
Abstract

The stone elements of the SoltaniyehDome in Zanjan have deteriorated

due to factors such as the presence of harmful salts, rising damp, and

inappropriate mortar jointing. This study investigates the salt-induced

weathering of tuff stone blocks in the Soltaniyeh Dome through

analytical and in situ experiments. The tuff stone, used extensively in

the plinths of the dome, exhibits severe salt-induced deterioration, with

visible surface damage attributed to salt crystallization cycles. Analytical

techniques, including optical microscopy, X-ray diffraction (XRD),

X-ray fluorescence (XRF), and scanning electron microscopy with

energy-dispersive X-ray spectroscopy (SEM-EDS), were employed to

identify the nature of the salts and the weathering processes. The results

indicate that the tuff stone is fine-grained and highly porous, allowing

water to penetrate and evaporate easily, leading to the formation of

salt efflorescence crusts on the surface. Salt crystallization within the

stone›s pores has caused microstructural failure, resulting in extensive

decay. The primary salts identified include nitratine, hexahydrite, nitre,

and halite. The deterioration is driven by wet-dry cycles, high porosity,

and the stone›s composition. To mitigate further damage, desalination

and environmental control measures are recommended to prevent salt

dissolution and recrystallization, thereby reducing stone degradation.
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Introduction

Soluble salts are among the most destructive agents
affecting porous mineral materials in historical
buildings (Charola & Bläuer, 2015). Over time,
these salts cause material decay, necessitating their
removal from stone structures and wall paintings
as a primary conservation measure. The damage
caused by salts depends not only on efflorescence
but also on environmental conditions and the
material's characteristics. The Soltaniyeh Dome,
a prominent structure from the Ilkhanate period,
is globally significant for its architectural and
historical value (Hamzelou, 2002). However, its
stone plinths, particularly in the southeastern porch,
have suffered damage such as surface flaking,
increased porosity, and loss of durability due to
rising damp and improper jointing (Kordi et al.,
2011). This study examines the mechanisms of
salt-induced deterioration in these stone plinths
and proposes strategies for identifying crystallized
salts and understanding the degradation process.
Preserving historical stone structures is crucial due
to their cultural significance and susceptibility to
various destructive processes. This research aims
to reduce restoration costs and provide sustainable
conservation strategies.

Background

Research on salt deterioration mechanisms and
analysis techniques is more extensive than studies
on salt removal or mitigation (Kordi et al., 2011;
Valenza & Scherer, 2010; Amoroso & Fassina,
1983; Mahboub Ali & Vatandoost, 1998; Stambolov
& Van Asperen de Boer, 1976; Basiri & Pedram,
2009; Pedram & Zamani, 2011; Fadaei, 2005; Pirak,
2012). Previous studies on the Soltaniyeh Dome
have focused on efflorescence and soluble salts in
its brick walls and decorative elements, concluding
that salts originate from external sources such as
soil, mortar, and rising damp (Amin Shirazi Nejad,
1996). Salt crystallization, whether as surface
efflorescence or subflorescence, leads to powdering
and flaking of the tuff stone. While drainage
improvements and desalination are recommended,
specific approaches to salt removal and prevention
remain underexplored. This study addresses these
gaps by analyzing the structure and deterioration

mechanisms of the southeastern stone plinths and
proposing conservation strategies.

Research Methods

The study focused on the stone plinths of the
southeastern façade of the Soltaniyeh Dome,
selected based on the extent of efflorescence. The
dome, a UNESCO World Heritage Site, is located
in Soltaniyeh, 43 km from Zanjan. The gray-green
tuff stone plinths, used extensively in the dome's
construction, have suffered significant deterioration
due to their placement at the base and exposure to
moisture and salts. Analytical techniques, including
XRD, XRF, and SEM-EDS, were employed to
identify salt types, their sources, and the stone's
structural characteristics. These analyses are
essential for developing effective conservation
strategies to reduce salt content and prevent further
deterioration.

Results and Discussion

The study identified mechanical abrasion, salt
efflorescence, and flaking as key factors in the
deteriorationof tuff stoneplinths inthesoutheastern
porch of the Soltaniyeh Dome. Salt crystallization,
influenced by humidity and temperature changes,
caused surface flaking and structural weakening
(Torraca, 2009; Belmin & Siedel, 2005; Bläuer
Böhm, 2005). Rising damp and poor drainage
exacerbated salt migration, leading to further
damage. Laboratory tests revealed low resistance
to sodium sulfate cycles, with samples exhibiting
cracking and flaking after repeated exposure (EN
12370: 1999). These findings underscore the need
for targeted conservation strategies to mitigate salt-
induced damage.

Results of Mineralogical Studies

Mineralogical analysis revealed that the gray-green
tuff stone is a lithic crystal tuff withaporphyroclastic
texture and vitric groundmass. The stone consists
of phenocrysts, primarily plagioclase, altered to
secondary minerals such as carbonates, sericite,
and clay minerals. Quartz, feldspar, and iron oxides
are also present, with voids often filled by quartz.
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Despite its crystalline structure, the tuff shows signs
of weathering, including the alteration of feldspar
to clay and biotite to iron oxides. Its low thermal
conductivity and resistance to weathering make it
suitable for construction (Reedy, 2008).

Results of Structural Analysis

XRF analysis identified SiO2 (73.59%) and Al2O3
(11.89%) as the primary components of the tuff
stone, with minor amounts of CaO, Fe2O3, and
K2O. XRD analysis confirmed quartz (SiO2) and
kaolinite (Al2Si2O5(OH)4) as the major crystalline
phases, with orthoclase (KAlSi3O8) and calcite
(CaCO3) as minor phases. The stone's high porosity
and lightweight yet durable nature make it suitable
for construction. Petrographic images confirmed
the XRD results, highlighting the stone's volcanic
origin and tuff composition (Reedy, 2008).

Identification of Salts and Their Damage
Mechanisms

XRD analysis identified sodium nitrate (NaNO3),
halite (NaCl), potassium nitrate (KNO3), and
hexahydrite (MgSO4·6H2O) as the primary salts
on the stone surface, with quartz (SiO2) present
in smaller amounts. These salts originate from the
mortar, soil, and historical land use. Rising damp,
due to poor drainage, facilitates salt migration and
crystallization. Highly soluble salts like NaNO3
and NaCl, along with MgSO4,·6H2O, cause
significant damage through repeated dissolution
and crystallization cycles, leading to surface flaking
and structural weakening (Heritage et al., 2014;
Robinson & Williams, 1997).

Microstructural Analysis Using Scanning
Electron Microscopy

SEM-EDX analysis revealed significant structural
differences between healthy and weathered tuff
stones. In healthy stones, kaolinite sheets were
compact and intact, while in historical samples,
these sheets were irregular and separated, indicating
moisture absorption and salt crystallization damage.
The presence of sodium and chlorine in weathered
samples confirmed salt-induced deterioration.
Kaolinite’s layered structure, combined with high
porosity, facilitates moisture and salt penetration,

accelerating decay. Additionally, clay minerals in the
tuff swell with moisture, causing expansion and
contraction, which, alongside salt crystallization,
leads to surface flaking and structural disintegration
(Heritage et al., 2014; Robinson & Williams, 1997).

Conclusion and Recommendations

This study investigated the structural characteristics
and deterioration mechanisms of the tuff stone
plinths in the southeastern porch of the Soltaniyeh
Dome, a UNESCO World Heritage Site. The
stones, primarily composed of quartz and kaolinite,
exhibited significant damage, including surface
flaking, salt crystallization, and delamination. The
primary salts identified—nitratine, halite, nitre,
and hexahydrite—originated from external sources
such as gypsum-lime mortar, soil, and rising damp
due to poor drainage. The high porosity of the
tuff facilitated moisture and salt penetration,
exacerbating deterioration through repeated
dissolution and crystallization cycles. To mitigate
further damage, desalination is recommended to
reduce salt content in the stone’s surface layers.
Additionally, replacing the deteriorating mortar
and improving drainage systems to minimize rising
damp are crucial steps. These measures will help
stabilize the structure and prevent further salt-
induced decay. Future conservation efforts should
focus on monitoring environmental conditions and
implementing preventive maintenance to ensure the
long-term preservation of this historic monument.
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بیگا مد حر
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کید

ــر ــ ــ جــا  طاــ نبــد ــر نــو ــو  اــن
ــ و ،ــر خ ــا -م ــو ض ــر ظ ــ و  ــا ن ــ ا  ــر ر
،ــد  ــت و ــ ب  ــا آ ــا  ــ ا  ــا  ــش ند ،ــو ع
ــار   تــ ــ   ــطح خــخ ــز ،صــر اــر غــر
 ــو و ــا م ــ ا ــا نا ــد  ــا  ــر ا ــ قا  .ــ ــد 
نبــد نــا ــر نــو  اــن  مــ ــخر ســکا ــانا
ــکا  ــز   ــنا آ ،ــنا تاا ،ــ ب  ــو  ــ  طاــ 
ــنا هــ ــ  .ــ ــد تــر ــدا ِــفا شــنها  ــا
،ــرتر ،XRD ــز اآ ــا ــناتاا عــاطا ،ــو ــد رآن  ــم 
ــانا ــا  ــتفا ــا  ــن ــو  ــانا ــو SEM-EDS
ــو و ــا م ــ ا ــا نا ــنا،  ــا م ــز اآ  ــکو کر
اــن ــمو ــ مــ قــا  ــام ــا  ــتفا ــا ــنا 
شــگااآ  )شــ  ــور ــر( ــد ــاب ــر حــ ــشاآ
ــم  رــد. جــا مــ رــر  ــنا ــقا ــز ــع نظــو ــ
کتــر ــکوکر صاــر  ــن ــناتاا ــااآ ــتا ــتا
 طاــ  ــد نب   ــ ت اــ  ــن  ــ  ــ  آ  ــا  ــش 
ــر   . خــتخ ــا س تاــا ــ  ــ ــو  آآ ــن ــو 
ــقا ــع  آ ــذ ،ــنجخخ ــا ــکز ــاوآ ــتا ،آ
 ــ و ــر ر  ــن  ــ ع ــ ن  ــا ش ــا م ــ م ــر ر 
ــد  ــ ش  ــر  ــا ر . ــا م ــو ب ــا   ــح  ــا ر
،(NaNO3) ــد  ــر ت ــا م ــا  ــ  ــو ح ــا م ــو ب 
(MgSO4,6H2O) ــدگز ،(KNO3) ،تــر ــتا تــر، (NaCl)ــا
 ــکز ــو ــ ــو ــ ــز  (SiO2) وــز  ــا ــز 
  ــهو ــا قــ ــنا  ــوو ناــذ ســتند. نــا ــو اــن
ــو ــا مــا ــوب ــآ ــو ــ  مــ ــاو تقــا  ــذ
.ــو ــو اــن  ــککا شــا مــا ــا ــ ــ ــو ــ
و ــا ــ ــا ــ  شــگااآ  ــ مــ ــاد خــ   ــ 
ــا  ،ــوو ــطح ــا م  ــا ر  ــا زنم ــد ــ 
ــو ــطح نتــر ــا مــر اــد مــ ــا ــاا ــر بتــن
ــو با  ــح  ــر  ــتر ــد اا ــام ــر ــ  ــا  ــر گ
آد. مــ  ــرو ــنا شــتر ــ ــر ــخر  ــها   کننــد ــد

ا ،خــخ ،م ــوب ،ــو ،ــنگ  ،طاــ نبــد :یــد ا
.م ــآ ،مــ

.و تنا جا ،نا ا و  آ  جار تفا ور . آ مگا ر قا   تر

ر فا اص

4 ما ،فتا
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 ــره  ــک نــو ــوح ــام
ِــ تخخ ــ صا ــر  ــب خر ــ و ــ رخر
Charola) ــدد  ــا نا ــخ ا ــا نا ــد ع
ــا  ــ ذ ــا  ــا م ــ جاآ .(& Blauer, 2015
ــد  ــود، ــصا ــخر  ــور ــو
ظــر ــز ــاآ  مــا ــتخر نمــاز
ِــز ــاآ    ــنگ ــانا ،ــو ــاقا
رــور  ــر  ــک نــو نقــو ــر
1ــصا ــخر .ــو حســو ــر ــر  ــد
کــ ــ ــدچ 2ــو ســت ظــر  نهــا ــ
ــ آجــا  . ســتگ ــز آ ــح  ــر ــو ــ
ــخر  ــور ــو ــا ــذ ــا  مــا
مــا ــتخر نمــاز ــد  صاــــود،
رــور  ــر  ــک نــو ســتر 

.ــو حســو ــر ــر  ــد 

 جــا ــرنو  طاــ نبــد نــا
طاــ  ــد نب .ــ  ــد  ــ  طاــ  ــتا هر
ــ خــا  ــانا رــا  ــک
ــ نجن ،آ عمــا ــکو  ظمــ ــر   ــ
ــک  آــد ــما ــز عمــا ــ ســت نــاز
ــا ه ــگا آ ــا نا رــمند   ــ ره 
نظــو .(Hamzelou, 2002, pp. 414–423) ــ
15ــ م ــا ق ــنا،  ــ خر ــ کاس ــر هت 
شــگااآ  ــر عد  ــد ــر ــن ــمو
ــر رآنــد .ــر ــو شــگااآ ــر ــا
ــد و ــر  ــو  ــ  ــ  ــ م ــ خر ــر أ
 ــد  ــا ج ــا آ ــ   ا  ــ  ــد 
ــا ــو ــانا ــوآ ــو اــن ــمو
ــامو ــر  ــد جــا ــاآ ــگ گو ــو ت
 اــن  . ــخ ش  ــنا  ــگا آاش
ــا  مــا ــد ــو ــر  طاــ نبــد
ــر  ــر  ــ ح (Kordi et al., 2011) ــطح 
ــدد.  ــ خر ــتر س ــو   ــتند س ــا م
  ــنا  ــوو ــو ــتگاا فــ ــو
ــر نــو ــ  اــن ــر ــو ــ
ــ ــک م ــ  ــو آ ــو ع ــ و ــد، نب ــو 
فــو ــن تاــا ــ ــناا کــش ــ ــ ــ

ــط  ــر  ــا م ــکفتگ   ــا  ــا ش  ــد ن
ــر ــ ،ــو آــا ــخر ــو ــنا
ــر  اــن ــاشند ــچ  ــوء

.ســ ــر أ ــ آ رشــب

،ــو ــدش  ــو فــو  رشــگ نظــو
Office of Research) نــد ر ــن انا، 
ــو  ــن .(and Technical Standards, 1983
ــرر ــر ــ طاــ نبــد ــر نــو
ــو ــا قاــر مچــو ــطح ــو   
 ــا آ ــا  ــ ا ــا شند  ــو ع
ــو  ــنا،   ــط  ــ ت ــ   ــ ب
 ــنا   ــا م  ــتر س ــو ض  ــطو 
ــدر ــنا ــخر    آــا صــا ــاند
ــا شــا رــر   اــن ــمچن .ــ
ــا م ــ ج ــ ز ــ    ــا م ــو ب 
،ــد  ــت و ــ ب  ــا آ ــا  ــد  ــو تب
ــ   ــطح خخ ــز ،صــر اــر غــر
ــا اــر ــژ ــدد. ــار   تــ
ــش خ ــنا آ  ــنا  ــا ر ــا ج
ــ ا   ــو  ــد  ،ــر ــو ن ــو   
ــد  ــو تب ــا م ــا نا ــد مان ــا کا
ســکا ــر بــن ــز جــا  ــنا ــط ــر
ــ  نــد. ــور ــنگ  ــر مــ ــخر
اــا ــا  طــ  ــژ ــ جــا ــ ــر
 ــد؛ ــر ــار عــر  ــ ــنگ ــخا
 ــاآ ــر ــ؛ ــور ــا ــم
ــانز ــر ــو ــخا اــن ــر
.ــو ــا ــاد ــأ هــ تصــا ــا
ــو  ــاتاا مــا ــ هــ ــ تــر ظــر  ــا
ــ ــ ــن  ــفا ــا رــاــود، ــا
ســتعد  نــگر ــر  آ  ســتر ــتفا
،ــا ر ــاندرآ  ســتر ــ ــ  آ ــو 
ــژ ــم  ،ــکز ــخر ــا تــر ــح 

.ــور

حقییشین

،ــ م ــ خر ــ کاس ــا  ــا ب  ــ  ــا طاع
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ــا کر  ــتر ش ــا اآ ــا  ــا م ــر 
 عــاطا  شــتر ــاس ــد جــا ــوو ظــر

ــ مــ ــآ ــا ــا   ــذ ــا  ــا ب

(Kordi et al., 2011; Valenza & Scherer, 2010;
Amoroso & Fassina, 1983; Mahboub Ali &
Vatandoost, 1998; Stambolov & Van Asperen de
Boer, 1976; Basiri & Pedram, 2009; Pedram &
Zamani, 2011; Fadaei, 2005; Pirak, 2016).

ــک ش ــو ص  ــد  ــا ج ــا طاع ــ شن
خــ  ــر  ــا م ــ خر  ــو ح ــا م
ــ جمو اــن   ــر آ ــا و  طاــ 
 ،ــ ــا حقق ا ــم ــا س ــد ع ــ  حــد
ــام  ــو ســت ــا ،ــ ب عــاطا
ــ بق ــن ز ــا و  ــا رآ  ــو و ــو ح
ــا، ن ــخ ا ــر   طاــ  ــد نب ــا ن ــ مک
رآنــد  ــ ــرصو آ ــ نظــو
اــا  آــر خــتخ تاــا ــر  مــا ــخر
ــد ــرجت عــاطا ــ  .ــ ــد ــر
،ر ــح   ــ ــا مــا نبــ ــ ــ
 ــو ــأ صــر   وــا شــ ــا
ــو صا ــخر رآنــد  عــو ــو قــ
آ ــح ِــ ســت ــو ــد ــ ــ مــا
نا  ــا ِشــنها .ســ أــر  آ ــر  نــا 
ــا، م ــ خر ــر ش  ــر و ــو نظ ــ 
ــ  ــ و ــا  ــ  ــک کا  ــا  ــا م ــتر
 ــر و ــو نظ  آ  ــا م ــو  ــو ح
ــو   ــو ح ــو  ــا م ــا  ــا تق
(Shirazi Nejad, 1996)ــ ــد  ــ و ــر آ

ــد  ــد  ــا ش ــر گ ــد  ــا ج ــا ر
ــا و ــ ا اســم   اــن   ــا و
مــا ــنا .ــ ــخر ــو ــره  ــک
اــ ــا ،  تــ اــ ــا صــر 
نر ــاآ  وــا ــر ــبز ضــا  تــ
ــو  ــو  ــ  ــا م ــد  ــو  .ــ
ــک ــ ــخر ــا ــکفتگها ــا  ــط 
ــطح ــا  ــد ــتو  ــد ــو
ــنا ــط  ــو .ــ ــد ــو ــن
  ــتر مــک ــام شــر شــک ــ  نجــر

 .ــ ــد ســ  ــر اــو ــز ــو
ــنا ــتفا  ــ ــد شــنها ــر  ــ 
 ــ ــ کــ جــا ــنا گــ نظــو
ــر نهــا ــ ــو ــذ عــو ــو ــر آ
ــنا دــد ــوح ــام فــو تــا ــتو
ــو  ــد ــو ــد جــا ــاآ ــر  .ــ
ــتر ســتق ــا   اــد بــ  مــا
ــتفا  خشــتحکا  ــر م ــ  ــ م ــد ان
 مــو آ نظــو مــ  ــ .مــو
ــو  ــد ــتو ظــر ــاخر ــا
Kordi et) ــو  ــا ج خشــتحکا  ــ اس ــد 
شــک ــا بــا  ــو ــژ  نهــا .(al., 2011
ــو ح ــا م ــ آ  ــنگ    ــا م
،ــ ــد جــا ــا ن ــا و   اــن ــر 
 ــ  ــا  ــا ب  ــا  ــر ک ــا  ــا 
ــرد  مــ نشــأ طــ ،ــوح ــامــا
.ــ شــد جــا ــر ــ ــر  ــرو ــر
اــن  ــفا ِحــ ــد ــتا   ــ 
نبــد هــا ــر ــحو ــر نــو بهــ
ــنا،  ــ ا  ــ ا ــ و ــد  طاــ 
 ــنا  ــ خر ــ و  ــن  تاــا  ــر 
ــ کاس ــ ع ــو  ــنا  ــا طاع ــ ا
 ــوو ــام ــا ــنا  ــخر
ــنها ش  ــو ــنا آ   اــن 
ــا ــا ــقا  ــنا ــاا  ــاد هــ
ــنا مــر قــا  ــفا نظــو مــ ندــار

.ــ تــرذ ــو ــقا ــ 

ژ

ــانا  ــوو ــام ــر  عــطا نظــو
ــا مــا، ــوبا ــر ــر ــنا ــخر ا ــا
 اــن  ،ــو و اــو  ــز  ــ  ــ و
تخا طاــ نبــد نا ــ ــر نــو بهــ
طاــ ــهر  جاتــو، قبــر ،طاــ نبــد رــد.
ــا آ ــهر   ــ ــ  جــا ــر وت 43 
خا نــا ــ .ــ ــد بــ ــ هــا ــر
ر  ــ ــ ــخا  عمــا  نــر اــج
نبــد .ــ ــد تــا جاتــو ــتو ــ شــت ــر
تــا  آ ــو   ــا عم ــب  ــ  طاــ 

جا طا نبد ر نو و  ان  ما خر أر
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ــر هر  ــد مون ،ــو  ــ   .ــ  ــد 
،ــا  ــد  ــ  ــتا ــر  کســا ناــر 
واو ،عمــا ــر  ــند  شــتر ــرهر
 ــز  ــا س ــا د ــا  اتماــا   ــر 
.(Razani et al.,2022)ــ  ــ رت ــر  ا ــتو 
ــو   ــ  ــا   ســتند ــح صا ــنا
ســتر ــو طاــ ــد نب ــا ن ــر  
 ــتفا ــ  ــ  ــنا ــ  ــدد. ــر  اــ 
ــ  ــب س ــا ن ــن ا ــم س  ــر ر  ــا ن 
ــخر شــتر ــرآ ــاو ــم  گــر ــصا
،طاــ نبــد نــا ــنگ  .)1 ــک(ــ ــد

ــنا  ــا ف  ــ  ــد  ــ ص ــا و ــا  
ــ  عــطا ــو خــ عــا  ــاتتر 5۰ ًــد
ــگ م ــو ر  اــن  .ــ  ــر ت 8 ــ قا
 ــا س  ــا  ــ  ــا  ــد.  ــبز  -ســترا
تــ ــ  ــنا ــا   ــا ــ اــن
،شــت مــوا  ــا ــا ــو  ــن ــط 
اــن  ــر     ــ    ــو  ــتحکا 
ــد ــا  ــن ــط  ــاخ ــا ــ
 ــط   ــا وب  ــا م ــو ض .ــ  ــد 
ــو  ــک نــو ،ــن ــطح ــ تاــا
فــو ــو أــر  ــنا ــط  خــر ِهــ

.(Razani et al.,2022)ر اغر قش  ر طا نبد عو ) .1ک

Figure 1. a) Position of Soltaniyeh Dome on Iran's geographic map (Razani et al., 2022).

.وب شا   ن  اخ ت    طا نبد ر حو  ع نگ و ر ما وب ) .1ک

Figure 1.b) Salt crystallization on the stone walls of the fortress in the outer area of the Soltaniyeh Dome, leading to
the loss of parts of the stone due to crystallization pressure.
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 ــا ــدد ــ ــر ــ ــر ،ــ ــر ــا
،  ــ ت اــ  ــ صا ــ  ــد ســا ــد آ
صــا ــد ســ  ــنا ــر ا ــد ــا دم
ــو ــ  مــا ــوب رآنــد .)2 ــک( ــد
ــا  ــر غ  ــ و ــز  ــا، م ــو  ــر ظ
مــا، ــو ــانا ــر ــد . ســتگ
ــر ا ــا  ــن تاــا ــر   مــا نشــأ
ــ ر ــ   ــا  ــ ــر ــتگا  ــا زاآ
ــت فا ــ  ــد آ ــ  ــا  ــا  ــو ت
 ــو و ــ م ــر قا ــ ا ــو نظ  ــو ط
. شــنها  ــخر شــر  ــرو  ــنا

ان  تخاموا رمو رآند

کیزواناه عد"ر"
ــنا ــاوآ ــر ــد تخــا ــامو

ــ گا ــاگر ش ،ــن  ــک کا  ــک ز ــو 
ــر ظ ــو  ــن  ــ ور ــ   ــو  ــع 
ــر" " ــا  ــ  ــتا  ــن عــد ــو ــد. و
 ــ  ــد  ــب  طاــ  ــتا هر ــک ز 
ــصا نــو گــر، ــانا   طاــ نبــد ــر
 ــا مو ــ   ،ــر  ــر  ــتفا ــو  آــو 
2۰ ــها  رــد. ــر "ــر" عــد اــن
5×5×1۰ ــا ع ــا  ســتط کعــ ــاا  ــ مو
ــ آوــا ــطو  ــدد  ـر ـ ــاتتر
 ــد. ــر  ــا ــر ــن ــتگا ــ
اــن ــا  ــد ــ ــر عــد  ــرمو
ــر تخــا ــمو ــخا اــن دــد، ــتر
اــن ــو ــ ــر ــ  ــاآ ــر ــا 
 عــطا نظــو .)3 ــک( اــد زــر 
ــناآ   اــن ــا ــنا ــر

. د نا   ن تاا د س  نا ار د دما و ما ضو .2ک

Figure 2. The presence of salts has caused the stone's appearance to deteriorate and weakened the structure of both
the stone and the mortar between the stones

.دتا اد  موا ر  ر ن عد  مو تخا .3ک

Figure 3. Sample selection from the Vir stone quarry and cutting the samples into standard sizes.

جا طا نبد ر نو و  ان  ما خر أر



54

ر و حفاظند صلنا

| 1403 ستاز | 22 پیاپ شما | 4 شما | هفت ا

ــد.  ــت ر ــ مو ــنا  ــو   آ

ــو ــر  ــناتاا شــگااآ ــر 
ــانا ــر ظ ــتگا ــاوآ ،ــن ــک ز
ــا ــر ــانا ،(XRF)ــن ــام ــر
،(XRD)ــن ا ــر ــانا ،(XRD) ــا م
ــر کت ــکو کر ،ــن  ــنا ا ــا طاع
(SEM-EDX)کــور ــر فک آاــز  ــش
ــک ز ــا صو  ــا ژ ــا نا ــد  ــا 
نبــد ــر نــو ــ ــو  اــن
ــا ــر بتــن ــاح  ــتفا ــا طاــ
ــد  ــر د ــ مچن ،ــ ر ــو  ــو ذ
ــ ع  ــن  خصــو آ ــذ  ،ــن  خــخ
مــ قــاء ــا  مــ ــم ــر ر  ــن ــقا
 آ تــا  خــتخ تاــا هتــر ــنا نظــو
ــام ــا ــر ــ ــطح ــو رــر
ــرنو ــ ــنگ  ــر ــد شــک (XRD)
 ،ــ تــر ــر عــطا ــو طاــ نبــد نــا
رآنــد  شــت ــانا ــو  مــ ــ نا ــ
ــز  ــد  ــ ر  .ــ ــد  ــو ــآ
ــکو کر ــا ر ــ ب  ــا د ــا ج ــا 
ــ ا ــ ه ــا  ــ روط ــنها ش ــ 
ز ــها  .ــ ــد ــد ــنگ  ــام
ــر  ــ  ــفو -ــح   ــتفا ــا
ــا ،ــر هــا ــاآ ــ ــد  عــطا 
شــنها ــمچن  ــحق ــاتا  ــا
ــد ــ اــت نظــو .ــ ــد ــ ــتفا
مــا ــا ــانا ــر بتــن ــار  ــحق
ــؤ  ،ــن  ــر  ــ م ــر خ ــر أ ــر  
ــد مــا ــنا ــر :ــب  ــد
خــتخ ــصا ــر مــا ــآ ــ ــو ــا ــ؟
ــو حت ــ ا ــو نظ ــا   ــ روط
ــ آــد ــوــد ســ؟ آ  ــوح ــام
ــؤ ــ ــ ــا نظــو  ــمند ــور
حق ــر ــا  ــمند ــور نــد. ــ
خــتخ تاــا مــ بحــ ــ  ــد  
ــ  ــد  ــر  ــد  ــتا   ــز اآ ــا طاع 
.ــر طــر ِــ ــقا  ــبا ــ مــ

ح تا

یآ رآند انا -

ــو اــن  ــناآ عــاطا حــو
طاــ  ــد نب ــا ن ــر نو ــ  ــو  
ــنا ( ــنا  ــر ا ــ ا ــنا  ــا  ــر 
ــو آ ،آ ــ و  ــ آ ــ و ــنا  ،)ــ 
.ــ ــآ ــ  نشــأ تــا  آــا  ــر 
ــ  ــدآ ــو ــ ــاآ ــر ــ
ــا  ــا ن ــا غر ــ نطق  ــا ن ــ عو ــنا 
ــخت ــو   اــن دــا ــو .ــر
ــ و ــ   ــتند س ــ  ــو ر  ــط ح
ــرغ اــد. ــت ــام  ــکز أــر وــد
ــ ت ــ   ــو  ــ   اــن   تاــا 
 ــو ،ــککا ــا ــو ــنا ــط
 مــ ــا ا  ــا م ــح   ــا  ــطو
ــو  ــنا ــط ــد ــتو ،ــط ــ ــ
 ــو ح ــا م ــو ب ــ تج   ــنا 
ــ ــد ــا ــتو  ــرقبــا  بســا

.(Torraca, G, 2009, 85-87)

،ــ  ــد  ــ  ــ م ــ آ ــا  ــ  ــا ن ــ  
مــا ــتگاا ــمچن  مــ ــو ،ــو ،ــز
ــر ــر ،ــخا ــد جــت وــد ــ(
ــر  ــد( ا ــا ن  ــ ت اــ  ــ صا ــو   
ــوتب ــط  ــ ــام .)3 ــک(ــ ــد
ســا ــاس ــو ســب ــو ــرغ ــ ــود
ــو تب /ــد ــ ــا ر ــر ک حــ  ســتند
Torraca,) ــو  دــد  ــا آ ــ و ــد 
.(G, 2009, 85-87 and Houck & Scherer, 2006

ــا ب ــا م ــو ب ــد رآن ــر    ــا خر
اشــا ــر  ــ ــکز ــاخر  ــ
ــ ــ ــود ــ غــر  ــوب ــر ــر 
ــ  ــد ــو ،ــد ســ ــو ــها 
ــط ــد دمــا نــد. ــر ــنا ــد ــ
ــد ــوتب ــر  ــ مــا  شــر ــا ــنا
ــا ش  ــ  ــد  ــک ش ــا  ــو   ــا م
ــن  تاــا  ــ ضع  ــد  ــر  ــ و ــو ب
ــط ح ــر  مــا ــو  ــ  ــو ــا  ــو؛
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غــر  ــوب ــا  ــرغ ظــر  ســت ــ ــوو
Belmin & Siedel, 2005)ــ ــا ع ــود ــ

.(and Bläuer Böhm, C, 2005

وحام ر  د تو -

ــر  ــر  ــن  ــطح  ــا   3ــد  ــت و
 ــر ــو ،تــو اــد ــر  شــ
ــط   ــا م ــو ب ــا ش  ــ دآ ــا ا
ــا  ــح  ــا  ــ و ــد. ت ــا ف ــن ــ  
ــاآ ــ ــصا  ــوو فاــو ــاو ــح
ــاو ــد. ن فــو خــخ  زرــا ــ 
ــر  ،ــداا ــاا ــجز ــر  ــوح
ــ   ــو آ ــا ــر صــو  ــا ــرغ
ــا شــا مــا ــ ــوب  ــود ــوتب  
 ــد ن  ــا ر ــز   ــطح ــ  ــو  ــ 
ــتو ــتو  ــو ــب ــها  ــد ــ کــر
ــ  ــو  ــ آ ــ  .ــو  ــن  ــد 
ــاو ــا  ــا ــد ــد ــا  ــو  ــد 
ــر  ــر ع  ــ ا ــ آ ــ  .ــو  ــ صا 
ــو ــار  ــو  ــقا  ــنا تــر
ــا ج ــوء  ــر أ ــنا  ــ قا  ــ  ــ ها
 ــا ــدو هــا جــت .ــر مانــد،
ــ شــک ــا ــطحــا ــ ــد ــر ،مــ
Valenza &) ــو وــد ــن  ــ ــا ــدرآ

.)4 ــک( (Scherer, 2007,1009-1010

و  خخ وق -

،خــتخ ــصا ــ ــ تماــا ــ  آ تقــا

اســم ــ خت جــت   ــد ســ ــو
اــن   ــر  ــر  ــ  .ــو  ــنا  
ــا فع  ــ ع ــ ها  ــ  ــو  دــا ش 
ــ   ــ  ــر نج ــک ز ــ خت ــا ا  آ
 خــخ .(Javani, 2010, p. 13) ــو  ــو  ــ ت
ــا ج ــا خر ،ــو  ،ــ و ــ د ،ــذ 
ــک ش ــد مان ــر ظ ــو   اــن   ــد 
ــا ــخر ،ــن ــ  ــط ــر مــا شــر
ــ و . ــر ؤ قــ ــا م ــح   ــو ب 
ــب ــوح ــام تقــا  ــح ــا  عــو
ــر   ،ــو  ــن   ــو و ــا ا ــ جز
ــر  ــک کا ــا ش ــا م  ــ  ــ ا ــ و
 ــککا شــا ــ ــ؛ ــن خــتخ تاــا
ــر غ  ــو ح ــا م ــو ب  ــح  ــا  ــن 
ــرغ ــر  ــن خــخ  ــوو ــو ــا

.ــو جــا ــا 

آ -ا --  ا یآ -

ــد  ــ عب ــا ا ــ و ،ــز   ــ ا آ
ــا  ــر ج ــ  ــ  آ ــد  ــا و ــا بق 
ــ .ــز ناــا ــاو ــا ــ ــود، ــد
ــنگ  ــو ــ ــو ــا ،آ ــــا ســت
ــذ ــا ــدر ــو ،نطقــ  ــا صــ ــو
مــر ــ  تــر ــو وــا   ــو ــو
.ــو  ــا و    ،ــر ت مــ  ــر قا آ

 ــو و ــ  ــد  ــ  ــ و ــو ف آ ــ 
 ــا  ــو  ــ ا  ــو  ــو   صــر 
ــد آ ــد د( ــو  ــنا ــ عو ــر  ــو

.طا نبد نا رنو  و  ان ط د تو تو .4ک

Figure 4. Flaking of the surface of the stone plinths in the southeastern porch of the Soltaniyeh Dome.

جا طا نبد ر نو و  ان  ما خر أر
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ــک( ــو  شــک ــ م  شــر ــر( بخ ــر 
ناــذ ًعمــو ــا .(Rahmani, 1999, p. 73)(5
ــ   ــد،  ــنا  ــذ نا ــ  ــب س ــر و
،جــت  ــد؛ نن ــذ ســتر   ــ و ــد ون 
ــد ان ــ جم   ــا م ــر ش  آ ــا تم
گــر، ــر  .(Lubelli & Van Hess, 2014, 128)
جــا نظــو وــا شــ ــا ــتر
هــاا ــو ــر ــا ،ــناتاا ــاا
آ ــا ب ــ   ــد ــا و ــت و ســت ــا ع

. ــر  ــد و ــر  ــو ب  ــر بخ ــ ز

انا نکیزوناتا -

تگا ن

ــو ــن  ــا  خــخ ــد  ــذ ــز
ــد عــا جــت   آ فــو  ــذ ــز
ــک کا  ــک ز ،ــا م ــو  اــ کاس
ــاآ جــت  ــر؛ ــوب ــا ،ــح ظــر
ــن   ــو ح ــا م ــکفتگ  ــا ه ــد مان
ــ تا .    ــد  ــو   ــد  ــ  ــ  
ــن ، ــن ــد شــا ــدآ ــ
ــر ــ   ــا ســبتاً خــخ  ســ شــر
ــد ــز  ــ  ــن  ــا  ــ و ــذ  ــب 

.)1 ــد (ــ ــد  ــو و

ــا ق ــر ر  ــ قا ــو آ ــ خت ــا ر 
ــب  ــرغ ــنا ــمو ــط  ــد  مــ
ــک( آــد ــو ــ ــدتو  ــور
ــد   ــ  ــ ر ،ــر  ــ  ــ ب  ــ  ،)6

ــد ع ــر ک  ــد ع ــاً مو ــد؛ ر ــ   ــنا  ــا 
،ــ ــا تف ــن ــر ــ  ســت ــ ــار
ــا ــ  نــد ــا ــ ــرــن
35 کــر  ــ ــها ــا .ــ ــد ــتو  ــا
 ــ شــا ــ ــ ــنا،  ــمو 4 ــر ــر
ــها   ــم ــار ــا مــا ــو ب ــد
و طــ ــ  .)7ــک( ــد ــنا ــد ــا
ــا ــر ظــر ــو ــن ــ مــو هــا ــو
ــار ــقا   EN 12370: 1999 دــتا
 ــم ــقا ــد فاــو مــ  ــرر
ــها   ــم ــار ،ــدتو ــو ــ 
ــد.  ــ   ــ   ــن  ــد  ــا   ــ د

. ن ط ر و شک  بخر ر دآ دد .5ک

Figure 5. Formation of evaporation conditions and efflorescence on the surface of the stone and mortar.

شگااآ امو د تو  ور .6ک

.م رر  قا وآ ر 16 کر  ن

Figure 6. Cracking and flaking of laboratory stone
samples after 16 cycles of salt resistance testing.
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ننااعاطا -

هــ موــا ــا قطــ ــرتر ــازاآ
ــنا  ندــک ش ــزء  تــنا ا ــ طاع
XRF, XRDــز اآ ــا ن  ــ کم  ــو ن
ــو  ــکوکر  ــتفا ــا  ــز  ــو  حــ
ــبز -ســترا ــن ــمو .ــر جــا بــو
ــر ــو ن ــ ــو    ــ ت اــ  ــ 
،ــو اســرنو  تشــک طاــ نبــد نــا
ــ  نورســا ــ ًــر ث  ــ ــو ــا
ــاا  ســر ،ــا رن ــد ان ــ وا ــاا

 ــ  ــو  ــنگ  ــا طع  ــود  ــ بد 
 ــز و-1 .)8 ــک ( ــد  ــا  ــ ش ــر م
ر ــو ــا ا ــک ــ ــز- اســتر عــا
هــ ــ ــ ــو ــد ــج ــو  ــد
ــو ب ــگا ن   ــا ام ــا ع ــد  ندــا ش
ــو  ــ  ــو  ــا ا ــد.2-  ــا ش ــن 
 ــد ــگزا ــ ــد س ــم  ــا رن ــا  
.ــ تــا قــد ــا  ــ ــانا ــجز ــد
ــ   ــا ه ــد رن ــ ش ــا طع  ــ ت -3
ا ــا  ا ــ  ــد ــار  ــ جز ــو  ــز 

تادا. ر  ا مو  خا امواآ د ،شگااآ عاطا .1د

Table 1. Laboratory studies, objectives of testing historical and healthy samples, and standard references.

 م رر  نا قا وآ ر  ب  ا ع  مانا )( .7ک

.ر 35 د    نا ع )(

Figure 7. (Right) Stones in their healthy state before the salt resistance test and

(left) the condition of the stones after 35 cycles.
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ند شــا ــکوکر صاــر .ــ ــر 
 فــر  ــ فــر  ــر ــن ــ ــ ــ آ
نــ  .)8ــک( ــدد ــر وــز ــا ــو ــ
ــد  ــ ش ا  ــ ش اــ ر ــا قا ــن 
4ــفرِ  ا  ــپاد -ــ ــ ــ ــار
ــ  شــ نــ نــدرآ  ــ ــا( ــد
ــجز  ــاا  ــپاد ،ــ ــ  
ــا رن ،ــپا د ــا و ــر  ،)ــو  ــ بد 
ــک ــر ــم  )ــآ ســد ــ  شــتآ ا(
ــد سد  ــد س ( ــ آ ــد س -ــد  ــا ا 
ــو ترآ ــو  ــن ــ   .ــ ــد د )ــآ
ــپاد و ــار مانــد  ــناا ــو
ــآ ســد ــ ــو ــوترآ   ــاا ــ

ــا ب ــن ــ ــو ا ــاا .مــو دشــا 
اا  ــر ،نار ،ســر ، ا  ــ
ا .ــ ــآ ســد -ــد ــاا ــا آ ــر
ــجز ــتو شــ ــو ســتار ــت ــن
نــ  ــ ــترر آ ــا  ــد

. ــا ر  ــت تر

ــا وــا ندشــک ــ ــاا
 وــز ،بــوفآ ،ســر ،دــا ،ــو
،ــر ،ــ ــاا ،ــاآ آــا ــر ــاا
.ــ ــآ ــادسد  سدــا ،ــ ،ــف
ــر ر  ــبتاً س ــد  ــو تب تاــا  ــ  ــا و
 ــا ــ ــاصــو ســتند قــا ــو
ــوز تاــا ــا فاــو  نــار  ــد ــا
ــو  ــن  (Reedy, 2008. 11-12-16) ــدد  ــد و
  ــبز  ــ  ــ  ــو  ــو   ــا   ــر ظ
ــاً مد ــ ن  ــ  ــو  ــ و ــگ مر
ــپاد ــکا آ اتاــا ــز  وــز ــا  شــ
اســتار ــا ــد و ــو  ــن ــ .ــ
ــاً مد ــ  شــ کــرا ــا  ــا   اــد ــ ز
و کا ــا ا  ــوا کا وــز، ــا
ــ ن ــن ــ  ــکوکر قطــ اــد. ــد
اســرنو  نــدر ــازو ــا شــ
.(Reedy, 2008. 12))9 ــک( ــد شــا  ــپاد

 ــو  اــن   ــ  ــ   ــا ش ــا ر
ــو رــر  ــقا ــ ــ تماــا ــصا
ــتفا ســتر ــو آ ــ ا ــر ــد 
شــا ــکوکر ــا  قطــ صاــر .ــ ــد
ــز  اــا  ــن ــد 5۰ ــ ــد
ــدد  ــد  ــ ش ــ ارک  ــ  ــ ش
.(Reedy, 2008. 13))9 ــک (ــ  ــ ات ــک ش

:(XRF)نیمیایر انا -

ــن مو  ناــر  ــم ــع  ــانا هــ
ــد نب ــا ن ــر  ــو ن ــ  ــو   ــخ ا
شــا اآ ــتا ــد. جــا XRFــاآ طاــ
(Al2O3)  (SiO2) ناــر ــز ــ ــ آ نــد
جت   ــ شــتر ــن  ــوو ناــر گــر 

.)2 ــد( ــنســتند ــ ناــر ، ــ

ا ا ت ن کوکرک .8ک

:و د X100ماز ا XPL و  ترر

 د ر و ا  سترا عا  وز Qtz

م  نار ا  و  و اآ ،ج و

ش طعا  ت  د گزا Op سد

ا ا  د ار  جز و ز   ها ندر

. ر  ا

Figure 8. Microscopic image of lithic stone with
a porphyroclastic texture under XPL light at 100x
magnification: Qtz (quartz) appears as coarse gray
grains with fragmented edges and bay-shaped

corrosion; crystalline remnants are generally replaced
by carbonates and minor opaque oxides (Op); lithic
fragments and scattered glass shards are finely

decomposed and altered, often containing abundant
clay minerals.
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(XRD)نایر انا -

ــا ا ــخ ش  ــا نا ــ ه XRDــ اآ
 ــف  ــ ع  ــا مو  ــد  ــک ش ــتا رس
ا .ــو جــا ــو  ــ رســتاا ــمم

دآ ــ ــ مــو ــر  عــطا ،5ــ ــ ــو
بهــ ــو   ــتفا ــو ــن تاــا 
ــر   مــ ــ  طاــ  ــد نب ــا ن ــر نو
ــا ا ــو ض ندــا ش ــو  ــ  ــ روک
Al)ــنوا  (SiO2) وــز مانــد ــ ــا
 ــن  ــ  ــ ا ــ  ــ  (2Si2O5(OH)4
ــو  ــر  ــا  ــد. شــک  ــور ــا ن
(CaCO3) ــس ــر ــا ــز  (KAlSi3O8)
تصــا ــو ــ  ــن ــر  ــد 5 ــد
ــو ن ــز و ــا  ــا  .)3 ــد (ــ  
ــآ اــن ــ ــزء ،ــن ــس ــر

ــد. شــک  ــو  ــ م  ــر 

 ندر وز ا مر ش ن  مداً و ن  :و د X40 ماز ا XPL و  صور .9ک

 ا قار و  :و د X40ماز ا XPL و  کوکر صور . د شک پاد اسرنو

. و  دد، د شکرا   ش ز  اا

Figure 9. Image under XPL light at 40x magnification: This tuff stone primarily consists of a glassy matrix with
scattered quartz and feldspar phenocrysts. The microscopic image under XPL light at 40x magnification shows that
this tuff contains a significant amount of minerals and glassy components arranged within the glassy matrix.

خا ن مو (XRF)نصرشخ آاز .2د

.طا نبد نا ر نو  و 

Table 2. Elemental analysis (XRF) results of the
historical stone plinth sample from the southeastern

porch of the Soltaniyeh Dome.

 و  ن (XRD) آاز تا .3 د

.طا نانبد رنو

Table 3. XRD analysis results of the stone plinths
from the southeastern porch of the Soltaniyeh Dome

Concentration (%w/w)Compound
73.59SiO2
11.89Al2O3
1.65CaO
1.63Fe2O3
1.59K2O
0.46Na2O
0.22MgO
0.215TiO2
0.161SiO3
0.058P2O5
0.016MnO
8.34L.O.I

Quantitative
percentage

Chemical
formula

Phases

Major Phase(s)SiO2Quartz
Major Phase(s)Al2Si2O5(OH)4Kaolinite
Minor Phase(s)KAlSi3O8Orthoclase
Trace Phase(s)CaCO3Calcite

جا طا نبد ر نو و  ان  ما خر أر
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ــ ــ ه ــ  ندشــا ــنا  ا ــا طاع
اا ــا آ آ ــو  ظــر ــو ــن مو ــ
، ــاا مــر ــ ــنوا  وــز ــا
ــ ــا ــاژ ــم  .ــ ــر  ــس
 خــتخ اســم ــ؛ آ ــا خــخ ــن
شــخ ــ ســتراــ ــ ــرتر صاــر
تا ــرتر ــا قطــ صاــر ،جمــو  .ــ
ر ــ  ماــد. أــد کــورــر آاــز
أــد ــ ــدآ ــ ــ اــا ــ ــز کــور
ــد ــر اــ اــن ــو ــآ  ــو ننــد
طاــ نبــد نــا ــرنو ــ ــو   
ا ــد  ــ  ــا ــ ــب ــو ــن .ــ
ــ نا تماــا  اــا  ــر  ــ   ــتحکا 
ــرگ ــر ــتفا ــو ــاتماا   اــد

.(Reedy, 2008. 11)

(XRD) ما ایر اناتا -

ام XRD آاــز  ــدآ ــ ــتا ــا ــر
ــتا تــر، (NaCl)ــا ،(NaNO3) ــد تــر
ــ  (MgSO4,6H2O)ــد گز ،(KNO3) ،ــر ت
ــط ــر  ــ ــد ق ــ  (SiO2) ــز و  ــا  ــد ق
ــ خت ــا و .)4 ــد ( ــد ر ــا نا ــن
ــا ــو ،ــز نــد ســت ــ  مــ ِــو
ــ؛ نــا  تــ اــ ــصا ــو  تأــر ــهو
اــد. نشــأ  شــا وــد مــ ــو ــرنا

ما نشأ -

 ــو  تماــا ــصا  مــا نشــأ
ــو ،ــا ،صــر  ،تماــا اــن
مــ ــا ــ ــ ــد ــو ،ــوآ ــو ،ــتر
ــ ر ــر ظ  تــنا ا ــ نا  ــا اس ــتند، س
 اــن صــو  .(Charola, 2013, 328(
ــ( صــر  مــا، نبــ ،طاــ نبــد نــا
ا  )ــــآ ــم قــد  ــا ،ــ  ــبر
MgSO4,6H2O ــام .ــ وــا شــ
(NaNO3) ــد تــر  (KNO3) تــر ، 
ســکو ــا  ــ ــ ــر ت ــا  ظــ  ــا 
،ــتذ اــا  نبــد ــر ــا ــو
نطق ــد تصــا  ــتاو ــا وــا جــا
شــک ــر  گــر  ــا . ســتق طــ
و ــ ــ ــ ــو ــوب عــا ســتــ
ــا ن   وــا  ــوو ــو ع ــ و ــد و
 ــح آ ــ ســت ــو ــد آ ــ  اــد
،فاــو  ــا وآ  ــا م .ــ آ ــر  ــا ن
،ــد ا ــز ا ــر  ــر  تــر ،نــار
ــ ــتا ــا ــر ــود. وــد ــر  ــتا
ــو ــ ــو تاــا ــا ،(NaNO3)ــتر ــدآ
  ــ  ــ ر  ــد ق ــ ر  ــو ه  
)آ ــر ت 1۰۰  ــر  73( آ  ــا  ــ 
ــد،  94ــا  ــب س ــ و   ــو  ــو ر
ــبر ــ (NaCl)ــا آ  ــ .ــو ــ
ــ   ــ ــد ق ــ ر  ــ  ــ
ــد 54ــا ســب ــو   ــو ــا ــاس
ــا  ــا س ــ  ــ  ــ و ــا  ــود.  ــو ح
ــا  ــر م ،(KNO3) ــر ت ــر م ــ  ــ م  ــ 
ــو ــا آــا ــآ نــا،  ســب ــو ــرغ
ــ جــاآ  (MgSO4,6H2O)فاــو ــزن .ــ
،ــ ســا ــا س ســب ــ و ــر غ ــر ر 
ــ ــ ــ هــ ــ .ــ ــاطر ــاس مــ
ــتا رس ــا  ــ ند ــ م ــ  ــ  ــ  ــ ع
ــند تحمــ وــد ــ ــم ــ   ــد
ســب ــو اــاو ــ  ــا  ــ د ــع
ــو ــن ــخر ــ  نجــر ــها  ــ ــو

.(Heritage et al, 2014, 105)

ما. XRD آاز تا .4د

Table 4. XRD analysis results of the salts.

Quantitative
percentage

Chemical
formula

Phases

Major Phase(s)NaNO3Nitratine

Major Phase(s)NaClHalite

Major Phase(s)KNO3Nitre

Major Phase(s)
MgSO4,
6H2O

Hexahydrite

Minor Phase(s)SiO2Quartz
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وحام  ا ور -

ــ  ــو   اــن   ــ  ــ  ــ آ
ــو ب ،ــو ــد طاــ نبــد نــا ــرنو
عــو ــو .ــ ــنا  ــوح ــام
 ــوو فاــو  ــا رن ــاو ــح  ــب
ــو ف ــن   ــ  ــ خخ   ــد  ــا ن ــ صا
ــر  ــ تقا أــر ــا  فــو  عــد ــو ح ــ نــد.
ــ ن ــ س   ــا ا ــد اا ــا ا
ــام ــ آــا ــبد  ــجز ــب  
ــو وک ــو  .ــو  فاــو   ــا رن ــ خت
ــد مان ــا م ــا م تاــا   )ــو ب آ( آ
ــدگز  (Na2SO4.10H2O) فاــو ــد
 ــد  ــا آ ــ ج ــ ز ــب  (MgSO4,6H2O)
  ــ مــر ــا  شــا ــا  جــ ــز ــ 
ــا ا ــ  صــا ــد  ــت کس ــ و ــ ها
مــا .(Robinson, Williams. 1997) ــر
 آ ــر ا ــ   ــ   ــن   ــ  ــ مک
ــ نا  ًــا تم ــا   ــد ا ــت  ــو  تماــا 
ــا ) ،ــرند  صــا ــو )ــ مانــد: ــا
 ــو و ــو ح ــا م ــود.  ــ ا ــو  ) 
اــن ــو  ــ ــو  ــک  اــا
ــخ ا ــانا  ــاتماا  ــتفا ــو  ــ آ
ــجا س ــ ت ــ   ــ و ــا م ــ  ــتند. س
ــجز ــ نجــر ــها  ــ عــد ــا ــا
رآنــد ــا ــوو ــخر ســتند. ــو ــا ــو
ــ  ،ــد رــد ــ مــا، ــح  ــوب
ــآ ــ ــ  ــرنا ،ــو ــا ــنا
ــرذفو ،آ  ــوح ــام ــو ــ ــو
ــا شــ  ــر ــار  بخــر ــر ،ــن
ــوب ،ــح ــو ــ مــا ــخر رآنــد .ــر
ــوب .ــ ــنا   مــا ــرآ 
ــ م ــ ظ ــ  ــا   ــن  ــذ نا  ــا م
تــد؛ فــا ــد، ــبا ــو ــط ــ ــوح
ناــذ ــاو ــ ــو ــوتب مــ ــ ــا
وــد ،ــد  شــا ــ ــ آ شــا ــوو
اــد ــن ــککا حمــ  ــقا ــو  ــر
ــن  ــد د ــکا جــا ــ  نجــر ــ ه ــ  
ــز ــا ــو ــو ــ ــکا ــ ــ ــو

ســجا تــ ــ  ــها   ــدــن خــخ
ــو تب ــ م .ــو  ــن  ــد ع ــا  ــا 
ــن  ــ آ خــا ــا ــو ــد  ــا ــد
 ــر  آ ــو ــ   ــد ــو ح ــا  ــو
ــد شــ  گر صــ ــو ــو  وــد
ــن  ــر  ــ خر ــ و  ــد  ــو تب ــا 
ــخر ســکا .(Rivas, T et al, 2010, 766) ــو
،فاــو( ــوح ــام ــ ــ ــو آ ــ 
ــن ناــذ  آ ــا مــر )ــر  تــر ،نــار
 ــ   ــر بخ ــر  ــر  ــپ  ــو ــ
،کــر( ــود ــوتب  ــن ــطو ــر آ
خخ ،ح ــر   ــو ــز .)22 ،1386
،شــ  ــر ــار عــد ،آ ــرذ فــو ،ــن
ــا م ــ   ــا ن  ــ صا ــر ر ــ عو
.گــذ أــر آــا ــک  ــوا ــز ــر وــد
دشــا ــن ــط ــر مــا ــوب ــ ــو 
ــط   ــر بخ ــر  ــو  ــ ا آ ــ  ــو 
ــط ــر ــو ــآ جــا ــو  ــ ــنا
ــاو ــا ــد  بخــر ــر ــا .ــوــن
ــو ح ــا م ،ــر گ ــو  ــنا  ــط  
ــود ــوتب  ــش ــ ــطح ــا ــر 
ــدا ــکفتگها ــدد ــ ــط  ــ
اســم .(Vergès-Belmin, 2011, p. 62) ــو
ــد متــر ــار ــا ــو   اــن 
ــد  ــنا   ــا خ  ــتند س ــر رذآ 

.ــ ــد

 تفا نا تاا ز انا -

(SEM-EDX)

 ــآ ســقا  تاــا هتــر ــنا نظــو
 ،ــخا ــمو  ــا ــمو  ــوو ــرغ
ــد. ــر مو ــد ع ِــا ــن ، اــن
)1۰( صاــر ــجمو  کتــر ــکوکر صوــر
ــن  )5 ــد( EDS آاــز ــتا ــد مــر ــ
ــ ــد شــا عــد  ــد ــتر ــا ــو
 ســجا  شــد ــو ــا ــنوا ــا
ــکا ــ جمو ــ قا  ــد.   ــو ط شــر
ــ  ــ نــوا ــا  ــخا ــن  )11(

جا طا نبد ر نو و  ان  ما خر أر
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ننــد ــاما  ــ ــد ــا ــ   نظــا ــک
تاــا ــر مــا ــوب  ــو ــذ  شــا ــ
ــ  ــا آج  . ــنا  ــط  ــ خر ــ ها  
 ــ ا ،ــ  تاــا  ــا  ــ نوا ا ــو 
ــ ،ــ ــطح ــا  ــو تقــا  ــذ
ــذ ــا آ بــ ــ  ــا خــخ نــا  ــا
مــر ــ ــو تقــا  ــذ ــب ،ــا ــو

.ــو ــن تاــا   ــو ح ــا م

ــو رــر ــز 8 نمــاز  11 ــک 
ــو  دــا ش ــ نوا ــا   ــا 
 ــد. د ــو ض ــا قط ــ  ــا  ــ مو  ــ 

ــر ــد غــر ــخا ــمو ــکووو حــا
ــ  ــخ ا ــ مو  ــ نوا ــا ،ــ
ــ ــک ــ تاــا ــا ــمو   ــد ــا
ــرقا 11 ــک نصــر ــتا .ــ شــرر ــ
خا ــن ــد خر ــا   ــد  ــر 
ــ  ــا ــ مو نصــر ــز اآ  ــ ــد شــا

.)6 ــد( ــو دشــا ــم ــا س ــز 

ــ )12ــکا ــجمو(کتــر ــکوکر صوــر
و ــن  )6 ــد( EDS آاز ــتا ــد مــر
) )صور ــد شــا  ــاــن نــ ــت
ــ صور رــد. ــا  وــز ا   ــ

.ان مو نوا  تاا  SEM صور .1۰ ک

Figure 10. SEM image of the sheet-like structure of kaolinite in the healthy stone sample.

ن مو  آ ک  تاا  ظم  با  کستگ ا مر نوا او خر SEM صور .11ک

.خا

Figure 11. SEM image showing the deterioration of kaolinite crystals, with fractures at the edges and disorganization
in the sheet-like structure of the historical stone sample.
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 ــنوا : ــاا ــر ــ ــ ــم 
 ــخ ش ــع  ــ  ــا  ــو  ــ  ــ 
ــد. شــا  ــس ا   ــ ــن نــ

 ــ ا ،ــ  تاــا  ــا  ــ نوا ا ــو 
ــ .ــ ــطح ــا  ــو تقــا  ــذ
ــذ ــا آ بــ ــ  ــا خــخ نــا  ــا

.طا رنو  و  خا  ا ان  نصر آاز تا .5 د

Table 5. Elemental analysis results of healthy and historical stone plinths from the southeastern porch of the
Soltaniyeh Dome.

.شخ آ  وز و  نوا ، اا ت و ن ا .12ک

Figure 12. Texture of lithic tuff stone, showing clay minerals, kaolinite, and quartz crystals.

CFeCaKClSSiAlMgNaO
%W

SampleName

-0.420.150.310.301.3718.2218.470.530.6959.54)A(ان

--3.333.125.14-14.4813.621.231.6757.41و  خا ن
(A)

-0.450.210.400.62-24.4223.390.750.8648.92(E) ان

ر. تا عد  و ا ان  نصر آاز تا .6 د

Table 6. Elemental analysis results of healthy tuff stones from the Vir village quarry.

CFeCaKClSSiAlMgNaO
/%W

SampleName

-4.280.396.710.265.8823.9411.351.980.5344.69ان

-5.970.467.330.292.2825.0611.402.090.5144.60ان

4.1064.91-------35.09ان

جا طا نبد ر نو و  ان  ما خر أر



64

ر و حفاظند صلنا

| 1403 ستاز | 22 پیاپ شما | 4 شما | هفت ا

مــر ــ ــو تقــا  ــذ ــب ،ــا ــو
 ــ  .ــو ــن  تاــا   ــو ح ــا م
ــ ًتمــا بــا، ســم   ــاا تــ ــ

.ــ ــو مــ ضــو ــ

نــ  ــوو مــ تاــا 13 صاــر ــجمو 
ضــو )( 13 ــک .ــو دشــا ــخا ــن
تاــا ــ  ــن نــ  مــ ــاو
13 ــک  ــد. شــا ــ نوا ــک ــ 
رــر ــز 1۰ مــاز ــا مــا صوــر )(
ندــا ش نصــر ــز اآ ــ تا ــو؛  دــا ش
ــز اآ .ــ ــآ  ــر  ،ــد ناــر ــ ــ آ
،ــد ــر ناــر ــر  )ــ( 13 ــک نصــر

.)7 ــد (  ضــو ــز  فوــو 

نندشکییبار  قاا -

آ و 

  ــاا ــت ــ ــ ــت ــو ــن
ــاا ــد.  ــ  ــا ،ــو ــا رب ــ 
ــ فح ــ  ــ   ــت  ــ  تماــا  
ــر   ــد. ر ــر  ــد ن ــو  ــ  ــو 
ــذ ــا ــو اــد  ــاا ،هــ ــ
ــود تو ،آ ــذ ــر ــر آــا  ــاس ننــد.
 ــا آ ــا قب  آ  ــر  ــر  ــن  ــا بس 
ــ   ــد  ــت  ــب  ،ــا  ــ ش ــو ص
،ــ   ــ  ــو  ــو؛ ــن  ــ خت
ــام ــوب شــا .ــ ــوذ ــاندرآ ــا

.خا ن ن  ا م ضو )   ، ر   ( .13ک

Figure 13. (From right to left: a, b, and c) Presence of halite salt in the matrix of the historical stone.

.طا نبد نا و   خا ن  ووم  نصر آاز تا .7 د

Table 7. Elemental analysis results of salts present in the historical stone and the plinth of the southeastern porch of
the Soltaniyeh Dome.

CFeCaKClSSiAlMgNaO
/%W

SampleName

-2.501.063.6638.26-9.653.961.5227.3012.08
 خا ن

G و

-1.922.615.1835.253.066.452.861.9818.6422.05
 خا ن

E و
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نوا ا خامو  اخ؛ ن ن .14ک

ان تاا  ر غر کژوو حا  س 

. د ظم

Figure 14. Historical stone matrix; in the historical
sample, the morphology of kaolinite and calcite
minerals has changed, and the stone's structure has

become disordered.

ــخت  ــ  ــ  ــنا  ــط   ــ   ــو ح
ــ  تاــا  ــا  ــ نوا ــ س ا ــ ا
ــا  ــد  ــا  ــ    ــد  ــت کس ــ و
ــک(ــ ــد آ تاــا  ظــم  ــنوا
ــر ــخر ــو ــنا ــو نــا  ــ )14

.ــو ــن شــتر ــ

یرتیج

 تاــا ــاژ عــطا ــر  ــقا ــ 
 اــن   ــد آ ــو  ــا آ ــر 
ــد ــانا  طاــ نبــد نــا ــرنو ــ
ــو ن ــا ن ــ  ــ  ــا  ــ  ــ و ــا  .ــ
ــا ه ــ ب ــا آ ــ هر  ــد  ــ ب ــا ن ــ 
ــوب ،ــدتو ــب  ــاآ ــا ،
ــنا  ــ  ــ  ــد  ــو   ــط  ــر  ــا م
 ــنا ــژ ــنا نــا  آــا ــ
گشــا آــا نشــأ ــنا هــر مــ 
 .ــو آ ــر  ــفا ــح تخــا
ــر  ،ــو  ــر  ــم  ــا  ــا  خســ ا

ــا قطــ عــطا  XRF  XRDکــور
ــک ز ــا صو  ــا ژ )ــر تر( ــنا 
نبــد نــا ــرنو ــو  اــن
  تــ اــ اــن رــد؛ ــانا طاــ
ــ قس   ــ ــد  آ آ اــن ــو  
شــ ــاو ــت  ــن ــور ــاند
خــخ ــوــن ــ ــاصو  ــر؛ ــر
 ــکا ــ ــن ــ ــژ ــ ــ ــ آ ــا
ــا ــز ــا   جــا ،ــدر ــت ــ ــا ــد
ــن  ــد ن ــک ش ــ  ــا ا .ــو  ــر 
ــکو کر ــر صا   ــتند س ــ نوا  ــز و
ــس ــا مــر ــنوا ا  نــ کتــر
ــر م ــ  ــا  ــ خخ ــ ا  ــد. ر دــا ش
ــا ــو  ــنا نــگو ششــ تــ اــر
 اــور  آــا ــنا ــ  ــد ــا

ــود. تحمــ

ــطح ــر  طاــ نبــد نــا  اــن
ــا، آ ــا آ ــ ره ــ  ــ  ــ رت ــر 
ــ؛ ــنا ــط ــر  ــا م ضــو  ــکفتگ
نــو ــدگز  تــر ،ــا ،ــتر بــار
 ــدد  ــا نا ــن تاــا   ــو و ــا م
ــ ،ــش ــد جــا عــاطا  مــ ــو ــار
اــ  ــا   ــ   ــا م ــ نب ــد  ــر ظ
شــ  تــ اــ ــا ــنا، ــشند  تــ
و اــد. ــح  عــا ــو  نــا   وــا
   مــا ــ نب ــ مــو ــر جت نطــو
ــر نشــأ ک ســ؛ ــت ــو اــن ــو
 ــو آ ــن ســ تاــا ــ ــو ــا .
ــز  ــکفتگها ــا  ــنا ــطح ــو ب ــا ن
ــا ســت ــد عــا ــو ــ ــتو  ــدد
.ــ عــو ــو  ــا ــو مــا ــوب
ــد ــد ــا ــ ــوب ــا ســت  مــا
ســا عــو ــو  ــز ــرغ ــ ــد، 
 ســت عــا وــد غرــا ــرو  ســتند
رع ــ ــا  مــا ــ طــر  ــد. ــر
رآنــد ــد؛ ــوبا  ــح ــر ،ســب ــو
ــ  مــ ــز ــا ــا وــد مــ
.ــر ــعا ــ ــا ــو ــر  ســتر ــطح
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 ــا آ نشــأ  ــا م ــب خر ــ ق ــا  ــا ب 
ــش ند  ــ  ــر هت ،ــد  ــ آ ــا خ
ــانا ــر ــ ــ ــد رــد. ــعو ــز
ــر ــو ن ــ   اــن ــ خر ــ و
 ــا شــنها ــ    طاــ ــد نب 
ــنا   ــو ح ــا م  ــ ا ــتا 
ــخر  ــو ــو مــ ــا ــ ــ ــو
ــ  ــ ماع ــد  ــ خر اــن  ــتر ش ــ ر
ــو ــ عــد ــاد ،ــا  ــ آــد. مــ
ــبنا کــش ــ آ مــو شــنها ــور ــا
ــ مــا ــر عــا ــو قــ ــا ــو ــعب

رــد. ــد

گزپا

ــاو ــد تــر ــ  ــو شــکر ــر ــمام
ــمند، ــانما اــر ــ  هــد تــر 
ــژ ــ ــو  ــاف باشــت خصــ

.نــ ــر

 ــا  ــا ا .ــد  ــو  :ــ نا ــا ض

ــو ــحق ــ ــا فهــا نــر شــگا :عنــو
عــطا ــ ــا ــا ــا: ــ ــتر .ــ

.ــ ــتر ــ ا ــا کاب ــ ر 

وا

1. Salt Attack

2. Efflorescence

3. Scaling

4. Devitrification

5. Peak
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