurgy at
Shahr-i  Sokhta (Iran) reconsidered.
Deutsches Bergbau-Museum; 2003 Jan 29.

[6] Budd P, Gale D, Pollard AM, Thomas RG,
Williams PA. The early development of
metallurgy in the British Isles. Antiquity.
1992 Sep 1;66(252):677.

[7] Lechtman H. The manufacture of coppet-
arsenic alloys in prehistory. Historical
Metallurgy. 1985;19(1):141-2.

[8] Thornton CP, Rehren T, Pigott VC. The
production of speiss (iron arsenide) during
the Harly Bronze Age in Iran. Journal of
Archaeological ~ Science. 2009  Feb
1;36(2):308-16.

[9] Rehren T, Schneider J, Bartels C. Medieval

AV | 1919 uL;.u.ng_,.uL: 092 6 louk couauds Jlw

il dbgoe opl ) C g (g5l ol g ok
&Ju‘}_&w UT )|=\§pwu] u:] odls u,l )§,; L;)’B

o) odubodaiw!

Sl a5 59m 3l odelcansd g5 downe ;> &5 (cuil)3 .
sl 04 dog] (.5 Frev)

lead-silver smelting in the Siegerland,
West Germany. na; 1999.

[10] Modlinger M, Sabatini B. A Re-evaluation
of inverse segregation in prehistoric As-
Cu objects. Journal of Archaeological
Science. 2016 Oct 1;74:60-74.

[11] Momeni, N. Emami, S. M. A., Karimy, A.
M. Technology and comparsion of two
types of gray and red wares from
Espidezh  cemetery of Bazman in
Baluchistan according to the samples
deterioration, Iahan. M.A. thesis. Art
university of Isfahan, 2018.pp 9-10

[12] Pourzarghan, V., Sarhadi-Dadian, H.
Hosseini, S. Identifying the Technology of
a Bronze Dagger Discovered in Espidezh
Region of Bazman in Sistan and
Baluchestan, Iran. Journal of
Anthropology and Archacology June
2017; 5(1):47-54.

[13] Northover JP. Properties and use of
arsenic-copper  alloys.  Old  world
archacometallurgy. 1989:111-8.

[14] Scott DA. Copper and bronze in art:
corrosion, colorants, conservation. Getty
publications; 2002.

[15] Craddock PT, Meeks ND. Iron in ancient
coppet.  Archacometry. 1987  Aug;
29(2):187-204.

[16] Craddock, P. The Composition of the
copper alloys used by the Greek, Etruscan
and Roman civilisations: The Greeks
before the Archaic Period. Journal of
Archaeological Sciences. (1976) 3, pp93—
113.

[17] Cowell MR. Scientific appendix I: chemical
analysis.  InCatalogue of  Egyptian
antiquities in the British Museum, VII,
tools and weapons, I, axes 1987 (pp. 96-
118).


http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dor.isc.ac/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html

[ Downloaded from jra-tabriziau.ir on 2023-03-17 ]

[ DOR: 20.1001.1.24764647.1399.6.2.8.4 ]

[ DOI: 10.52547/jra.6.2.75]

Ol jupuul adhio I 5Sciw T yuo bl idb jo ) 9 (r9Sawg jSuo Sl gz / glySes 9 Y82 iy
SR 3

[18] Keesmann 1, Onorato  AM.
Naturwissenschaftliche ~ Untersuchungen
zur frithen Technologie von Kupfern und
Kupfer-Arsen-Bronze. na; 1999.

[19] Doonan RC, Day PM, Dimopoulou-
Rethemiotaki N. Lame excuses for
emerging complexity in Early Bronze Age
Crete: the metallurgical finds from Poros
Katsambas and their context. Metallurgy
in the early bronze age aegean. 2007:98-
122.

[20] Metkel JF, Shimada I, Swann CP, Doonan
R. Pre-Hispanic copper alloy production
at Batan Grande, Peru: interpretation of
the analytical data for ore samples.
InArchacometry of pre-Columbian sites
and artifacts: proceedings of a symposium
organized by the UCLA Institute of
Archaeology and the Getty Conservation
Institute, Los Angeles, California, March
23-27,1992 1994 Oct 27 (pp. 199-227).

[21] Petersen, Ulrich. Geological Framework of
Andean Mineral Resources. In George E.
Ericksen, Maria Theresa Cafias P., and
John A. Reinemund, eds., Geology of the
Andes and Its Relation to Hydrocarbon
and Mineral Resources. CircumPacific
Council for Energy and Mineral
Resources, Earth Science Series 11.
Houston: Circum-Pacific Council for
Energy and Mineral Resources, 1989: 213-
232.

[22] Rostocker W, Dvorak JR. Some
experiments with co-smelting to copper
alloys. Archeomaterials. 1991;5(1):5-20.

[23] Nazari AM, Radzinski R, Ghahreman A.
Review of arsenic metallurgy: Treatment
of  arsenical minerals and  the
immobilization of arsenic.
Hydrometallurgy. 2017 Dec 1;174:258-81.

[24] Tylecote RF, Ghaznavi HA, Boydell PJ.
Partitioning of trace elements between the
ores, fluxes, slags and metal during the
smelting of  copper. Journal of
Archaeological ~ Science. 1977 Dec
1;4(4):305-33.

[25] Coghlan HH. Notes on the prehistoric
metallurgy of copper and bronze in the
Old World.

[26] Bachmann HG. The identification of slags
from archaeological sites. Routledge; 2016
Jun 16.

[27]Hauptmann A. The investigation of
archacometallurgical slag.

InArchacometallurgy in Global
Perspective 2014 (pp. 91-105). Springer,
New York, NY.

[28] Valério P, Soares AM, Aratjo MF, Silva
RJ, Porfirio E, Serra M. Arsenical copper
and bronze in Middle Bronze Age burial
sites of southern Portugal: the first
bronzes in Southwestern Iberia. Journal of
Archaeological Science. 2014 Feb 1;42:68-
80.

[29] Figueiredo E, Aratjo MF, Silva RJ, Senna-
martinez J. Corrosion of bronze alloy with
some lead content: implications in the
archaeometallurgical study of Late Bronze
Age metal artefacts from “Fraga dos
Corvos”’(North  Portugal). METALO7
(ICOM-CC) Proceedings, Amsterdam.
2007;1:61-6.

[30]  Scott DA.  Metallography  and
microstructure in ancient and historic
metals. Getty publications; 1992 Jan 2.

[31] Dies K. Herstellungsverfahren von Kupfer
und  Kupferlegierungen  (Ausgewihlte
Abschnitte). InKupfer und
Kupferlegierungen in der Technik 1967
(pp- 67-100). Springer, Berlin, Heidelberg,.

[32] Subramanian, P.R, Laughlin, D.E, As-Cu
(Arsenic  copper). In  Subramanian,
P.R,.cditor, phase diagrams. 1994: 43-52.
The materials information  Society,
Materials Park. Ohio.

[33] Junk M. Material properties of copper
alloys containing arsenic, antimony, and
bismuth.

[34] Meeks N. Surface characterization of
tinned bronze, high-tin bronze, tinned
iron and arsenical bronze. InMetal plating
and patination 1993 Jan 1 (pp. 247-275).
Butterworth-Heinemann.

[35] Eaton ER, McKerrell H. Near Eastern
alloying and some textual evidence for the
early use of arsenical copper. World
Archaeology. 1976 Oct 1;8(2):169-91.

[36] Ogilvie RE. A Few Examples of Electron
Microanalysis of Art Objects at the
Boston Museum of Fine Arts. Microscopy
and Microanalysis. 2001 Mar;7(2):193-199.

[37] Budd P. A metallographic investigation of
Eneolithic arsenical copper artefacts from
Mondsee, Austria. Historical metallurgy.
1991;25(2):99-108.

[38] Budd, P.D, determination of the
manufacturing  processes  of  eatly
prehistoric arsenical copper artefacts by

1799 gliwoj g job (g 6o cudnd Jlw | AA


http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
https://dor.isc.ac/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html

[ Downloaded from jra-tabriziau.ir on 2023-03-17 ]

[ DOR: 20.1001.1.24764647.1399.6.2.8.4 ]

[ DOI: 10.52547/jra.6.2.75]

s . :
\—smu[:wb Ry liwl 0 jy swoliliad g

microstructural analysis based on Re-
evaluation of mechanical properties of
copper -Arsenic alloys (unpublished phd,
university of Bradford). 1991b.

[39] Budd P. Eneolithic arsenical copper: heat
treatment and  the  metallographic
interpretation of manufacturing processes.
Archaeometry. 1991;90:35-44.

[40] Lechtman H. The manufacture of coppet-
arsenic alloys in prehistory. Historical
Metallurgy. 1985;19(1):141-2.

[41] Pollard AM, Thomas RG, Williams PA.
Some  experiments concerning the
smelting of arsenical coppet.
Archaeological Sciences. 1989 Sep:169-74.

[42] Giumlia-Mair A, Keall EJ, Shugar AN,
Stock S. Investigation of a coppet-based
hoard from the Megalithic site of al-
Midamman, Yemen: an interdisciplinary
approach. Journal of Archaeological
Science. 2002 Feb 1;29(2):195-209.

[43] La Niece S, Carradice 1. White copper: the
arsenical coinage of the Libyan revolt 241-
238 BC. Historical metallurgy.
1989;23(1):9-15.

[44] Pereira F, Silva RJ, Soares AM, Aratjo MF,

A9 1919 u&mjg}g%@g)@lﬂ.ﬁb;pﬁuﬁ:du

Oliveira MJ, Martins RM, Schell N.
Effects of long-term aging in arsenical
copper  alloys. Microscopy  and
Microanalysis. 2015 Dec 1;21(6):1413.

[45] Emami, SM.A, Jafari, J.
Archaemetallugical studies on corrosion
behavior of Cu-As alloys from LAMA (2nd
millennium BC), Iran In: Arzarello, Marta.
Djindjian, Francois. Oosterbeek, Luiz.
(Eds) - UISPP Journal The Journal of the
International Union of Prehistoric and
Protohistoric  Sciences. 2019. Vol 2-1:
pp24-32.

[46] Figueiredo E, Senna-Martinez JC, Silva R],
Aragjo MF. Orientalizing artifacts from
Fraga dos Corvos rock shelter in North
Portugal. Materials and Manufacturing
Processes. 2009 Jul 24;24(9):949-54.

[47] Smith CS. An examination of the arsenic-
rich coating on a bronze bull from
Horoztepe. InApplication of science in
examination of works of art-proceedings
of the seminar: June 15-19, 1970,
conducted by the research laboratory,
Museum of Fine Arts, Boston,
Massachussetts 1973 (pp. 96-102).


http://jra-tabriziau.ir/article-1-245-fa.html
http://dx.doi.org/10.52547/jra.6.2.75
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://www.tcpdf.org
http://dx.doi.org/10.52547/jra.6.2.75
https://dorl.net/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://www.tcpdf.org
http://dx.doi.org/10.52547/jra.6.2.75
https://dor.isc.ac/dor/20.1001.1.24764647.1399.6.2.8.4
http://jra-tabriziau.ir/article-1-245-fa.html
http://www.tcpdf.org

