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Abstract

The stone elements of the Soltaniyeh Dome 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
stones 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 stonexs 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 & Bliuer, 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
matetial'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 rescarch 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, 19706; 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 facade 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
detetioration of tuff stone plinthsin the southeastern
porch of the Soltaniyeh Dome. Salt crystallization,
influenced by humidity and temperature changes,
caused surface flaking and structural weakening
(Torraca, 2009; Belmin & Siedel, 2005; Bliuer
Bohm, 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 stoneis alithic crystal tuff with a porphyroclastic
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 AlpO3
(11.89%) as the primary components of the tuff
stone, with minor amounts of CaO, FepO3, and
K20. XRD analysis confirmed quartz (SiO2) and
kaolinite (Al2SipO5(OH)4) as the major crystalline
phases, with orthoclase (KKAISi3Og) 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 (NaNO?3),
halite (NaCl), potassium nitrate (KNO3), and
hexahydrite (MgSO4-6H20) as the primary salts
on the stone surface, with quartz (Si02) 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 MgSO4-6H20, 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,
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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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Figure 1. a) Position of Soltaniyeh Dome on Iran's geographic map (Razani et al., 2022).
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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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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.
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Figure 3. Sample selection from the Vir stone quarry and cutting the samples into standard sizes.
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Figure 4. Flaking of the surface of the stone plinths in the southeastern porch of the Soltaniyeh Dome.
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Figure 5. Formation of evaporation conditions and efflorescence on the surface of the stone and mortar.
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Figure 6. Cracking and flaking of laboratory stone
samples after 16 cycles of salt resistance testing.
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Table 1. Laboratory studies, objectives of testing historical and healthy samples, and standard references.
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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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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.



o5 asllabes 35 (B0 sz ol ol sl 5o ool 55 56

50881y 35108 L ol o (gl (gdiso; ]| Bias Bl S (ol 2395 00 0000 X40  les )3 L XPL jgi )3 yguad A S
)1 d.)l.») )J.)LOJ! L_99) u;l ‘39‘“’6" odsd X40 u.sLo.sg?)).» l.» XPL )9,: » u;}in)gwo )Jya.» Ll 045 JuSw.u )L.w.\lﬁ le.&sw;w
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.
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Table 2. Elemental analysis (XRF) results of the
historical stone plinth sample from the southeastern
porch of the Soltaniyeh Dome.

O obgy S 4 allal s 1S Ly 3y bogis
slajld oo gonad il e d W Slgiy
Al cidgls' 5 (SI02) 55)ls8" 3 lon ol (adls

oyl S ol (gl 4 S el (2Si205(OH)4 Compound Concentration (Yow/w)
M)l o8 58 ad o LS i ]y dbbgyye gl SiO2 73.59
(CaCO3) couls o3 5L38 5, 4 (KAISI3Og) AlrO3 11.89
welad] g 5 d ) Sw S 5 jl o )d O 250> CaO 1.65
Olg—isds 35168 (sl L8 (¥ Jol o) el 0l FepO3 1.63
Ao o S5t |y Gy 5 ales I Sy Na20 0.46
MgO 0.22
axg ool 50,13 Siow (XRD) 50U1 ol ¥ oo TiO2 0.215
agllale 145 (5l B ybeogis 503 0161
Table 3. XRD analysis results of the stone plinths P205 0.058
from the southeastern porch of the Soltaniyeh Dome MnO 0.016
. — L.OI 8.34
Phases Chemical Quantitative
formula percentage _. . ) .
Quartz SiO2 Major Phase(s) (XRD) S (638 S 53 (o2 lwliass -
Kaolinite | Al2SipO5(OH)4 | Major Phase(s) ol jase s g olwlis cegs XRD il )']
Ortho?lase KAISi3Og Minor Phase(s) 5 S e 5 Lndigas yo 00 LS5 by S
Calcite CaCOg3 Trace Phase(s) b g o Pl (69 B9y A by Sl S soSdas

VERY s | VY ol oles | ¥ oyles | i JLo | 04



S Lo —

e |y Slatlw mdlas  Lackes L
Sy (S5 ¢ by o Lo ¢ slaiblus clacSio
S ol 4 S = o Sy ‘059_11 Slon ‘g—p yo
CbS 15 s anliil alio g byl )l it wn
60}l e K yosas 5> .(Charola, 2013, 328)
4S) bymae Lo LSl psio ctllalns 0 S oLy
S5 g (sl Sa] oS it 5 S S J oS
MgSO4,6H20 (sl aSes .l Lmoylgs ey
(NaNO3) i ly s 9 (KNO3) , i bdlo |
S ame Ly 4 S cwl il YU eckale §) s
W3S (gl s )3 1S Bl bl cLoniy) (39
dalaie (gl oly sluasdl g yliwyoS L Laoylgys cuyglone
JS—i gl S0 Y Jsle )l i (glalad
Cugh) ol 45 Cnl gl yo L5 Jlsd i S
L (2 9 Laojlnd 339290 (6350 Cosby a0
2 e Ol g8 g S92 pas ] Sl 5 4 3L
iy gL gl 5 LinSa sl 5] 3l bl g L
e (28 SIS L oS 5 0 ) gl s S
Sty gl polsl o WigB o A5 0)8 g il
995w (655 sl L (NaNO3) 1yl i 0]
g ol Sy 0 Jlfe oy i (gl oon 99 9
(S e Voo 2 2 S VF) Ol o YLy e D
o3 AF (YL (i Csby )3 g 039 555
=5 5 Oragd NaCl) cle ol 5l 2950 J>
Mo (gl e s i (gl A
Ao OF (YL (g Cgbo) 53 5 039 2V jls
YL s cePls am aag L i B e Jooxe
L ol (KNO3) j—t5 oly—om 4y Sod 53
ang JoB Loyl col doo d (s cogby ol s
aS olosl ;I MgSO4,6H20) iy v jake .l
sl ol sl (s by Sl ol
o=l - an e ol ol (S sl S
(iS58 (ainr Sed (ol 48 cl el
O Jreote Ml oo S (e 4y 9 0 aSTe
(st Campgloy Sllawgs d fwly )3 al)ds Gt
S9-iee S i 55 Ay 5o Cmlod 3 4 99

.(Heritage et al, 2014, 105)

Cuwl o oyl godimd ) Lis b S5 clallas
o3 L slgl )3l g9 5 p1as 5,90 S (gigas 45
() SLa SIS ol yan 4y clglS 5 35S el
o=l 3l gl Shy adea jlocul e )l g s
15 Jdsete (elacioud (el o] sl Lsdso i
paFdie (g (6 S S (S 0 paglas
@l BS95h SIU alafie pglal egare o Cod
Ol b > sl e 30U ) e SUlsiy 3 U
Aol 4S sdel Cwd 4 Lo S ol 5 uSSlosy
0dh 03y lSan el Kiw 9 )3 g Lgs ea S
el 0S5 sl (B dog 4y el o)l
1S ool 4y Lol ol S g5 Kt
bio a3l celoojlus (gl 48 5 )5 plSo_l
5550 )8 eola ol 5y5 o bayleidlw > 9 0 il

(Reedy, 2008. 11)

(XRD) WeSod (53 o 5 o2 lwlind g -
dLmSAJ XRD )_JU )‘ DJ_A] Cwddy C.:LJ u»l_w‘ -
polty 5 (NaCl) e (NaNO3) it lysis
4 MgSO4,6H20) lysaliSa (KNO3) «wl, s

s ;o v Sl de 4y (SIOD) 55,068 905 Jlaie
b iz gladss (F Jods) aun S olwls Sw

B bty (5 2 i Sl Sl g
il Lo ) (gl a0lgs o Sod g9 oyl plio

1acSes XRD Ul gl ¥ gl
Table 4. XRD analysis results of the salts.

Phases Chemical Quantitative
formula percentage
Nitratine NaNO3 Major Phase(s)
Halite NaCl Major Phase(s)
Nitre KNO3 Major Phase(s)
Hexahydrite NégHS% ’ Major Phase(s)
Quartz S102 Minor Phase(s)
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Figure 10. SEM image of the sheet-like structure of kaolinite in the healthy stone sample.
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Figure 11. SEM image showing the detetioration of kaolinite crystals, with fractures at the edges and disorganization

in the sheet-like structure of the historical stone sample.
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Table 5. Elemental analysis results of healthy and historical stone plinths from the southeastern porch of the
Soltaniyeh Dome.

Wlo N | M Al si | s | a K C F C

SampleName : & : ¢
(A) o K 59.54 | 0.69 | 0.53 | 1847 [ 1822 1.37 | 0.30 | 031 | 015 | 042 | -
23jlgn 5 ((.j:;ﬂ)‘f Sio | 5741 | 167 | 123 | 1362 | 1448 | - | 514 | 312 | 333 | - -
() o X 4892 | 0.86 | 075 | 23.39 | 2442 | - | 0.62 | 040 | 021 | 045 | -
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Figure 12. Texture of lithic tuff stone, showing clay minerals, kaolinite, and quartz crystals.
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Table 6. Elemental analysis results of healthy tuff stones from the Vir village quarry.

0,
SampleName [ O Na Mg Al Si S Cl K Ca Fe C
Wl S 44.69 | 0.53 | 1.98 | 11.35 | 23.94 | 588 | 0.26 | 671 | 039 | 428 | -
Wl S 44.60 | 051 | 2.09 | 11.40 | 25.06 | 228 | 029 | 7.33 | 046 | 597 | -
ol S 3509 | - - - - - - - | 6401 410
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Figure 13. (From right to left: a, b, and c) Presence of halite salt in the matrix of the historical stone.
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Table 7. Elemental analysis results of salts present in the historical stone and the plinth of the southeastern porch of

the Soltaniyeh Dome.
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G o)jb.m
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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.
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Amin Shirazi Nejad, S. (1996). Investigating
destructive efflorescence on decorative walls of
the Soltaniyeh Dome. Proceedings of the First
Conference on Conservation and Restoration of
Historical-Cultural Monuments (pp. 252-261).
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1. Salt Attack
2. Efflorescence
3. Scaling
4. Devitrification
5. Peak
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