
Abstract

The study of corrosion mechanisms in ancient bronze artifacts,

particularly those from the salty and humid region of Hormuz,

is crucial due to severe corrosion. This article examines a bronze

dagger attributed to excavations in Hormuz to analyze its corrosion

behavior influenced by the environment. Techniques such as X-ray

imaging, stereomicroscopy, X-ray diffraction (XRD), polarized light

microscopy (PLM), and scanning electron microscopy with energy-

dispersive X-ray spectroscopy (SEM-EDX) were employed. Results

show that most of the dagger has transformed into corrosion products,

including copper and tin oxides, as well as basic chloride compounds

like atacamite and paratacamite, forming a three-layered corrosion

structure. The corrosion mechanism involves selective dissolution

of copper, its migration to outer layers, and the concentration of tin

oxide compounds in the central regions, accompanied by chloride ion

penetration. This process has preserved patterns of grain structure and

thermal twinning in the inner oxide layers, with periodic deposition of

copper and tin oxides indicating the formation of a colloidal solution of

copper and tin salts beneath the soil (Scott, 2002; Robbiola et al., 1998).
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Introduction

Tin bronze, a widely used alloy, is of interest to

researchers studying corrosion and conservation

of metal artifacts. The corrosion of these

alloys, due to its complexity, is often studied to

determine conservation strategies. Studies have

shown that corrosion products of bronze artifacts

vary depending on the corrosive environment and

structural characteristics (Scott, 1985; Ingo et al.,

2006). In humid and salty environments, surface

layers of copper(II) salts form as secondary

products. The corrosion of tin bronzes is often

associated with decuprification, involving the

dissolution of copper and migration of copper

ions outward, leaving tin behind in the inner

regions. This phenomenon leads to internal

oxidation and stabilization of the bronze structure

over time (Robbiola et al., 1998).

Materials and Methods

The island of Hormuz, with its hot and humid

climate, provides an ideal environment for

studying bronze corrosion. A bronze dagger

from Hormuz excavations was examined using

X-ray imaging, stereomicroscopy, XRD, PLM,

and SEM-EDX. Samples of corrosion products

were analyzed using wet chemistry and XRD.

The microstructure was studied using optical and

scanning electron microscopy (Varjavand, 1975;

Karimi, 1994)

Results and Discussion

The results revealed that most of the dagger had

transformed into corrosion products, including

copper and tin oxides, and basic chloride

compounds. The corrosion layers consisted of

copper(I) and tin(IV) oxides, forming a layered,

sandwich-like structure. The selective dissolution

of copper and its migration to outer layers, along

with the concentration of tin oxide compounds

in the central regions, was the primary corrosion

mechanism. Chloride anions from the salty soil of

Hormuz accelerated the corrosion process (Scott,

2002; Dillmann et al., 2007). Patterns of grain

structure and thermal twinning were preserved

in the inner oxide layers, indicating thermal

and mechanical processing during the dagger's

manufacture (Robbiola et al., 1998).

Conclusion

The study of the bronze dagger attributed to the

historic Hormuz Castle revealed that most of the

artifact had transformed into corrosion products.

The corrosion mechanism involved the selective

dissolution of copper, its migration to outer layers,

and the concentration of tin oxide compounds in

the central regions. The penetration of chloride

anions from the salty soil of Hormuz accelerated

the corrosion process and facilitated the formation

of layered copper and tin oxide compounds.

This study highlights the significant role of

environmental conditions in Hormuz, particularly

humidity and salt, in the corrosion of bronze

artifacts and underscores the need for specialized

conservation measures to prevent further

deterioration (Scott, 2002; Robbiola et al., 1998)
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فرغنجروتاندرحلی

*2ر عیم رتو ،1میر ما

.ر ،هر ،نگر -خا ا ر  فا شکدژ ناا ،ر  فا تر .1

.ز ا و ژشگر ،ر  فا تر .2

چکید

نطقــ  کشــو ــزر ــا ــم   ــتاا رــز ــو اــا عــطا
.ــ ورــا م  ــدد ــو ــ ــ رــز ــور مــر
نطقــ ــافا ــ نســو فــر ــنجــر ــقا ــ  ــا ــ ــر
ــو تــا عــطا هــ ،  بــ  ــز ــ ــور ًتمــا رــز
ا ــر ــتا ــ  .ــ تــر ــر عــطا ــو ــح ــر  تأــر
ــنا خ ــو نظ ،X ــع  ــر رصو   ــز  ــز غ ــد اا
  ــو  ــو حص ــا نا ــر  ،ــکو کروتر  ــر  ــط 
عــطا ــر  (XRD)کــور ــنر ــتگا ــا  ــر ــم
ــکم .ــ ــد ــتفا (PLM) ــز  ــو  ــکوکر  تاــاز
ــگگو ــر   ــو ــا عــطا نظــو ــکوکر عــاطا
جز ســت  جهــز ش کتــر ــکوکر  ــتفا ــا ناــر ــو
ــد شــا ــد ــ ــتا .ــ تــر ــو (SEM-EDX)نصــر
ــادر  ــ ،ــ ــدس ــو حصــو ــ نجــر ظــ خــ
ــبد  ــو ــو ــ ــ تاــا ــ  ــااا  ــاا ــا
ــا ،ــ تخــا ــح ظــر ــو نجــر ــو اــا .ــ ــد
اســم  ــ  ــد س ــا رب ــ غ  ــا  ــا ــ   ــد
ــ ــو ــا ــ رــد ــاو فــو ــا ــ ــو ــمو ــزر
 نــد  ــر ــد ا ــا  ــا ــوذ ــد د .ــ ــد مــر
نکــ مــ ،ــد ــ ــدس ــو ــا  ــر ــاو
ــ ــ تاــا ــو ــ ــ ــدس بــار  اشســ
. ــا ــا ــر  ــ  ــ ــام  ــدو ــوح ــ شــک

تخــا ــح رــز، ــخا عــ ،ــ رــز ،ــو :یــد ا
.ــ ســد ،ــ ســد ،ــ

.و تنا جا ،نا ا و    جار تفا ور .  مگا ر قا   تر

ر فا اص

3 ما ،فتا
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قد

ــو ،ــر ار ــاا  ــک نــو ــ ــز ر
ــا  ــ فا  ــو  ــ حقق  ــا س ــ 
 ــو  اــا  ــد چ ــ   ــ  ــز 
ــع نظــو ــا ــو تــا ــو  ــاس
 .ــر  ــر  ــ طاع ــو  ــت فا ــا ش
نــر ــا  طــ  ــ  ــ ــا طاع ــ م 
ــ ــا  ــوو بــار  ــو  ــز ــا ــ
Scott, 1985;)ــ تــر جــا ــدد، ــد  
ــا  ــو حصــو ،ــ   .(Ingo et al., 2006
ــا ژ ــر أ  ــد و ــ ح ــ  ــت س ــز ر
ــا  ســتند. ــدچ  تفــا ــ ــر، تاــا
ــاحز  ــ  ــ ح ــر ــ  ســت ــز ر
II) Cu) ــام  ــطح ــا ،ــوو
ــا   ــر  ــ  ــ وا ــو حص ــو ن
کــ .ــو شــک ــز ــط ــر جــا ــدس
ــر  ــو تاــا ــو   ــا  ــ  ــز ر ــاگا
تــنا ــ ــ ــط ــو ــد ــا ــو ــا
ــا زر ــر  ــا طاع  ــا س ــ تا ــود. 
ــا ــ  ــ ــ رب 1ــ ــد د ــا  ــ 
ــو ــ ــاو ــرها  ــ ــح
ــ  ــو دس ــ    ــ  ــد ا ــا   ــا
ــ  ــ   .ــ  ــر  اــم س  ــو و
ــا بــا  ــ ــودس ــا ــد  ــدد
مــر ــدا ــا ــ ــد ــر رــز تاــا غــر

.(Robbiola et al., 1998) ــ

ــا ــمد ــاصنو  ــو  ــو ــ
مــ ــا  )ــ  -ــ ــا ( ــ  ــز ر ــن ع ــ
19 ــر  ــ  ــا  تاــاز ــر   ناــر ــ جز
17۰ ــ د  (Figueiredoa et al., 2010) ــر  ــا 
ــ ــو  ــو ــ ــحقق عــطا ــوو ــا
ــعب ــاگا ــر ــانا .(Ingo et al., 2006)
 ــنا خ ،ــتا ا ــز ر ــ  -ــ  ــا ا
 ــو ــو  ــر ــ ــا شــک اــا
ــو .(Robbiola et al., 1998; Chiavari et al., 2007)
ــدر ــا ــ ــ ،ــو ــ  ــا 
ــا  ــر ــ گــر  ــد ــد ــ  ــ
ــدر ــ ــا ــ  اــر ــ/ ســب

فر نجر وتا   رند ح

تاــا ــ ــا  ــو  ــ؛ ــدس بــار
ــ  ــ    ــو   ــر خ  ــد چ ــا س
ــ بــار ــا ــا ــــ   ــ ــ
 ــتر ــ ــ ســد  ــ ،ــتر 
ــو ــد ــ قــد ــز ــا ــ ــ ــ
ــدد  ــا ــو ــو ــ .(Souissi et al., 2007)
ــا ب ــا  ــ ــو دس ــا   ــ ــ
ــا ــاژ .(Dillmann et al., 2007) 
عمــو ــو ــد ــا ــطا اــا ــ ــو
ــو حصو  ــدس بــار شــک ــا رــز
Constantinids et al.,)ــ ــح ــا ــ ــوا
اــک  ــاس  ــو تــا ــ .(2002
ــا  ــر م ــ  ــا   ــ  ــ خ ــا  
رــک   ــر  ــا رز ــا تخ ــا و
 (Ingo et al., 2006)ــ ــد ــز  2ــور
ســفر  ر ــا ــا نــر ــا ــور بتــ
ر ؤر ــا ــر  ــو ــر ــدــا  ــوو
Scott,)ــ ــا  ــ و  ــ  ــ خ  ــو 
 ــدا ــز ر 3فحــــ  ــ طاع  .(2002
ــ ســر ،4ــا نطقــ ــز   ــ
ــا  ــ ــز ــا ــا ــو ــا
.ــ ــو مــر ــ ــدد ــب ــ ــ
،ــر  ــفا س ــ ر ــر  ــ م  ــ نک ــ م
،Anglesite ،6ــر فاــو  5ــور ــسد
ــو و ــو   ــز  ــا  ــ  ــ رن ــ ا
Remazeilles&) ــ ــد ــز ــ ــا 
ــو  ــا دد ــ طاع ــ بت .(Conforto, 2008
ــ .ــ ــدچ ــاس ــوو ــتاا ــز ــا
ــ ــ ــا ــو  ــح ــ نکــ ــر  رنــد
ــو  ــاس ــ  ، ســتگ ــو  ــود  
بــر ــ ــا ــا   ــام ــر ــو
 ــم ــا بــر ــ رــز ــو رنــد .ــ
ــا  ــ ق ــر  ــد زن ــو  ًــر  ــ ر ،ــ 
Robbiola et al.,)ــ ــد أــد رنــد ــ  ــز
.(1998; Figueiredo et al., 2007; De Ryck eet al., 2004
ــ ــا ــا ــو ســکا  هــ قــش ــر
ــخا ــز ر ــ ن  ــد رن ــر ــاچو ،
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Ingo et al., 2006;) ســتند وــا ــا حــ
ــز  ــو ــر    Constantinides)؛ et al., 2001
  ــز رــر هــا ــا ــو ــا  ــر
Figueiredo) ــد شــاــز (Bulk)ــز نــ
ــا بــر ــ ــ ــغ ــ ــوما .(et al., 2007
ــاو ــا ــدا  ــ ــا نصــر ــو
 ــ رنــد ــا بــر بتــ  ــو رــز  ــ
ا ــو ــا .(Hassairi et al., 2007)ــ ــتاا رــز
،تاــاز ــر  ــر ــا بــار ــانا ــ
رــک  ــو رنــد ــخت ــادد
ــا ــ ــح ــا بــا ــد  ــو ــا
ــوم ــا ــها ــام ــر  ا 
Silva et al., 2008; Robbiola et al., 2001;) ــر ــح
 ــزر ــر ــا ــا طــ  .(Tylecote, 1979
وو ــ مند ــحقق ــو عــاطا ــ ــر
ــا نجر ــن  ــا طاع ــ م  .ــ ــد  ــا ج
ــ حو  ــد  ــ  ــر نج ــ  ــو  ــر ف
ــ ســتاو  ســتا  اا نطقــ  دــپ
 ــن -ــ ــا  ــقا ســندو  قــ ــ ــ
 ــدر بــار  ــدتا ــرخت ــو ــ
ــد  ــا حصــو مــد ،ــ ــادس نــا
Pourzarghan)؛ et al., 2017)ــ ــو   ــو
ــتاا ــحو ــ  ــو ر ــر ف نجــر  ــ طاع
ناــر ــانا  ــر عــطا ــ مرــز ــ ــر
ــر ــز  ــا  ــ   ــ( ــا  دــا ــا رب 
اکــ  ــرخت(ــا ــو   )ــ ــا س
Bakhshandefard and Taheri bajan,)ــ ــو )ــر
ــ طاع ــ   ــو ــ  گــر ــژ  2017)؛
 ــد س ــا رب ــک ش ــد   ــو  ــد رن
Naeemi and)ــ  ــ رت ــز ر ــا  ــا مو
ظــر  ــد بتــ ــ ــر ــا ،(Khadir, 2017
ــ طاع ــو  نجــر ــا  تــبا  ــ  ــ ح ــر 
ــد ــا  ــ طاع ــ  ، ــ   ــد. د ــ قا ــ  
نســو زر ــنجــر ــو ــد ــ ــر
ــو اــا ــح  رــز ــرز ــاا ــ
ــ  ــ ح ــر   تاــا ز ــا صو  ــر تأ
 گــر ــن عــاطا   عــطا ــ وــد کــ
.ــ تر ــو نــد، تماــز ــا  ــر ــ ــو
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ترو 18  ،ــر وتر 41ــع ا رــز ــرز
 دا ــا ــا  عضــ . ــر بــاند ــهر
 رــا ــا   ــ ــور ــد ــر ــ ــتا
،ــد ننــدنعک ،ــ طــ ــ شــ  ــرر
ــد .ــ نطقــ ــ مــد اــکو  نــگر
ــز ر   ــهر خســت ــا ن خــا اــتو 
  ــ  ــد. ن ســب ــا ا ــر   ــ 
ــ رــز ،جــر فتــ ــد  عــد   ــا 
15۰7 ــا  ــ ــ رغاــا عــ اــد. اســ
ــا  ــا   ــز ر ــر ز ــما  ــ   
 ــا رغ ــو ا "ــر بر ــو "فوس ــا ر ــ  
مااگــر ،(Varjavand, 1975) ــد ــد شــ ــرز
نشــ .ــ رــز ــرز  خــا ــوا ــره
ــ ــدجا ا ــا رــز نطقــ  ا
1355-1356اــا   ــا خت ــ س ــت رر
ــ   ــا ــاتا ــ رمد ــ ــ مســ
فــر  ــ نعت خــ  گرــفا ــاو صــ
بــذ  ســکو ــاا عمــا ــاقا  ــرز
ــترر ــ ــمس 1372 ــا ا  .ــ ــو
ــا قا ــز، ر خــا ــ ع حــ  مــر ــ ام
ــ ــ  تأــر اــد  نگــر
 ــ طاع ــو  ــر نج .(Karimi, 1994)ــ  ــد 
ــزر عــاطا طعــا ــجمو ــا مــر ــقا ــ
.ــ ــو رــز ــرز  ا ــ  ــد ــ
نجر ــ شــ  حــ  ا نکــ ــ ــو ــا
 ــاناــژ ــوو ــر -ســشــخ
ــد ر  اــد گا  -ــ س ــر   ــا ژ
،شــا ــامو ــا  ــق طب ــا طاع جــا ــا  ــ
 ــد. زن ــ خم  ــر  ــ  ــ  ــو ر ــا  ــا 
 ــد ــ فــر ــانجر ــمو ــر
 ــ قربــاً ــ فــ ــو ــخت ــاا
ــ صــر  تأــر رــز صــر ــر ــ ــور ــا
 ــتند. س ــر   ) . 12۰۰ ــا  15۰۰ ــد ( 
ــا تا ــ  ــو  ــر ف ــا نجر ــ  ــ م
ــتار ــاا  ــا ــدز  اــر
غــ ــانجر ،(Muscarella, 1988; Overlaet, 2003)
Muscarella,) ســنو پــ ــا اــت ــا نــد
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ــا  ــ ا ــر ف ــا نجر ،(2006; Dyson, 1964
ــر نحصر ــر ن ــا زن  ــا  ــا  ــ ف
ــانجر ،(Negahban, 1996; Negahban, 1989)
ــاو ــاغ  ،ــ پــ  صــا پــ فــر
نــاز  ــو ــرا شــتر ــ ــا اــت 
Ghirshman, 1938; Majidzade, 1997;) ــد  ــر مت
فــر ــانجر  ( Schmidt, 1937; Tala'I, 1983
نــد ــاغ ــا ســتاو  ســتا ــتا  ِدــپِ
ندــا ش ــد ن ــو ق ــا  ــن ز اــت  
ــر ــا نــد  ــنهر نــگر ــرأ

.(Pourzarghan et al., 2017)

عطا و موعر

.ــ ــد کســت ــ طعــ  ــ ــوذ نجــر
ــد،  ــک ش  ــر نج ــت  ــ  ــز  ــم س
ــا ع ــا  ــر گ ســم  ــر  87/7 ــا ع  
ــا ــا  ــ  ــو  ــر 56/1 عــا ــر و
.ــو  ــد  ــر نج ــر ار  ــ  ــم س 
ر قطــ  ــدد ــو ــد  ــرا ــود
طعــا ــو ــطو  انــد ــا اســتگر 
ــا  ــ و ــفاتأ .ــو دشــا نجــر
 ــ ح ــر،  ــخ ا  ــو ص  ــد  ــ ب
ــو ذ ــ ــ رنا ســ؛ ــوو  ا ــر
ــامو ــجمو ــا  ــو  مــر ــ  ــ  نهــا 
رز، ــرز ــاا  ــد ــا ــزر عــاطا

ــن  نــام  ســتد ــجمو ــ ــ نســو
 ــق طب ــا طاع ــ  ــا   ــخ ا   ســبت
ــ ــر . ــجمو ــ  گــر ــامو ــا ــن
عطا ــتا ــا ،بــو ــحق ــ ــد ــوذ ــو
  ــا ر ــا -ن ــد و ــو  ــا ت

اــد. ــر ــا ــع ــتا

ژ

ــ  ــع ــر تــد اــر، ــحق 
  ــتفا ــا  ــو ــز ــا 
Radioflex ــد  ــتگا  ــا  ــ ک ــع  ــگا ور
ــد. جــا ــ Rigakuــر ــا 100GSB
ــو حصــو ــانا نظــو ــمچن

و حصو  ،فر نجر صور .1ک

.دد ا بز

Figure 1. Image of a bronze dagger, with green
corrosion products in the separated layers.

 ،  صر  تع فر انجر صار .2ک

، اا  د ،    ر

(Casanova & Vallet, 2019) پف  تار ،ا

Figure 2. Images of bronze daggers dating back to
the Iron Age I, from right to left, obtained from

excavations in Kalardasht, Marlik, Lorestan, and Haft
Tappeh (Casanova & Vallet, 2019).

فر نجر وتا   رند ح
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جــا مــ  ــر ــو ــر مو تــد ،ــ
 اوــا ــانا ــر مــر ــاا
ــتگا ــو ــو حصــو ،ــوو ــاو
X’Pert PRO ــد (XRD) کــور ــنر
ــ  ــد ن ــو ش PANalyticalــا مپ ــا MPD
ز عــاطا جــا ــتا  .ــر ــر ــجز ــو
ــتفا ــا نجــر  ــکو طعــ تــد ،ــناتاا
ــا  ــ  ــد ــتر ــارو ــر ــز 
اــنبا  ــا  ،ــس و ــز   ــ    ــر 
 ــ ــها  ــد. ــاا 2۰۰۰-2۰۰ــ
وســپاو  ــو مــد  ــتفا ــا ــمو ــو
تد ــمو قطــ ــط ــکوکر عــاطا ،ــما
Leika,WildM8 ــد  ــکوکروتر  ــتفا  ــا 
Olympusــو  ــکو کر  ــتفا  ــا  ــپ  
ــ ح ــ ه ــ   .ــ ر ــا ج PMG3 ــد 
 ــو ــا ــکم عــاطا ــو ــد 
ناــر ــ و ــگ گو ــر   ــ مو قطــ ــط
کتــر ــکوکر  ــوذ ــا ندشــک
ســت  جهــز VEGAــد (SEMTescan)ــش

ــد. ــ رت ــر ه (EDX)نصــر ــ جز

.فر نجر  ر  و قا ر .3ک

Figure 3. Schematic of Longitudinal and Cross-Sections of the Bronze Dagger.

اتا ح  تا

حصــو نجــر، ســر شــ ــا  ــا ر 
گ حــد ــا ــ ــ رــز ــدس ــو
ــر  اــم س ــر   ــو ه ــز ر ــا  ــج ا
حصــو ــا ــ ــط ظــ ســم ــد. دشــا
،ــر ــبز ــگ نــو ــا ــ ــبز ــوا ــو
.ــ ــد ــدو ــ ــ ــبز  هــو ــبز-
 ــد  جــا ــر   ــو  ــا  ــا ر ــو 
ــو  ــا  ــز  ــ ا ــو  ــا 
ــو حص ــد  ــر ا  ــو  ــا ر ــ ح 
ــ ر ــا   ــو  ــ  ــبز  ــو 
4 ــک  ــگا   دــا ش ــ  .ــ  ــد 

.ــ ــد نعکــ

ــبز حصو )5ــک(ــکوکروتر صاــر 
.4 ــک( ــو ــا ــا  ــو  ــ
)ــ .5 ــک( ــطح انــد ــو دــو ــا )
ــا  ــدجا ــار .ــ ــد دشــا
ــر ــو ــوذ صاــر  ــو

.)   .5 ــک( ســتند ــاما
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(X-RAY)ک عگاور

ــ   ــ ک ــع  ــگا ور ــر صا ــر  ــا 
ــز  ــز غ ــد  ــ  ــد  ــر ظ ،)6 ــک (
ــا  ــر ز ــ طع ــز ر ــ غ ــا  ــم س 

ــا تم ،ــو  ــد  ــ  ــ ر .ــ ــد ا
ــدس ــخ  ــتر ــ ،ــوذ ــو نکــ
ــع ط ــو  ــ  ــا  ســ؛ ــا تظ   ــ  ــد ا
 ــر نج ــو  ــ ا  ــر و ــ طع ــ  ــ 
اــد ــداا طعــا راــر  نــا اســم

نجر. گا   رصو .4ک

Figure 4. Image of the Dagger's Condition Assessment.

و؛ ا ا بز و حصو ) ر؛ ط  وو او :  (X 40) کوکروتر صور .5ک

. بز و ا  دجا ار :  رز؛ دس ا  وو ار :

Figure 5. Stereomicroscope Image (X 40) of: a) Pits on the Surface of the Artifact; b) Green Powdery Products

Between Corrosion Layers; c) Cracks in the Red Oxide Layers; and d) Cracks Formed in the Green Corrosion Layers.

a/b/

d/ c/

فر نجر وتا   رند ح
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ــ خ ــا   ــا م  ــو   ــو  ــز  ــز غ
.ــ ــد ــبد ــو حصــو ــ ــر ظــ
ــع  ــگا ور ــر صا  ــا  ــا ور
ــر صو ــا  ــا   ــد ع ــ  ــو  دــا ش X
قــطا ســر شــ ــر  ــا ــگا
ــ  حــد نهــا رــا ــ ــد ن شــا  ــت

ــتند. س ــ م  ــو ب ــطح  ــا 

)SEM(شیککترکویکرعاطا

رــا  ــر جــا ــ ــد شــا ــ ــود
ــان  ــا وــد ــا شــر شــدد ــا 
ــا  ــو ــا رــک  
رند ســر ــر  نــ ــ اــد شــک  ــو
ار ــ ــو ــا .ــ ــر ــر ــز ــو
ــکوکروتر  ــتفا ــا تــرو ــ
 ــ خت ــو  ــا  ــو  ،)ــ  .7ــک (
ندشــا ــا ــا ــا ــمو ــزر ســم

.ــ ــر ــ  تشــر ــو ــد

ــد ر ــ مو ــو  ــکو کر ــا طاع 
ــز  ــز غ ــد ماا ،ــ ا ــتحا  ــ  ــر،  
ــز تاــاز  ــر کــ شــد. دشــا
ــزر اســم  نجــر ــا  ــتفا ــو
ــر  .) .7 ــک ( ــو  ــد  ــ مو ــ قط ــط 
 ســم ــ  ــر عــطا ــا ــم
ــکوکر  ــتفا ــا   شــتر ــا زنم ــا  ــر 
ــک   صوــر ــ ــر ــو ــش کتــر
 ــر  .ــر  ــد أ  ــد طر ــ ر ، .7

ــر ر ــو  ــا ر ــو   ــز غ ــو ط
ــ ــ ــدا ــا ــو ــ  تاــاز 
اــ ک ــک کا ــا م ــا ج نندــخ ش
ــا  ــر ــام  ــا ،جــد ــوب  عــد
،ــو اــا ــ  ــو ــا   ــو  نجــر ــا
ــدا ــا ــ ــدس ــا    دــو

.ــ

ــکو کروتر ــر صو  ــ مو ــز ر ــم س
 ــ ــبز حصــو ــو )ــ .7 ــک(
. ــ صوــر مــا 2 ــ ــا ــ ــد شــا
ــر  ــن ب ــر  ــم  ــا ا ــ تا ــ  ــ و ــا 
ــمو ــو حصــو  رــد ــو  ــ ــو
 ــ  ــا دس ــک ش ــ ر ــت خس ،ــو ذ
ــد ر ــ کتر ــر أ  ــو ف  ــا  ــا ن
ــ ــ ــدر حصــو شــک  ــز نــ ــا
ــدس بــار ــو ــد .ــو  ــدس بــار
ــد  ــو ،ــز ر ســم  ــ رو ــ  ــز ر
ــ  ــد ــا  ــ ــح ــدد ــر ــ
ــا  ،ــو طــر ــ ــا ــا ــم
ــد رن ــ  ــ تج ،ــ  ــد س ــا رب ــد اا
ــا ــو رنــد ــو اگــر ــود ــ .ــ
ــ  ــنا تاا ــ  -ــ ــز ر ــا صنو 
 ــا  تاــا ز ــا ژ ــ ف ــا  ــ  ــ 
ــ  .(Scott, 2002) ــو مــر ــدس ــا
ــ  ــتر ش ــز ر ــا  ــو  ــا   تاــا 
ــ تــر ــر ــا ــو ــخت ــحقق ــو

.(Robbiola et al., 1997)

رگا 

.ق 5 ا  mA 5 د  kV 90ر ا ر  رو ک .6 ک

Figure 6. Radiographic Image of the Artifact at 90 kV Energy and 5 mA Intensity for 5 Minutes.
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ا ــر عــاطا ،ــد طــر ــر ــر ــر
مــر EDXنصــر ــجز ســت ــاو  ــتفا
ــجز ــر (SEM) ــش کتــر ــکوکر ــا
 ناــر ــ و ــگ گو ــر   ــخت ــا
ــکوکر .ــ تر ــو ــکوکر ــطو
ــو ــط عــطا ــا ــم  ــش کتــر

c/

b/

a/


و


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 
ز
غ

طو


ا  (X 12)کوکروتر صور : .7ک

 (X125) و کوکر صور : ،مو قط و
  دماا ر  SEM صور : ،1   ر

.1 ما و

Figure 7. a) Stereomicroscope Image (X 12) of the
Corrosion Layers in the Cross-Section of the Sample;
b) Optical Microscope Image (X125) of the Pattern
in Layer 1; c) SEM Image of the Remaining Pattern in

Corrosion Layer No. 1.ا  (X 25)کوکروتر صور : .8ک

شتر کتر صور : ،مو ر قط  و

: ،مو ا م    و ا  (SEM)

.C   سمت (SEM)شتر کتر صور

Figure 8. a) Stereomicroscope Image (X 25) of the
Corrosion Layers in the Cross-Section of the مو; b)
Backscattered Electron Image (SEM) of the Corrosion
Layers from the Interior to the Exterior of the Sample;
c) Backscattered Electron Image (SEM) of a Section

of Layer C.

a/

b/
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فر نجر وتا   رند ح
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.5ک و ا  EDX از تا .1 د

Table 1. Results of EDX Analysis of the Corrosion

Layers in Figure 5.

ــا س ــتا ا  ــر ن ــا  ــ طاع  ــر   ــ 
ــجز ــکا ــا ــا صوــر ــه  ــ عمــو
 تاــاز عــاطا   ــو قطــ ،ــختــاا
عــطا بــــا ــ ــر .ــ ــز ــا ــو
،) .8ــک(ــکوکروتر ــا تــرو ــ
،ــمو ســم ــرا ــم ــ نــ ســم 
ــر رصو ــ خت ــا ــا  ــو ــا
ــ طاع ،ــد ع ا  ــا  ــ م ــر   ــ  ــد 
ــا  ــوو ناــر ــا طــ  شــتر
ــو SEM-EDX ســت ــا ــا ــر ــخت

.)   .8 ــک(ــ تــر

ــا ــخت اســم نصــر ــجز
1 ــد   ــا  ــم ــ  ــ مو ــز ر  ــو 
 A ــ ( ــ مو ــزر ســم ــ ــد شــا
ا  ،ــ ــ ــا قاــر ــا ) .8ــک
، ــک مــا  B ــ  ــوو ــر شــتر

ــد. ن شــک ــ  ــا دس

ــو ــزر ــء ــا ،عمــو ــر 
ــ ــط  ــر ــ ــو ــ ــ ،ــو
 .(Scott, 1997)ــ ،Iــ ــد س ،ــو ــد 
ــدس ــر تماــاقــ ،ــو ــد ــ
ــرها حــو  (Cu2-xO) (Chase, 1995) ــوذ
 (Scott, 2002) ــو  ــر ؤ ــ رو ــ   ــا و
ســه ــا  ــ رو ــ  ــخا عمــو ــر 

O%Cl%Sn%Cu%
Corrosion
layer

45.68-49.844.48A

11.851.54-86.61B

22.5017.59-57.93C

11.272.05-86.68D

26.37-10.1563.48E

47.835.2235.2911.66F

تا ــا ــر کــ زــاــد. ــو ــر
ــز ر ــم س  A ــ ا ــ جز  ــد  ــ 
ــ  ــ  ــ  خســت ــ ــد ظــر ــ مو
ــ  ــد  ــک ش ــ  ــا دس  ــ مو ــا 
ــو ــد   عمــو ــر  حــر -وــد
ــتا ا ــز ر ــگا  ــ بت .ــو  ــا  ــو ذ ــ مو
ــو ندــا ش ــد و ــط ح ــر  ــ  ــت س
اــد ــ  نــ ــو ــا ضــو  فــخت
ــا  ــو  ــا ث ــو ن .(Piccardo et al., 2007)
ــد کتوو δ+α  )ــ  ــد 67( ــ   ــن 
ــا ــ ــا ــ ــدس حصــو شــک ــا مــر
 ــ ا ــ ــ ــا طاع جــت ــا   ــو خ
ــن  ــا زر ــر   2۰1۰ ــا   ــ مکا
-ــ   ــس را  ــ   ــن  ــا د ــا 
ــد ماا ــد رن ــ ن ــا  ــد ر نتشــر ــ 
اــا   )ــ   ــد  9۰(ــ   ــن  ــا 
نتــر  رنــد ــ ــر ــدن ــامکتر
ــ و ــ ــ رــد ــاو ــرها ــا ــو
ــ ــو ــا طــ  بتــ .(Young et al., 2010)
نصــر،  ــ  ــدس حصــو شــک  ــ 
،ســند ــر ح ــ  ــو ــ  ــحو
ــ ــ حــ ــ ــا  ــو ــو ــ
Trentelman et al.,) ــو  ــ فا SnO2 ــا رع
ــک ش  ــ   ــن  ــا  ــو  ــ   .(1999
ــو  ســند ــر ــ ــدس حصــو
 ــ ــدس حصــو شــک  ــ  ــن ــا
Scott,) ــو وــد شــتر ــژس ــ نــدا ــح
 شــتر ــا ســ مــــا ــ ــر .(2002
8 ــک   ــد ــخ ش ،ــو  ــر گ ــا 
ــد   عمــو ــ ا  حــر ــر  ــ ح ــو 
ــ تا ــ ب .ــر  ــ  ــ  ــو ذ ــ مو ــو 
بــار مــد ،1 ــد  ــو ــا ــجز
دس حصــو نــا  ــدر بــار  C ــ
ــ ــ رــد ــاو نــد. شــک ــ
ــر م اــم س ــ  امــ کتر ــا ن
ــد رــز ــز نــ ــم ــ  ــو ــا
ــا تق . ــو  ــح و ــ ط ــ    ــود 
،ــو ــ ــر عــا  ــرغ ــا رــد
ــ ــر  Cl - ــا ــو ــر ــو ــ
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ــت  ــو وــد اــند، ــز ــا ــرو  متــر
ــا تق ــ  ــ  ــد رخت ــز  ــا  ــ 

.(Chase et al., 1995) نــد

(XRD)کور نجر

ــا ــا  رــد ــاو ــر ــا
ــر ــا ــر   نــ ،ــ ــم ــ ــدس
ــو  ــر  ــر ش  ــو  ــد   ــد ر
اــا  ــ    ــ ر ــز  ــ ا ــح  ــا 
ــا  ــا  ــا حو  ــو کش ــا   ــو 
نطقــ ــو ــر ــور ــو  صوــاً ررــد
ــ  ــوذ نطقــ .ــ ــن ــا رــز
ــا ــو  ــو ــز  ــ ــور  ــر
ــز ــد 1۰۰ ــ تــ  ــو ــا اســ ســتاا 
وــا ــ رــز ــر ز گــر ــگا   ــد.
   ــوو مکــ نبــد  ــد ــا ــا  ــا
ــ نا ــ   ــر نحصر ــا دد ــ م

ــو ــد ــا ــ ــر .ــو حســو
ــر  ــ ح ــر   ــر، نج  ــ ورت ــدد 
 ــد  ــ ــ تا  ــ نطق ــ  ــور  مــ
ــن ب ــو حصــو X ــو ر ــنر ــ جز
ــ ااا  ــ اا ــا  ــا در ــک ش ــر 
ــ  )ــرو(ــ ــدس بــار نــا 
ــو ذ حــاو ــا  9 ــک  ((SnO2)ــترا(

ــد. شــا ــ طاق

1 ــد   E  Dــا  ــر نص ــ جز ــ تا
ــدس هــو رــز بــار ــ ــد شــا
ــود. دشــا ــ ــر ــو ــا  (I)
ــدش ــ ــدس بــار ضــو کــ
ــ  ــر گ ــ ه ــو   ــو ذ ــا  ــ 
ــد چدا ــد د ــ  ،9 ــک ــ  ــ و ــا  ــ 
 ــ تاــا ــو 7ــو حصــو
. ــا  ــر وظ ــ مو  ــ   ــ  ــا دس

نجر. و حصو  (kV 40 تا  mA 40 ار د )ا XRD .9ک

Figure 9. XRD Spectrum (at 40 mA Current and 40 kV Voltage) of the Corrosion Products of the Dagger.
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ــا  ــ   ــ  ــد س ــا رب  ــ شس
ــ ح ــر  ــر غ  ــر تأ ــاً و ــ  تاــا 
ســت ــ ــور  (Quaranta & Sandu, 2008)
(Rocca&Mirambet, 2007) 8ــا ــا مگــ ــاو
بــر ــا ــر  -ــ شــک اــا ــا  ــو
ــد و ــز ر ــا   ــو  ــد د ــ   .ــ 
ــد ا ــا  نصــر ــو ن ــ  ضــو ــ  ــو ر
ــا زر  ــد و ــ و ــو رعم ــد د ــ  
ــ ا ــد  ــا  ــا  ــک ش ــ  ــر نج
.ــ ــ د ــد  ــا ــ  ــر  ــ  ســد 
ــ ــ ــام  ــدو ــوحــ شــک
ــا ــ ــوــا ــا ــر   ــد ــن
ــ ــح  ــوو ــاو ــو ــ ــو ــا 
ود ــوحا ســبتاً حصــو  شســ ــر،

ســد ــا  II 9 ــ ســد ــد ــک بــا .ــو
ــد و ــو ح ــ  ــو ن ــد ون IV 10 ــ 
ــ ــادس بتــ .(Scott, 1985) ننــد مــ  ــا
ســد ــر هــو بــار ــو  ــ  ونــد
ــو (IV) ــ ســد دــف بــار  (II) ــ
ندشــا تــرو ــاجز ــتا کــ ننــد.
قــد ــح مــر ــ ــترا بــار شســ
ــ  ــ  (IV) ــ  ــد س ــبک   Cu2+ ــو  ــ 
ــبک  ــ ــاو حــ  ــنشا ــ
.(Dillmann et al, 2007)ــ ــ و ــ ا ــد س

ــر  ــش  ــر کت ــکوکر ــا و ــو ــا 
تخا ــادد  ــخت ــاا  قطــ ــجز
،ح ــر غــر  ــر ــا ــ  تأــر ــو
ــو ــگگو ــر  ــ ناــر ــط ــک
SEM- ــو  ــتفا ــا شــخ ــط  ــا
اــا ــا طــ   ــا ــا وــد EDX
ــتفا  ــد. ن ــ نتق ــخ ا ــز  ــا   ــو 
ــ قش ــ   ــک  ــ  ــت س ــ  ــ ا 
ــا ناــر ــو ــگگو ــح ــا ــخت ناــر
ــر  ــر  ــ طاع ــا ــ  ــر  .ــ جــا
نظــو ــ   ــ ناــر ــ و ــگ گو ــر 
 ــ ــح  ــدن ــار أــد
ذــو   ــا  ــا  ــ   ــد  ــا 
ــا  ــا   ــ   ــ  ــد س ــا رب
ــ   ــ ــد جــا چدــا ــو
ــح ــر  ــد ر ــو  ــ و ــگ گو ــ  ــر س
.)11ــک(ــ ــد ــو ــ ــر ــو اــا

 مو ــزر ســم  ــ ظــ ــز  جمــ
قشــ  ،ســم ــ  ــ ظــ ــا کــ
ــ ــد دشــا 11 ــک ــخت ناــر ــندر
ــم ــ  ــر  ــ تخــا ــح اــا

ــد. ن ــد أ  ــد ــن  ــا ــا

ــط  ــک   ــد  ــ  ــ تا ــ  ــ و ــا 
 ــبز(  ــ  ــا ( ــ  ،) ــ  ــا (ــ  ــر نا
ــ  ــ مو ــز ر ــم س  ــز( ر ــ  ــا ( ــد ر
ــک ــ 12 ــک  ،ــوذ ــا ــا ــم
ــک( Aــزر ــا  ــ ــا ــا حســو
   ســت ــو ــا ــ  ــ ــغ  ) .8

صور :  (X50)؛ کوکر ترو صور : .1۰ ک

 چدا  تاا  (X5/12)و کوکر

.) .5ک  E  Dا طا(    ادس

Figure 10. a) Stereomicroscope Image (X50); and b)
Optical Microscope Image (X5/12) of the Sandwich-

Layered Structure of Copper and Tin Oxides
(Corresponding to Layers D and E in Figure 5b.)

a/

b/
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ــو فــو ــا  ــ ــ اســم  ــ ــ خ
. ــا  ،ــد  ــر م ــ  ــا  ــ  ــد ر
ــ و ــا  ــ ورت ــط  ــ جز ــ ب ــر 
 C ــ  ــدر حصــو جمــ شــتر
مــا ــک  رــد ــو ــا ،ــ صوــر مــا
دشــا ــ )A ــ( ــمو رــز  ــم   ــا
ــ  ،1 ــد  A ــ  ــ جز ــ تا  .ــو
 ــد ش ــز  ــد ر ،ــد جا ــ قط ــز ا
 ،)ــزر( ــ ــ   ــد ــو ــ
.ســ ــا ــا ــ 12ــک ناــر ــو قشــ
صوــر  ــ ــاس ــبز ــ ــ ــو ــا کــ
حتم رــد ــو )ــ .8 ــک(ــکوکروتر
12ــک  تــر ــو عــاطا ــتا ــا ــ ــ
ــا ــ نــ رنــد  ــد. شــا قــطا ــز
ــ   ــ بد جاــر  ــتوا شــک ــر،  ــو 
جــا  ،ــ ــادرسدر  ــک
ــادد  ــخ ا ــ ــاا  ــ و  ــو

ــح  ــد ــد ــزر ــا  ــو عمــو
ــ ــا  رــد ضــو کــ .ــ ــدر
ــ تج ) .8 ــک ( C ــ    ــ جم  ــو 
ــح  رــد ــاو ــر ــدن ــرها
ــ ــا  رــز نطقــ ــا ــور  مــ ــر
 C ــ  ( ــ  اــم س ــ  ــ  ــد س
ــد ــر ــ ــ )12 ــک بــ B ــ ــم ــ
م ــا ــ اــا حــ ــزر ــا ــو
ــد. ما ــد أ ــ ح ــد ر ــا و ــم 
صواً ــ ناــر ــط ــک ــتا نکــ مــ
ــا  ــجز ــتا ــا E  D ــا ــا  ــ
اــا ــو  ــت قــطا 1 ــد  ــوذ
ــا  ــا    ــ  ــا رب  ــ شس

ــد. شــا Iــ ــدس

ــر نج  ــو  اــا  ــ و   ــو 
ــتاا ــازر  ــعب ــاگا وظــر،

.مو شتر کتر ک  ر   ، نار ندر اقش .11ک

Figure 11. Elemental Distribution Maps of Copper, Tin, and Chlorine in the Backscattered

Electron Image of the Sample.
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فر نجر وتا   رند ح
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تاــا ــو  ــا ــر ــ (Cu-Sn ــاا(
 .(Robbiola et al., 1998) ــود دشــا ــو
ــ بــار ــدر ــر ــ ، ــو ــو
ــا ــطا دســد بــار ــا  ــد (II)ــ 
ــ ــ ــا  ــ  ــو ــدو ــح عــب
 ــا ــ ــ ســب ــ متــر قــد ــدر
ــو ــو .ــــ دســد  سدــا ــا
ــ حق  ــر وظ ــر نج ــو  اــا  ــ  
ــدد  ــا س ــم  ــا  ــ رب ،ــ  ــو  ــر ا
جــا ــا ــ ــ ــو ــح رــد ــها ــو
ــ  ــر م ــ ش ــطح   ــو  ــا فر
ــما  ــک  ــ طا  (Figueiredoa et al., 2010)
خــ   ــ  .ــ ــ تاــا   ،13
ح  ــر ــر ــح ــاو ــ ســت ــا
حصو بــا ــا (II)ــ بــار ــا ،ــ
ســد ــ ــا ــ ــا  ــ .ــــ ــوا
ــادس ــا ــ ــ ــا ــو ــ  (I)ــ
ــا ــ نــو ــ بــار  ــو ــ  ــ
دشــا ــ اســم  ــگا  ــا تاــا

.(Dillmann et al., 2007) ــود

 ــا وــد ــو ــو  ــر بتــ

Figueiredoa et) ــر ــ  ــفخت اســم
 ،ــر ــاحز ــ ــو ــا (al., 2010
دشــا ــور ــح  ــا مــر ــر
تخــا ــح .(Robbiola et al., 1998) ــو
ــ  ــو ذ ــر نج   ــو  ــو  تاــا  ــ 
ــا   ــ  ــا رب  ــن  ــو  ــا 
ــو عمــو ــر  .ــ ــد نجــر ــ
ســد ــ ــ ــو ، ــو ــو  صوــاً
 ــا ســقا   ــ ــح ــر وــد ــ
اــد ــذرأ ــو ــر  ــد ــر  نــد ــا
ــع ــ ــ  ــو ــا  کــ .(Mabile et al, 2003)
ــ ح ــا  ــز  ــا مکتر ــ ن ــو  ــ 
ــ ــور وظــر نجــر  ــ ــح ــر ،ــ
ــر ــوا ــ رنا  ــو  ــ ح ــد و ــو 
ــطح  ــها ــاو  تأــر ــدد ــدو
  ــ خ ــا   ــ زات ــ  ــح  ،ــو ر
ــ  ــگا   ــ  ــ  ــ  ســب ،ــ  ــو 
ــدق ــ ،تاــا ــ ــ  .ــ تــا ــز
ــا ــا ــعو  ــ ــادس ــ 
ــد، منن ــو ف ــو  ــا  ــا    ــد ان
عاــر ،ــو ــ ــما ظــر  ــ نــد. أــد
ــکا  ترا انــد ــ بــار ــا ــو ــ 

.مو ا ا م  زر سم  مو قط ط  ر   ، نار ط ک .12ک

Figure 12. Line Scan of Copper, Tin, and Chlorine Elements in the Cross-Section of the Sample from the Central

Region to the Outer Layers.
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ــدا   ــر  ــام ظــر   ــد ــد
د ــ وو ــ ســتند، ــز pH نــ  ــا
ســقا   ــد د ار  ــترا ــح
حــ  نصــر ــ ــد ا ــا   ــ ــا رب ــا 
ــر  .(Figueiredoa et al., 2010) ــد  ــ و 
ــا ــا ــم ــ  ــ ادســ ــتخا
قــ  قــا  ــا ــر حــ  صوــاً نجــر
 ــ  ــد س ــا رب ــ غ  ــد ــا  تاــا
ــ س ــر  ــد ــر ا ــ ا ســما ــ 
.ــ ــد ســما ــ  ــ تاــاز  انــد

ــد  ــه س ــ ا ــ نطق ــا   ــد ر ــو 
ــ اا(ــ  ــا  ــا در ــک ش  ــو 
ــ   ــ  ــد س ــا رب ــا ن  )ــ ااا 

ــو  ــ ب ــ  ــ  ــو  تاــا  ــ  
ــو ــ ــ ــو ــا .ــ ــد 12 ــک  2 ــو
ــو ــا ــا  رــد فــو ،ــو
ــد س ــا و  ــر  ــ   ــ  ــد س
ــ   ــو  ــر ذکا ــز  ــ ن ــ  ــ  -ــ 
ــ طاق ًا ــو ذ ــر نج ــو  ــد  ــا  ــو 
ــا ــز نــ ــم ــ رــد فــو ــد. شــا
  ــز غــز ــا ــح ،ــدر ــر جــا
ــ ر .ــ  ــد  ــ ا ــر نج اــم س ــتر ش
خســت نــو ــتوا شــک ــا ًعمــو ــدر
عــا ــو ــد  ــدر ــر ــرعمو 
ــو    ــو  ــر م ــد ر  ــن  ــا   ــز ر
 کــ ــ ــبد وــد ــر ــ ــو ــد

.(Dillmann et al., 2007) تاا رز  و  و  ما ر .13ک

Figure 13. Schematic Diagram of the Two Main Types of Corrosion in Ancient Bronze (Dillmann et al., 2007).
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جــا ــ ا ــ  ــو ــ  ادرســدر
طعــ ــا ــر جــا  ــء  کــزنــ  شــا
ــا  ــد  ــ ن .ــو  ختگــ س  ــد  ــ طع
ــ ــبز ــ ــ انــد ــو حصــو شــک
نجــر  ــد ــ ــود ــا ــ ــوشــخ

ــد. شــا هشــا ــو ذ

ــ  رــک  ــو  ــو ذ ــر نج  ــ  
ــا  ــا  ــر  ــند س ــ ح   ــ و ــ ر
 )1(ــ ن ــ ب ــ  ــ  ــا در ــز د
ــرد ــد ــو ــ  ــ ــر ظــر 
ــ ــادر وــد ــانــ ــ  ــد جــا

.ــو  )2(ــ ن ــ طا ــتر ش I

1) 2CuCl+H2O Cu2O+2HCL

2) 2HCl+2Cu 2CuCl+H2

،تــر ــر ــو جــا  نجــر ــ ــا کــ
ســد ر  کــ شــک ه  Iــ رــد
.ــ تــ ــ ،)3(نــ بــ ــ ــادر

3) 4CuCl+O2+4H2O

2Cu2(OH)3Cl+2H++2Cl
-

حصــو  ــااا  ــاا ــو ــا
ــد و  ــ و ــد ا ،ــو ذ ــر نج ــو 
ــر  ــ  ــ  ــ  ادرــ ردس
ظــ  رــد ــ ســد ســب ــم  ــو
ــر تأ ــو ح  IIــ  ــد ر ــ مپک ــا و
ظــ ــاا شــک ــر .(Scott, 2002) ــو
ــو ــز ــط  رــد  ــ ــاو  ــرا
نطقــ ررــد ــا ــ ــو ــا ــرنا  ــ ــا
مــ ــر طــح  ــو ــ ــ نطــق رــز،
ــدش  ــغ ــز  ــط  ــوح  ــدجا
ــد ــر ــاا رــک ــر ــر 
ــبز  ــو  ــا رب ــو  ــا  ــ نک ــ م ،ــ 
ــو ــن  ــد س ــا  ــر   ــ 
ــا ــز ــط  کتــر ســتا  ــافا
ــو  ــد  ــو   ــر ف ــا و ــا ج
ــا ــا عــا فــ ــر ــد ــافر ــ  ــد
ــا  ــا ــد ر ــاو دشــ ــ ــ 

 ــ ــاو ــر ا ــعا ــا  ــ وح ،نــر
ــاح ــ  ــر فرــا ــ   رــد
حصــو  ــوخ رــک ــر ــنا
ــا رب ــک ش .ــ ــو  ــ اا  ــ ااا
شــ  ــو ر ــ ر  ــا  ــا ن  ــو ذ
عــو مــا ــر ــارا نــو ــد
.ــ ــر مــ ــو ــد ســه  ــکتر
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ــو  ــد  ــا  ــ ط  ــ رت ــو  ــا طاع
ــخ ا ــ ع ــ  ــو نس ــا تخ ــر ف ــر نج
ــاررصو بــ ــ ــد شــا رــز
نجــر ظــ خــ ،کــ ــع ــا ــدجا
،ــ ــد ــ بد ــو  حصــو ــ  وظــر
 ــو ت ــا  ــا  ــو ام ــ ا  ــر  ــ 
 ــو  ــطح ــا  صوــاً ــو  ــا 
 ــدر ــاو تشــا أــر حــ ــو ــد
ــم ــ  ــو ــا ــ ــ نطقــ ــا
ــ ــدس ــا رــک ــا ــز نــ
 ــااا  ــاا ــا ــادر  ــ 
ــتاا رز ــو  ــو  ــ ــ تاــا ــ
وظــر نجــر  ــو اــا .ــ ــد
ــا ــ   ــد ــا  ــ تخــا ــح 
 ــ  ــدس ــا رب ــغ ــا  ــ ــو  ــا
ــد  ــ   ــ ــو  مــر ــزر اســم
ــر  ــا  ــوو ،ــد ر ــها ــاو ــو ف
ــو د ســر ــر  ن رــز، نطقــ مــ
ــا  ــا ،ــ ــد د .ــ  ــر ــر 
ــر  ــا و  ــد ن  ــر ــد ا
 ــا ــز غ ــو ط  ــر  ــا م  ــا
ــا  ــ ر ــ   اــ ک ــا ه ــا م
.ــ ــد ــ ــدس ــو ــا  ــر،
شــک ــ ورت ــو  ــد   ــ  ــر  
ــح -ــ ــر جــا  ــ ــدس بــار
ــا رب   ــ ر ــر   ــر  ــر  ــ 
تاــا  ــا   ــ  ــو ــ   ــ  ــد س

.ــ ــر ــر چدــا

ــط ح ــر ــا  ــ ب ــ   ــا  ــا  هــو 
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 ــو  ــا طاع ــ مو ــ ــو  ،شــا شــ
وــد ــا ــن عــطا اــد، ــتد ــشما
 ــا  ــ ــور ــا ــر ســتر ــ
 ــو د ــو  ــد   ــا حصــو ــد م
ــ ــ ــو   ــد؛ ن مــ ــاح ــن
 ــتا ــتا ــا ــر  اــد، ــشما  
ــر  ــ ر ــد  ــ  ــو ن  ــ طاع ــ 
ــ ــو شــنها ،ــو ــد ــ ــرتو
ــو تو ــر ــد ــر شــ ــر ــد ــ 
.ــو ــا ــد  ــو  گهــد ــ ح 

گزپا

ــم ا ــو حم ــد هن ــا  ــا ن  ــ د
ــم ــا اــر  ــگاز خــ ــ ســئو
ــکد ژش ــ ک ــع  ــگا ور ــ خ ــئو س
 شــکر مــا نــگر-خا ــا ــر  ــفا

.ــ   ــد 

.د :نا ضا

ــاخ   ســندو :اســندو شــا
ــ ق ــا  ــ م  ــنا  ،ــر فهو
ــا طاع ــئو س  ســندو ــ  ــا   ،ــ

.ــ هــد ــر  هــا ــر  ــقطب

 ســتخر ــ قا ــ  :ــو عن  ــا  ــا ای
قا  ســندو ــد ــناا  قــاحق ــر
 ــم ع ــتو ر ــر ت ــ ا ــا نم ــا  ــ  ــ 
.ــ د جــا ــ رــز هــر   شــگا

ــژ ــ ــا ــا ــا: ــ ــتر
ــتر ــا بــاکا ــا  ــ اســندو ــات 

.ــ

وا

1. Decertification

2. Pyromorfite

3. Disc

4. Gallo- Roman villa near Charron

5. Hydroxy pyromorphite

6. PbSO4

7. Liesegang

8. Pit

Reference /نا

Bakhshandeh Fard, H., & Taheri Bajgan, S.

(2017). Technology and damage assessment of

two bronze daggers from the second millennium

BCE belonging to the Gravi archaeological site.

Journal of Conservation and Restoration Science,

1, 53–65.

.ــ دق ،ــگا ج ــر ا ــا؛ دم ،ــر  ــند ]خش
 فر نجــر  ــنا ــ  ــنا ــ .)1396(
.ر ــتاا حو  ــتع   بــ  ــز
].65 53- .1 ــما .ــر  ــفا ــ شــر

Casanova, M., & Vallet, R. (2019). The Iranian

Plateau during the Bronze Age. Development of.

Chase, W. T. (1994). Chinese bronzes: casting,

finishing, patination and corrosion. Ancient

and historic metals: conservation and scientific

research, 85-117.

Chiavari, C., Rahmouni, K., Takenouti, H.,

Joiret, S., Vermaut, P., & Robbiola, L. (2007).

Composition and electrochemical properties of

natural patinas of outdoor bronze monuments.

Electrochimica acta, 52(27), 7760-7769.

Constantinides, I., Adriaens, A., & Adams,

F. (2002). Surface characterization of artificial

corrosion layers on copper alloy reference

materials.Appliedsurfacescience,189(1-2),90-101.

Constantinides, I., Gritsch, M., Adriaens, A.,

Hutter, H., & Adams, F. (2001). Microstructural

characterization of five simulated archaeological

copper alloys using light microscopy, scanning

electron microscopy, energy dispersive X-ray

microanalysisandsecondaryionmassspectrometry.

فر نجر وتا   رند ح



36

ر و حفاظند صلنا

| 1403 پایز | 21 پیاپ شما | 3 شما | هفت سا

Analytica chimica acta, 440(2), 189-198.

De Figueiredo, E. M. S. (2010). A study on

metallurgy and corrosion of ancient copper-based

artefacts from the Portuguese territory (Doctoral

dissertation, Universidade NOVA de Lisboa

(Portugal)).

De Ryck, I., Van Biezen, E., Leyssens, K.,

Adriaens, A., Storme, P., &Adams, F. (2004). Study

of tin corrosion: the influence of alloying elements.

Journal of Cultural Heritage, 5(2), 189-195.

Dillmann, P., Béranger, G., Piccardo, P., &

Matthiessen, H. (2014). Corrosion of metallic

heritage artefacts: investigation, conservation and

predictionof long-termbehavior(Vol.48).Elsevier.

Dyson, R. H. (1964). Excavations at Hasanlu,

Iran. University of Pennsylvania Museum of

Archaeology and Anthropology.

Figueiredo, E., Valério, P., Araújo, M. F., &

Senna-Martinez, J. C. (2007). Micro-EDXRF

surface analyses of a bronze spear head: Lead

content in metal and corrosion layers. Nuclear

Instruments and Methods in Physics Research

Section A: Accelerators, Spectrometers, Detectors

and Associated Equipment, 580(1), 725-727.

Figueiredo, E., Valério, P., Araújo, M. F., &

Senna-Martinez, J. C. (2007). Micro-EDXRF

surface analyses of a bronze spear head: Lead

content in metal and corrosion layers. Nuclear

Instruments and Methods in Physics Research

Section A: Accelerators, Spectrometers, Detectors

and Associated Equipment, 580(1), 725-727.

Ghirshman, R. (1938). Fouilles de Sialk, près de

Kashan, 1933, 1934, 1937. Paris: Paul Geuthner.

Hassairi, H., Bousselmi, L., Triki, E., & Ingo,

G. M. (2007). Assessment of the interphase

behaviour of two bronze alloys in archaeological

soil. Materials and Corrosion, 58(2), 121-128.

InGO, G. M., De Caro, T., Riccucci, C., &

Khosroff, S. (2006). Uncommon corrosion

phenomena of archaeological bronze alloys.

Applied Physics A, 83, 581-588.

Ingo, G. M., de Caro, T., Riccucci, C., Angelini,

E. M. M. A., Grassini, S., Balbi, S., ... & Vassiliou,

P. (2006). Large scale investigation of chemical

composition,structureandcorrosionmechanismof

bronze archeological artefacts fromMediterranean

basin. Applied Physics A, 83, 513-520.

Ingo, G. M., de Caro, T., Riccucci, C., Angelini,

E. M. M. A., Grassini, S., Balbi, S., ... & Vassiliou,

P. (2006). Large scale investigation of chemical

composition,structureandcorrosionmechanismof

bronze archeological artefacts fromMediterranean

basin. Applied Physics A, 83, 513-520.

Karimi, F. (1994). Excavations on Hormuz

Island. Journal of Cultural Heritage, No. 12 . [In

Persian]

ــج رــز، ــرز  ا .)1373( .مــا ،ــمر]
اــز.[  ســتاا، 12 ــما نگــر ــر

Mabille, I., Bertrand, A., Sutter, E. M. M., &

Fiaud, C. (2003). Mechanism of dissolution of

a Cu–13Sn alloy in low aggressive conditions.

Corrosion Science, 45(5), 855-866.

Majidzadeh, Y. (1997). Tepe Sialk Kashan:

Report of Archaeological Excavations. Tehran:

Cultural Heritage Publications. [In Persian]

ــز :ــاا ــ پــ .)1376( .ــو ،ــدج[
ــر تشــا :هــر .ــناتاا ــاا

].ــگ رن

Muscarella,O.W.(1988).BronzeandIron:Ancient

NearEasternArtifacts intheMetropolitanMuseum

of Art. New York: Metropolitan Museum of Art.



1403 پایز | 21 پیاپ شمار | 3 شمار | هفت سال |  37

Muscarella, O. W. (2006). The Excavation of

Hasanlu: An Archaeological Evaluation. Bulletin

of the American Schools of Oriental Research.

Naeimi Tarai, P., & Khodair, S. (2017).

Investigation of the formation process of

oxide compounds in bronze artifacts based on

microscopic studies. Journal of Conservation and

Restoration Science, 1, 89–102.

ــر  .)1396( . ــا ب ــر، د ؛ رــتو ،ــر ــم ع[
ــتنا ا ــزر ــا  ــدس بــار شــک ــد
 ــ فا ــ  ــر ش ،ــکو کر ــا طاع ــ 

].1۰2 ــا  89 )1(1.ــر

Negahban, E. O. (1996). Marlik: The Complete

Excavation Report. University of Pennsylvania

Museum of Archaeology and Anthropology.

Overlaet, B. (2003). The Early Iron Age in the

Pusht-i Kuh, Luristan. Leuven: Peeters Publishers.

Piccardo, P., Mille, B., & Robbiola, L. (2007).

Tin and copper oxides in corroded archaeological

bronzes. InCorrosion of metallic heritage artefacts

(pp. 239-262). Woodhead publishing.

Pourzarghan, V., Sarhadi-Dadian, H. H., &

Hosseini, S. (2017). Identifying the Technology of

a Bronze Dagger Discovered in Espidezh Region

of Bazman in Sistan and Baluchestan, Iran. Journal

of Anthropology and Archaeology, 5(1), 47-54.

Pourzarghan, V., Sarhadi-Dadian, H. H., &

Hosseini, S. (2017). S. Identifying the Technology

of a Bronze Dagger Discovered in Espidezh

Region of Bazman in Sistan and Baluchestan, Iran.

Journal of Anthropology and Archaeology June,

5(1), 47-54.

Quaranta, M., & Sandu, I. (2008, May). Micro-

stratigraphy of copper-based archaeological

objects: description of degradation mechanisms

by means of an integrated approach. In 9th

International Conference on NDT of Art,

Jerusalem, Israel (pp. 1-8).

Rémazeilles, C., & Conforto, E. (2008). A Buried

RomanBronze Inkwell-Chemical Interactionswith

Agricultural Fertilizers. Studies in conservation,

53(2), 110-117.

Robbiola, L., & Hurtel, L. P. (1995, September).

Standard nature of the passive layers of buried

archaeological bronze-The example of twoRoman

half-length portraits. In METAL 95: international

conference on metals conservation (pp. 109-117).

James and James Science Publisher, London.

Robbiola, L., Blengino, J. M., & Fiaud, C. (1998).

Morphology and mechanisms of formation of

natural patinas on archaeological Cu–Sn alloys.

Corrosion Science, 40(12), 2083-2111.

Robbiola, L., Vilbert, D., Lejars, T., Bourgarit,

D., &Mille, B. (2001). Characterization of a buried

archaeological bronze from the Celtic tomb n 1002

of La Fosse Cotheret (Roissy-en-France). In Metal

2001: proceedings of the international conference

on metals conservation, Santiago, Chile, 2-6 April

2001 (pp. 237-242).

Rocca, E., & Mirambet, F. (2007). Corrosion

inhibitors for metallic artefacts: temporary

protection. In Corrosion of Metallic Heritage

Artefacts (pp. 308-334). Woodhead Publishing.

Schmidt, E. F. (1937). Excavations at Tepe

Hissar, Damghan. Philadelphia: University of

Pennsylvania Press.

Scott, D. A. (1985). Periodic corrosion

phenomena in bronze antiquities. Studies in

Conservation, 30(2), 49-57.

Scott, D. A. (1985). Periodic corrosion

phenomena in bronze antiquities. Studies in

Conservation, 30(2), 49-57.

فر نجر وتا   رند ح



38

ر و حفاظند صلنا

| 1403 پایز | 21 پیاپ شما | 3 شما | هفت سا

Scott, D. A. (1997). Copper compounds in

metals and colorants: oxides and hydroxides.

Studies in Conservation, 42(2), 93-100.

Scott, D. A. (2002). Copper and bronze in

art: corrosion, colorants, conservation. Getty

publications.

Silva, R. J. C., Figueiredo, E., Araújo, M. F.,

Pereira, F., & Braz Fernandes, F. M. (2008,

September). Microstructure interpretation of

copper and bronze archaeological artefacts from

Portugal. In Materials Science Forum (Vol. 587,

pp. 365-369). Trans Tech Publications Ltd.

Souissi, N., Sidot, E., Bousselmi, L., Triki, E.,

& Robbiola, L. (2007). Corrosion behaviour of

Cu–10Sn bronze in aerated NaCl aqueous media–

electrochemical investigation. Corrosion Science,

49(8), 3333-3347.

Tala'i, H. (1983). The Bronze Age in Iran: A

Review of Tepe Hissar. Iran, 21, 131-146.

Trentelman, K., Stodulski, L., Lints, R., & Kim,

C. (1999). A comparative study of the composition

and corrosion of branches from Eastern Han

dynasty money trees. Studies in conservation,

44(3), 170-183.

Tylecote, R. F. (1979). The effect of soil

conditions on the long-term corrosion of buried

tin-bronzes and copper. Journal of Archaeological

Science, 6(4), 345-368.

Varjavand, P. (1975). The Architecture of the

Historic Hormuz Castle and Its Construction

Period. Journal of Iranian Architectural Culture.

[In Persian]

 رــز خــا عــ عمــا .)1354( رــز. ]اــد،
].ــر عمــا نــر ــج ،  نــا ــا

Young, m. L., Casadio, f., Marvin, j., Chase, w.

T., & Dunand, d. C. (2010). An ancient Chinese

bronze fragment re-examined after 50 years:

contributions from modern and traditional

techniques. Archaeometry, 52(6), 1015-1043.

Negahban, E. O. (1989). A Review of Fifty

Years of Archaeology in Iran. Tehran: Scientific

and Cultural Publications. [In Persian]

ــا  ــا نج ــر  ــر  .)1368( ل. ــز  ،ــا ]گهب
].نــگر  ــم تشــا :هــر .ــر شــناتاا


