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Abstract

Zahhak Castle in Hashtrood, one of the prominent archaeological sites in northwestern
Iran (East Azerbaijan Province), houses valuable stucco decorations. A portion of the
artifacts recovered from excavations is preserved at the Zahhak Castle site museum,
another portion in the storage of the Azerbaijan Museum in Tabriz, and a limited
number in the museum’s main gallery. These artifacts include animal, human, floral,
and geometric motifs. The present study aimed to evaluate the crystalline structure,
mineralogical composition, and the extent of structural degradation of the excavated
stucco decorations, employing laboratory techniques including X-ray diffraction (XRD),
field-emission scanning electron microscopy (FE-SEM), ion chromatography (IC),
proximity, and monitoring of environmental conditions (temperature and humidity). To
compare structural damage, samples from both the site museum and storage artifacts
were selected and analyzed. Phase analysis results indicate that the main phases of the
stucco decorations are gypsum (CaSOa4-2H20) and quartz (SiO2), with minor amounts
of calcite (CaCO:s), albite (NaAlSisOs), anorthoclase (Os(SizAl)(Na,K)), and anorthite
(CaAl:Si20s) also identified. According to IC results, the presence of harmful chloride
and nitrate ions was detected at low and non-destructive levels. Crystallographic data
suggest that structural alterations mainly occurred prior to excavation and during
artifact burial. However, the high humidity conditions at the site museum and the lack
of adequate conservation standards may accelerate deterioration processes. For optimal
preservation, it is recommended that environmental temperature and humidity be
continuously monitored and that standard display cases, along with periodic monitoring,
be employed as effective conservation measures.
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Introduction

Excavations at the Zahhak Castle site in Hashtrood were conducted on a limited scale by
Ghandgar and Rahmatpour between 2000 and 2007. During the excavations in the hall of
the site (which is now the Zahhak Castle site-museum), a number of stucco decorations
with various motifs—including plant, human, animal, and geometric designs, as well as
pieces related to half-columns—were discovered. The stucco decorations obtained from
the Zahhak Castle excavations are currently preserved in two collections: The Azerbaijan
Museum in Tabriz and the Hashtrood Museum. These decorations include 47 pieces
housed in the Azerbaijan Museum and a considerable number of stucco fragments of
various sizes that remain at the site-museum. Of the 47 stucco pieces in the Azerbaijan
Museum, five are displayed in the main galleries, while the remaining pieces are kept in
the museum storage under relatively stable temperature and humidity conditions. The
stucco works at the Zahhak Castle site are currently placed on the ground on a plastic
sheet covered with excavation soil, and some pieces are kept in glass display cases and
niches within the site-museum.

Considering the thermodynamic properties and crystal solubility of gypsum, along
with the specific temperature and humidity conditions at Zahhak Castle during different
seasons, it is not unexpected that these conditions may lead to particular changes in
the structure of the excavated stucco decorations. This study aims to investigate these
changes by comparing the microstructure of the stucco decorations at the Zahhak Castle
site with those housed in the Azerbaijan Museum. The research examines these changes
by analyzing the environmental parameters to which the pieces have been exposed, as
well as considering the chemical composition of the gypsum used in the decorations
and the ions present in the site environment. The processes that have caused—or may
cause—the deterioration of these works will be evaluated. Ultimately, the study seeks to
propose appropriate environmental conditions that would lead to the more sustainable
preservation of these artifacts.

Therefore, the research questions are as follows: What types of damage have affected
the stucco decorations at Zahhak Castle, and what are the causes of this damage?
Additionally, what temperature and humidity conditions are most suitable for the proper
preservation of the stucco decorations at the site?

Discussion

Site-museums encompass historical sites that have been excavated during various
archaeological seasons. The primary purpose of creating such spaces is to present
important archaeological findings and data derived from excavations. During
excavations, some artifacts are preserved in situ by providing necessary conditions and
facilities, and are made accessible to the public so that visitors can establish a direct
connection with the context of the artifacts’ creation and formation.

In site-museums, visitors can simultaneously observe both the artifacts and the
historical site, while also witnessing ongoing archaeological activities as well as
conservation and restoration operations (Hassanzadeh, 2012: 378). The quality of
the museum’s interior space is enhanced through the arrangement, organization, and
structuring of its elements and forms, and it is designed with the aim of creating an
attractive environment for tourists (Azarbouye Dinki et al, 2018).

Accordingly, the display cases at the Zahhak Castle site-museum (Fig. 1) are not
suitable for the proper preservation of the stucco artifacts under study. These display
cases should not only ensure protective security but also enable better exhibition of
the artifacts. Currently, the artifacts are kept in glass display cases that allow visitors
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to access the items by sliding the glass and, in some instances, even remove them from
the cases.

The overall arrangement of visual elements is designed to prepare the viewer’s mind
to receive information. The artifacts inside the display cases are arranged in two rows,
and visitors must sit to view the items on the lower level, which sometimes discourages
them from observing these pieces. Additionally, the artifacts are presented without any
information regarding their condition, year of discovery, or function, which generally
renders them meaningless and of little cognitive value to visitors.

For designing an appropriate enclosure for the Zahhak Castle artifacts, it is
recommended to consider the display case and communication spaces, the visual
requirements of the environment, climatic conditions, lighting, materials and construction
techniques, and security and protective systems (Fig. 2). In this regard, it is suggested
that stucco artifacts of similar types be grouped in the same enclosure, accompanied by
explanations regarding the excavation period, historical era, and probable function of
each piece. Furthermore, the pieces should be categorized according to their design and
motif and displayed in separate enclosures.

The primary factors for physical and chemical preservation in museums include the
monitoring of temperature, relative humidity (RH), and fine particulate pollutants, and
careful supervision of environmental conditions is of high importance (Mansourzadeh
& Hatami, 2017: 289-302; Rahmani-Garmi, 2011: 62). To control the environmental
conditions at the site where excavated artifacts are housed, monitoring tools such as
thermometers and hygrometers should be used. Additionally, the implementation of air
conditioning, protective measures, and museum security systems is essential.

In the case of the Zahhak Castle site-museum, comprehensive preservation of the
artifacts is particularly important because these items are part of a valuable historical
heritage, and proper care and maintenance are necessary.

The main factors in the preservation of artifacts in museums include both physical
preservation and protection against chemical agents (Mansourzadeh & Hatami, 2017:
289-302). Careful monitoring of environmental conditions, including temperature,
relative humidity (RH), and fine particulate pollutants, is one of the most important
measures for safeguarding collections (Rahmani-Garmi, 2011: 62). To control the
environmental conditions were excavated artifacts are housed, the use of monitoring
tools for temperature and relative humidity, such as hygrometers and thermometers, is
essential.

Furthermore, the implementation of ventilation systems and comprehensive
protective and security measures in the museum, especially at the Zahhak Castle site-
museum, must be thoroughly considered, as the excavated artifacts are part of a valuable
historical heritage and their preservation is essential.

Regarding the Zahhak Castle site-museum, since the site’s temperature rarely
reaches 40 °C—which typically does not cause phase transformations in gypsum—
there is likely no significant concern about the deterioration of the stucco artifacts due
to heat. Similarly, considering the low concentrations of chloride and nitrate ions in the
stucco samples, the likelihood of phase transformations in the artifacts is also reduced.
However, it is still recommended to maintain the temperature and relative humidity
at approximately 20-25 °C and 40-50%, respectively, to prevent potential damage to
these works.

To improve the storage conditions of the stucco artifacts in the Azerbaijan Museum’s
repository, it is necessary to use an automatic air ventilation system that operates several
times a day at predetermined intervals to remove excess humidity from the storage
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environment. Therefore, to monitor the temperature and humidity in the repository, the
use of temperature and humidity data loggers is essential for recording and surveying
environmental conditions, allowing precise control over storage parameters. Seasonal
analysis of the data collected from the temperature and humidity data loggers, as well
as air treatment systems, can help prevent damage to the stucco artifacts and minimize
structural deterioration of the pieces.

Conclusion

This study demonstrates that the degradation processes have not significantly altered
the structure of the stucco decorations at Zahhak Castle within the site-museum.
Examination of the crystalline structure of these artifacts, both at the site-museum and
at the East Azerbaijan Archaeology Museum, indicates that structural changes in the
stucco were likely limited to the pre-excavation period, during the burial of the artifacts
in soil, and that no substantial changes have occurred from the time of excavation (2003)
to the present (2024).

Harmful anions, such as chloride and nitrate, are present only in minor amounts
in the Zahhak Castle stucco, which slows down the processes of dissolution and
recrystallization of the gypsum artifacts. Despite the anticipated lack of significant
changes in the artifacts at the site-museum, it is recommended that these pieces be
placed in standard display enclosures and maintained under stable temperature and
humidity conditions to prolong their lifespan.

It is noteworthy that the stucco decorations at the site-museum generally lack
distinctive designs or motifs, and most intact samples have been transferred to the
repository of the East Azerbaijan Archaeology Museum. The primary reason for
this transfer was the absence of a secure storage environment at the site-museum. It
is expected that the installation of temperature and humidity data loggers, security
equipment, and the use of standard display cases will improve the protective conditions
of the site-museum.

Furthermore, the absence of specialized staff at the site-museum leads to confusion
among visitors and the loss of opportunities to convey valuable information about
the artifacts. Access to Zahhak Castle is only possible via challenging routes, which,
combined with the lack of expert personnel, may reduce visitor motivation. It is
therefore recommended that the artifacts be preserved near their original locations,
with suitable conditions for display and protection. Similar artifacts should be kept in
designated, separate enclosures from other types and displayed on shelves accompanied
by complete information regarding their condition at the time of excavation and their
probable function.
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Table 1. Identification codes of the selected samples in the museum (Author, 2025).
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Fig. 2: Codes of the samples selected from the Site-Museum of Zahhak Castle (Author, 2025).
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Table 3: Qualitative analysis data of the diffraction patterns of the samples (Author, 2025).
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Fig. 6. X-ray diffraction pattern of sample M.8243 from the Azerbaijan Museum storage (Author, 2022).
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Fig. 7: X-ray diffraction pattern of sample H.6p from the Zahhak Castle Site-Museum, Hashtrood (Author, 2022).
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Table 4: Chloride ion content in samples by two measurement methods (values in ppm) (Author, 2022).
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Table 5: Nitrate ion content in samples (values in ppm) (Author, 2022).
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Fig. 8: Dependence of the temperature of gypsum conversion to anhydrite with respect to the amount of chloride
ions (MacDonald, 1953), (The average amount of chloride ions in the studied gypsums is shown in red in the
diagram (Author, 2022).
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Table 6: Results of moisture percentage and bulk density of samples (Author, 2022).
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HSo  —— | — —_ | — —_
HSi | — [ T — —_ —
H.p 1.8 2.97 22.6 0.03 0.10 0.13
H.lp 1.4 1.82 40.7 0.05 0.07 0.12
H.2s 1.5 3.94 37.1 0.04 0.06 0.10
H.3p 1.7 1.06 27.4 0.06 0.16 0.22
H.3s 1.3 1.63 45.1 0.06 0.08 0.14
H.4p 1.5 3.20 37.4 0.04 0.07 0.10

H.4s 1.5 1.57 36.0 0.11 0.19 0.29
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H.7p 1.6 1.71 32.6 0.07 0.15 0.22
H.7s 1.6 0.38 29.0 0.05 0.11 0.16
H.8 1.5 2.07 342 0.08 0.16 0.25
H.9 1.7 2.50 28.1 0.05 0.12 0.16
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Fig. 9: H.7s sample from the Zahhak Castle Museum site (Author, 2022).
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Fig. 10: H.4p sample from the Zahhak Castle Museum site (Author, 2022).
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Fig. 11: M.8230 specimen from the Azerbaijan Museum repository (Author, 2022).
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Fig. 12: M.8232 specimen from the Azerbaijan Museum repository (Author, 2022).
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Table 7: Size of gypsum crystals in different crystal planes (sizes in micrometers) (Author, 2022).
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Table 8: Average crystal area (Author, 2022).
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Table 9: Average area of gypsum crystals in five samples (Author, 2022).
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Fig. 13: Solubility of gypsum and anhydrite in water (Bock, 1961).
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Chart 1: Solubility of gypsum, anhydrite and hemihydrate in the temperature range 0 to 200 °C (Freyer & Voigt
2003).
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Table 10: Calcuim Sulphate in Solutions of Sodium Nitrate (Seidell & Smith, 2002).

Weight of 1000 | Grams NaNO3 | Grams CaSO4

cc. of solution per liter per liter
998.1 0 2.084
1016.3 25 4.252
1034.0 50 5.500
1068.4 100 7.100
1133.6 200 8.790
1191.6 300 9.282
1363.9 600 7.886
1390.4 655 7.238
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Fig. 14: General view of the non-standard display cases of the Zahhak Castle Site Museum (Author, 2022).
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Fig. 15: Suitable and standard containers for displaying works (https://ondemant.com/wp-content/up-
loads/2018/07/v-19-3-300x254.jpg).

Lo gnys Jolis Lnoge )3 limsts Jalge ol 3 cublin 5 (S clblio Lol Jalye

b coenl il s bl 1 3180 cyllas g el ods¥lolge o) @13 5 (RH) (s ooy
bulpss JpuS e (BT W0 ¢ o) Slosy YV YA YRS o3ls g 00lj)gunte) sl 413)95 1
s oghy 5 Boled asle (s (slaylial 51 (V8 JSb) ot sglS ) U ol Jomo are
Sya0 oy Cpial 5 Cblis g glae doygns (5l ot 51 (650t crizrad 9 oolisul



19500 s 15 s sy iibts it | Y || .

I3 f0052 )3ys 52 (Slosag Comat] ST als clsline ¢S Lonio dald 3550 cnls 395090
sl (G950 Syol Ll gz (510455 5 cBlye it stadiyyl (Sl Slo o Ul ol
loons Jolgs ol o cblas g (Supd cubslis Jolis Lavojge 50 Ul cbslis Lol Jolge
sy Lo dlansl o asoma Llyss 5o 35 coyllas (VY -YAL VP45 ¢ ails 5 0305y 9.050) o
Ll oo sl Laae gosmo 3l cbslin )5 ppo loladl 5l S5 cosin¥T dlgo 5oy @l g (RH) (g
3l ealaul codis gl ) LT il Jome (e blyd JysiS (sl (FY 017 (oS Sles)
e ol (550 BSLed 5 i cogh) ddajl ¢ Cagy g Lod y ylas slayli]
Sloupaald 5900l )3 0554 0590 el g sl cladslols 5 45 wims (52554
g oyl (50,05 U1 g5 0 gl U5 20,28 )8 Ly 3,50 galer cygo 0L

sl (yap0 pal Lol | eblis § wgb o

(Fars news agency) alieXa 5js0

Siemn
e —— ——— ——]

MRT Sanam Chai > xbU 3jgec0lo ol stucco panel from the Al church at al-Qusur excavated in
htps://www.sarakadeelite.com/arts_and_culture/site-) 1989 BOW in the Kuwait National Museum, no KM 7497
(photo. H. David-Cuny, MAFKF 2015).

(/museum-bangkok

() 035 T 51 sbslas sla s, Sl 15 JSo
Fig. 16: Strategies for protecting artifacts (Author, 2022).
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