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Abstract

The well-known archaeological site of Anahita Temple at Kangavar is one of the most important Iranian stone monu-
ments. It has been dated by various authors in an interval extended from Achaemenid to Sasanian Persian Empires
(sixth century BCE to seventh century AD). Significant weathering has been occurred in various stone blocks used

in the construction of this monument. The aim of this research is to study the deterioration process of the stone
blocks used in the Temple. It includes chemical and mineralogical analysis of stones, characterization of deterioration
patterns and processes, and identification of factors influenced the process. Results have been obtained by on-site
and laboratory studies, including optical microscopy, petrography, X-ray fluorescence, X-ray diffraction and scanning
electron microscopy coupled with energy dispersive X-ray spectroscopy methods. They showed that low-porosity
limestone and dolomitic limestone have been used in the construction of the Temple, which have a compact micritic
structure with variable size calcite veins (sparite) and clay veins. According to the on-site and laboratory studies, the
deterioration patterns are partially similar in majority of the stone blocks and include different types of detachments
as well as biological colonisations. The multianalytical results proved that the deterioration process is mainly of physi-
cal weathering type, due to structural and chemical characteristics of the limestone as well as climate factors, temper-
ature fluctuations in particular. It turned out that limestone characteristics (including presence of clay veins as well as
heterogeneity of calcitic matrix (micrite and sparite)) can affect the behaviour of stone blocks against climate factors;
helping us to find reasons behind physical weathering of limestone in the cultural/historical sites and monuments.

Keywords: The Anahita Temple, Low-porosity limestone, Deterioration, Physical weathering, Sparite, Clay veins, XRD,
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Introduction

Very small tools have been applied on stones of vari-
ous types and other inorganic natural materials for
millennia to make various objects and monuments of
significant dimensions and with various functions (often
combined from decorative elements and artefacts) [1,
2]. This widespread using is due to different reasons, the
most important of which being their availability and sim-
ple access as well as simple workability. Since the very
ancient times, stone has also been used by human-beings
for architectural construction due to its stability, durabil-
ity and workability; though its stability and durability may
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decrease over time because of the weathering. Weather-
ing is a collective set of processes that lead to alteration
and cause decay in stones through physical, chemical and
biological factors [3, 4]. Among them one can enumer-
ate structural properties and mineralogical composition
[5-7], as well as environmental factors including tem-
perature and its fluctuations, moisture and water, soluble
salts, atmospheric pollutants, and biological agents (such
as lichens), all capable of causing decay, leading to weath-
ering of stones [8—18].

Decay of stones in cultural heritage buildings and mon-
uments has been the subject of various studies world-
wide. These investigations considered different aspects of
stone decay in several types of stones used to construct
architectural and monumental heritage, including (1)
types of deteriorations, decay processes, and mechanisms
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took place in different stone types [19-22], (2) factors
influencing the decay and its rate [23, 24], as well as (3)
application of new scientific methods for the study of
decay in cultural heritage monumental stone-buildings
[25, 26]. It is worth noting that many studies merely cover
a combination of the above subjects.

The so-called monumental/archaeological site of the
Anahita Temple at Kangavar is the ruins of an impor-
tant, large stone structure from the “Persian” period
of Iranian history, spanning from the Achaemenid to
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Sasanian Empires. The monument is located along the
great Khorasan road and at the centre of the modern city
of Kangavar, some 90 kms east of Kermanshah in western
Iran (Fig. 1a) [27, 28]. It is situated at 47° 57 'E (longitudi-
nal) and 34° 30°N (latitudinal) geographical coordinates.
The monument is constructed over (and round) a natural
hill with a maximum height of 32 m from the surround-
ing field and has a two-way staircase path (Fig. 1b—d).
The Anahita Temple’s plan is a square of about 209 x 224
meters in size. The remnants of a row of large and thick

212000 226000 20000 70000

Kangavar|

3850000

=3
=3
=3
=3
Ny
gL
3
=3
=3
a
&

3790000 3810000

30 Km

170000

700000 -100000 500000 s

b L . S
Kermanshah'| dlran S
B § o o
3

1 >

3

=3

3

-

3

(=3

(=3

=3

=3

°

| S

=

=3

=3

=3

=l

W 1400 Kim

212000 226000

-700000 -100000 500000

Fig. 1 a Map of Iran and location of the Anahita Temple of Kangavar; the monument is located in the Kangavar city and in Kermanshah province in
western Iran. b one of the staircases forming the main entrance at the southern side of the monument; c the columns and stone blocks located on
the southern area of the site; d the view of the western stone wall and columns of the northwest side of the monument
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stone columns are located over the northwest side of
the western wall of the Temple in their original position,
including three restored ones (Fig. 1d) [28, 29].

The main construction of the archaeological com-
plex is a massive building formed by a large square ter-
race (46.8 km?) constructed round a low, natural rock
(hill). The terrace was filled with raw stone pieces and
gypsum mortar to create a large, (semi-) natural/arti-
ficial hill—natural as it is shaped in rectangular form
with stone pieces and gypsum mortar and then covered
by large, carved stone blocks with smooth surfaces as a
facade, above which two other floors were constructed.
The stone blocks forming the surface of the building were
joined together using iron clamps, a technique used pre-
viously by the Achaemenian stonemasters [30, 31].

The Anahita Temple of Kangavar is one of the best
known cultural heritage monumental sites in Iran that
has attracted archaeologists/researchers interests for
more than 50 years. While it has been mentioned in his-
torical texts from about 1400 years ago, the archaeologi-
cal excavations were carried out by S. Kambakhshfard
(1968-1975) and continued by M. Azarnoush (1977-
1978) just in the last century [28, 32]. Further archaeo-
logical and conservation works were performed by A.
Valinoori in 1986 and from 1988 to 2001 by A. Kabiri
and M. Mehryar [33]. Based on the studies performed
in the site, the monument is dated back to various peri-
ods of Iranian history (Achaemenid, Parthian and Sasan-
ian Empires, and even up to the Early Islamic era). The
findings have been dated and confirmed the fact that the
complex (including the Temple and surrounding area)
had been in use during these four periods [30].

Historical texts as well as on-site investigations and
archaeological excavations have provided various data
on the architecture, history, and function of this mon-
ument [27, 28, 30, 33-37]. The oldest text referred to
this monument is that of Isidore of Charax (1st century
BCE to 1st century AD). He attributed the monument
to the Greek and Classical Konkobar Temple (Artemis
Temple of Konkobar) in the western Iran during Par-
thian period [37, 38]. As Isidore firstly recognised the
temple as that of Artemis, contemporary researchers
considered it as a Temple of Anahita (an Iranian god-
dess), equivalent to Greek Artemis [29]. From the out-
set of archaeological excavations by S. Kambakhshfard
in 1968, the monument was recognized as the Temple
of Anahita (or Anahita Temple) and is dated to the Par-
thian period (3rd century BCE to 3rd century AD) [28];
though some published reports are dated it to the Sasa-
nid period as well (3rd century to the 7th century AD)
[27, 35]. S. Alibaigi, contrary to S. Kambakhshfard and
M. Azarnoush, asserted that the monument of Kanga-
var is not the Anahita Temple or an unfinished palace,
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but instead has probably been a palace, a residential
complex, or may be a management organization from
Sasanian era [27, 28, 32—-35].

Foremost among environmental influences on the natu-
ral stones of Anahita Temple cultural heritage monument
[39] is natural weathering due to decay. The intensity of
the deterioration due to various environmental factors is
clearly visible in the stone blocks. Assessing deterioration
intensity and identification of decay factors are important
for decision making in conservation plans of next stages
of management of the site [40, 41]. For this purpose,
identifying chemical compositions, microscopic observa-
tions and decay factors and patterns of the stone blocks
from the Anahita Temple are necessary as part of a decay
process study. Therefore, in this paper the decay process
and factors affecting durability of stone blocks of the
Anahita Temple of Kangavar are discussed on (on-site-)
observations, laboratory and experimental studies, and
finally, climatic data of the region basis. The significance
of the Anahita Temple among Iranian historical monu-
ments, the absence of an acceptable number of analytical
studies on the stone monuments as well as the effect-of-
decay studies on the conservation planning and decision
making, are among the main reasons behind develop-
ing a study in the Anahita Temple of Kangavar. Further-
more, the study helps researchers to develop comparative
studies on the deterioration process and to identify its
influencing factors on the limestone cultural heritage
buildings/monuments in similar environments.

Materials and methods

Sampling

In order to investigate the deterioration of stone blocks
of the Anahita Temple, a research strategy was adopted
by using the various scientific methods including on-site
observations and laboratory analyses as well as the analy-
sis of climatic data of the Kangavar region.

Analytical and laboratory studies were carried out
on eleven stone samples (pieces) selected from differ-
ent stone blocks of three sides of the monument (east,
south and west) and four further stone samples from the
ancient stone quarry in the Chel Maran mountain in the
Temple nearby (Fig. 2). The Chel Maran stone quarry was
selected in the study as recent scientific works showed
that it has been used extensively for the construction of
Anahita Temple, though there exist other small quarries
in the region which were in use in ancient times [42]. The
locations of taken samples were specified in aerial photo
of the site using a eTrex 20 GPS device and was evacu-
ated by the MapSource GPS software (Fig. 2). Detailed
samples information as well as the analyses undertaken
on each sample are presented in Table 1.
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Fig. 2 The aerial view of the Anahita Te

mple showing areas of sampling locations, and images of the stone block of the Anahita Temple of Kangavar
from which samples taken for this analysis (K Samples) and one of the samples from the Chel Maran quarry (Sample M1)

Table 1 Characteristics of the analysed samples and the type of analyses performed on each sample

Sample Location Sample type Feature Analytical methods

K1 Temple (South) Stone Surface layer of deteriorated stone OM, SEM-EDS

K2 Temple (South) Stone Surface layer of deteriorated stone OM, SEM-EDS

K3 Temple (South) Stone Detached piece of a stone block XRF, XRD, This section Petrography
K4 Temple (South) Stone Detached piece of a stone block XRF, XRD, This section Petrography
K5 Temple (Northwest) Stone Surface layer of deteriorated stone SEM-EDS

K6 Temple (Northwest) Stone Surface layer of deteriorated stone OM, SEM-EDS

K7 Temple (Northwest) Stone Surface layer of deteriorated stone oM

K8 Temple (Northwest) Stone Surface layer of deteriorated stone SEM-EDS

K9 Temple (East) Sediment Sediment on the stone surface XRD

K10 Temple (East) Stone, Lichen Biological colonisation on the stone surface OM, SEM-EDS

K11 Temple (East) Stone Detached piece of a stone block XRF, XRD

M1 Chel Maran quarry Stone Intact stone core from quarry XRD

M2 Chel Maran quarry Stone Intact stone core from quarry OPT

M3 Chel Maran quarry Stone Intact stone core from quarry OPT

M4 Chel Maran quarry Stone Intact stone core from quarry OPT
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Analytical methods

The first step of the study in the site included on-site
observations to characterize and classify the deteriora-
tion patterns occurred on the Temple’s stone blocks. In
addition to the on-site observations, microscopic obser-
vations were carried out in low magnification by optical
microscopy (OM) method in laboratory via using a stere-
omicroscope model ZSM-1001-3E, Iranian Optic Indus-
tries Company, on the stone pieces’ surfaces (surface of
taken samples). It was applied for study of decay effects
in low-magnification as well as documentation of such
aspects as surface features and biodeteriorations.

Petrographic studies were performed on the thin sec-
tion of samples selected for the microscopic test (sam-
ples K3 and K4) by polarized light microscope BK-POL/
BK-POLR model manufactured with Alltion Company,
China, equipped with Canon’s EOS 400D camera. In
order to detect the dolomitic phase (calcium magnesium
carbonate) in thin sections, the Alizarin Red S test was
performed by using a solution of Alizarin Red S in hydro-
chloric acid (10%) on thin section of stone samples [43].
Three samples (K3, K4 and K11) were analysed by chemi-
cal and phase analysis methods (to characterize the stone
types used in the Anahita Temple), including quantita-
tive X-ray fluorescence (XRF) and qualitative X-ray dif-
fraction (XRD).

To study of deterioration features in stone blocks,
microscopic and analytical studies were performed on
the weathered samples selected from different parts of
the Temple (samples K1, K2, K5, K6, K7, K8, K9, K10).
The analytical studies included microscopic observa-
tions and microanalyses and were undertaken by scan-
ning electron microscopy coupled with energy dispersive
X-ray spectroscopy (SEM-EDS).

Oriented aggregates were carried out to determine the
presence of swelling clays within the structure of stones.
In order to determine the clay fraction and characteriza-
tion the type of the probable clay phases in the structure
of the stones, one piece of stone was taken from the Chel
Maran quarry (Sample M1). These tests were done on a
stone sample from the Chel Maran quarry because recent
analytical studies have identified it as the main resource
of stone extraction for constructing the Anahita Tem-
ple; thus it shows also the present of clay minerals in the
composition of stones of the Temple [42]. To dissolve cal-
cium carbonate phase, after powdering the stone sample
(M1), all of the powder was dissolved in 1 N solution of
acetic acid (CH;COOH) in distilled water. After several
cycles elapsed completing dissolution of calcium carbon-
ate phase, the remained material was washed in distilled
water. To remove probable organic materials in the sam-
ple, hydrogen peroxide (H,O,) solution in 20 vol.% was
used. After washing the remained material, clay minerals

Page 5 of 19

were separated by centrifuging below 2 um. Then the
separated sample was divided into four parts: the first
was isolated to be analysed later (sample code: OA). The
second was exposed for 48 h at 60 °C to ethylene glycol
for determining swelling clays (sample code: OA-EG)
[44]. To identify the kaolinite phase, the third part was
exposed to dimethyl sulfoxide (sample code: OA-DMSO)
at 80° C for 72 h. And finally, to determine the presence
of chlorite phase, the last part was heated up to 550° C for
90 min (Sample code: OA-550) [45, 46]. Then, all treated
samples were analysed by XRD method.

For open porosity measurement, a hydric test (HT) was
performed. Three samples were also selected from the
Chel Maran quarry (Samples M2, M3 and M4). The test
was undertaken according to UNE-EN 1936 standard to
determine the open porosity (Pyp) [47]. In open porosity
measurements with the aid of the equation:

Mg — MO

= — x 100
Mg — My

Pyt

(Pyr) is open porosity based on hydric test, (M,) is the
mass of the dried specimen, (M) is the mass of the speci-
men saturated with water under the vacuum, and (My) is
the mass of the specimen saturated with water under the
vacuum and weighted in water.

The surface of some stone blocks in the Anahita Tem-
ple, especially on its eastern side, is covered with a thick
crust that may be a deterioration product. To identify this
crust, a sample was selected from the eastern side (sam-
ple K9) and was analysed by XRD method to identify the
chemical composition of the crust.

XRD analysis on different samples (stone, surface crust
and separated clay) were performed by an X-ray diffrac-
tometer D8 ADVANCE model, manufactured by Bruker
AXS (Germany) and with a CuKa source with wavelength
of 1.54 A. The chemical composition of the stone samples
was measured using a XRF analyser, S4 PIONEER model,
Bruker AXS (Germany) with Rh lamp. Microstructural
observations were carried out in high magnification with
scanning electron microscopy (SEM) method by using a
TESCAN MIRA3 model SEM microscope equipped with
an energy dispersive X-ray spectrometer (EDS). SEM
micrographs were taken in both backscattered electron
(BSE) and secondary electron (SE) modes, and all the
samples were prepared by gold coating before inserting
in the machine.

Finally, the climatological information of the Kangavar
area were provided using climatic data obtained from
the Kangavar climatology station at the period of 1987
to 2014, derived from the database of Iran Meteorologi-
cal Organization [48].
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Results and discussion

Characterization of stone

Petrographic studies on the thin section of two samples
(K3 and K4) showed a presence of calcite (CaCO;) as
the matrix of stone samples (Fig. 3a—c). All samples have
sedimentary features with two different calcite textures
(Fig. 3b), including a fine-grained matrix and coarse-
grained veins. The size of calcite crystals in the matrix
and veins are not equal, although it is almost the same
in the veins. The coarse-grained calcite veins include
secondary calcite crystals that are different in size with
the fine-grained calcite matrix, probably due to the dif-
ferent conditions of crystallization. On the other hand,
some fine and narrow veins are visible in the microstruc-
ture of the samples, being compositinally different from
the calcitic texture. These are consisting of very fine veins
filled with non-carbonate (probably silicate) phases espe-
cially of clay minerals. In fact, perhaps differences in the
matrix and veins (secondary calcite and clay) due to the
diagenesis conditions of sedimentary stone. Based on
the petrographic observations, stones consist of fine-
grained texture (micritic calcite) and coarse-grained
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secondary calcite veins (sparite). The majority of the
texture of samples is composed of micritic crystals that
has more impurity than the sparite veins. In fact, these
impurities include clay or iron compounds within com-
position of the primary calcite (micritic matrix), com-
pared with secondary coarse-grained calcite. Evidence
of some small-size quartz (SiO,) crystals is also observed
within stone texture, to be confirmed with the XRD
analysis reported in the following pages. The previously
petrographic (and analytical) study on the stone quarries
used in construction of the Anahita Temple, as well as on
stones used in this monument is well matched with the
petrographic observations in present study [42].
Furthermore, several micro-cracks are evident in the
microstructure of stones, which can be observed par-
ticularly in the thin section of sample K4 (Fig. 3b). Also
the cleavage is clearly visible in the texture of the sparite
veins of this sample (Fig. 3b). As noted above, narrow
veins are present in the stone microstructure probably
filled with fine-grained clay minerals that are not formed
in the coarse-grained sparite veins. In some areas, some
holes are formed in the clay veins that probably contain
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of micrite with a compact texture and low porosity; b the micrograph of the sample K4, which shows secondary calcite formed within the compact
calcite matrix, clay veins, and the presence of cleavage and micro-crack in the stone structure; ¢ the micrograph of the sample K3 in dark field (XPL);
the image shows multi-texture structure of stone in form of “fine-grained texture (micritic)” and “coarse-grained texture (sparite)”and placement of
clay veins between two textures; d the micrograph of the sample K4 indicating the dolomite phase in the stone texture using Alizarin Red S test
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iron compounds. The clay veins are located in the bound-
ary of two main calcitic textures of the stone: micritic
matrix and secondary sparite. Figure 3¢ shows second-
ary sparite with large and coarse grains beside micritic
texture, and clay veins of dark color are located at the
boundary of these textures. The Alizarin Red S test was
perofrmed on the thin section of sample K4 and revealed
a presence of fine-grained dolomite (CaMg(COs;),) phase
within calcite crystals in this sample. Therefore the pres-
ence of dolomite mineral proved in the texture of the
Anahita Temple’s stones in previously published works, is
proved once more with this test [42].

The results of the XRF analysis of three stone samples
from the Temple (samples K3, K4 and K11) showed that
CaO is the major constituent of composition (Table 2).
CaO is measured varying from 32 and 50 wt % and the
amount of SiO, varies from 2.83 wt % to 11.60 wt %.
MgO varies also between 2.53 and 17.66 wt %. Given
the abundance of CaO, representing limestone, the
presence of magnesium can also be interpreted as an
evidence of a dolomite presence in the stone compo-
sition, as is also revealed in petrographic observations
[49, 50]. According to the presence of calcite in petro-
graphic study and of a CaO-rich stone in the chemical
analysis, it can be said that stones used in the Temple
were calcareous (carbonate) ones. There are different
methods for characterizing types of calcareous (car-
bonate) stones based on their chemical as well as phase
compsotion [42]. According to the ratio of MgO to CaO
(CaO/MgO), sample K3 is limestone, while samples
K4 and K11 are dolomitic limestone [51]. The result of
previous study on the stones of Anahita Temple and
ancient stone quarries in its nearby region have showed
that the stones used in the site were more limestone,
while stones in different quarries have been detected
to be from limestone to dolomitic limestone [42]. It is
worth noting that based on the method used to iden-
tify the type of carbonate stones, the stones used in the
Anahita Temple can be classified as limestone or dolo-
mitic limestone. On the other hand, the concentration
of MgO in the compsoiton of analysed stones is signifi-
cantly higher than the samples that are analysed in pre-
vious work. Thus, the result of analysis of the samples
in currect study well matches with the provious data
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obtained from analysis of stones quarries and shows
that other quarries (in addition with Chel Maran) may
have been used in construction of the Anahita Tem-
ple. Other identified constituents are Al,O;, Fe,O5 and
K,O, which are measured in considerable amounts in
sample K11. In fact, significant concentartion of alu-
minum, magnesium, silica, iron and potassium oxides
in the XRF results might be indicative of the presence
of quartz and clay minerals (silicates) in the sample [52,
53].

The results of XRD on three samples (samples K3, K4
and K11) indicated the presence of calcite (CaCOj;) as the
major phase in the composition of the stones. Dolomite
(CaMg(COs3),) and quartz (SiO,) have also been identi-
fied beside the calcite in all analysed samples (Fig. 4a—c).
Quartz is found as minor phase in the composition of
many sedimentary and carbonate stones [54]. The pres-
ence of a significant amount of MgO in the XRF analy-
sis of these sample confirms the presence of dolomite in
the XRD results, particularly in sample K4 where MgO
is measured about 17.5 wt % and dolomite is determined
as the major phase in its XRD analysis (Fig. 4b). Other
minor phases identified in sample K11 are illite ((K,H;0)
AlLSi;AlO,, (OH)) as well as albite (NaAlSi;Og) (Fig. 4c).
Illite is known as a clay mineral whereas albite is a feld-
spar plagioclase [55, 56]. It is worth noting that the phase
composition of sample K11 is similar to that of two other
samples from the core of stone pieces; while presence of
illite and albite may be due to presence of these phases in
the stone structure.

The XRD results of clay fraction (oriented aggregates)
from sample M1 are presented in Fig. 5. The results of
treated samples indicate muscovite (KAl,Si;AlO,,(OH),)
and illite as the main phases. Illite is a mica-like clay
mineral, a low-temperature phase with triangular struc-
ture and almost similar to the structure and composition
of muscovite. Muscovite is a clay mineral in the group
of micas [56, 57]. Mica group is known as low-swelling
silicate minerals [58, 59]. The clay and silicate miner-
als are including illite, muscovite and albite (as iden-
tifed in analysis of stone samples of Temple) and are
more probably related to secondary dark veins observed
in the microstructure of the stones (Fig. 3, thin section

petrography).

Table 2 Quantitative results of XRF analysis of three stone samples (wt %)

Sample CaO SO, MgO ALO, Fe,0, CuO0 KO 2ZnO SO, SO TiO, MnO PbO Cl  Na,0 Rb,0 LOP
K3 4974 813 253 042 040 022 009 008 004 003 003 002 - - - - 38.18
K4 3197 283 1766 030 203 031 006 013 002 001 - 011 002 002 - - 4437
K11 3854 1160 581 471 224 009 116 003 006 002 024 003 - -~ 020 060 3512

@ Loss on ignition (1000 °C, 2 h)
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Fig. 4 The XRD patterns (X-ray diffractograms) of the stone samples indicating phase composition of stones used in the Anahita Temple. a X-ray
diffractogram of sample K3 represents the calcite, quartz and dolomite; b X-ray diffractogram of sample K4, the XRD analysis represents dolomite,
calcite and quartz in the stone; ¢ XRD result of sample K11, indicating calcite, dolomite, quartz, illite and albite
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Table 3 Data from open porosity measurement of three
stone samples from the Chel Maran stone quarry [47]

Sample M, Mg My Pur
Gram Percent

M2 173.94 174.27 109.85 0.51

M3 179.52 179.82 113.36 045

M4 180.13 180.35 113.64 0.33

M, the mass of the dried specimen, M the mass of the specimen saturated with
water under vacuum, M, the mass of the specimen saturated with water under
vacuum and weighted in water, P,; open porosity in percent

The the data and result of open porosity measure-
ment on the three stone samples from the Chel Maran
quarry, based on the method mentioned earlier, are
presented in Table 3. The porosity in the samples is
measured between 0.33 to 0.51 percent with the aver-
age of 0.43 percent. It reveals that the porosity is very
low in the structure of the stones of the Anahita Tem-
ple; and thus we can categorize it as a low-porosity
limestone.

According to the results of analyses, the stones used
in the construction of the Anahita Temple of Kangavar
have been limestone and dolomitic limestone [49-51],
as was previously observed as well [42]. The structure
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of the stones is sedimentary compact, low-porosity and
layered, with some secondary vein within the texture.
The vein texture is visible in two forms in the micro-
structure of the stones:

1. Bright veins of secondary sparite calcite within
micitic matrix of stone;

Unstable veins of clay and silicate minerals, such as
illite, muscovite and albite.

The microstructure of the stones mainly includes
sparite in the form of secondary calcite veins, along with
the fine-grained calcite (micrite) texture of the stones.
According to petrographic observations, secondary cal-
cite has less impurity than the matrix in terms of crystal-
lography, as the porosity in the compact micritic crystalls
of matrix is low in appearence. Besides secondary calcite,
clay minerals are filled the narrow veins of the stones of
the Anahita Temple. Hence the main charactersitics of
the Anahita Temple stones are the presence of micro-
cracks in texture, as well as the secondary calcite and
the clay veins that may lead to heterogeneity of the stone
structure; the latter may cause a long-term weakness of
stone while exposed before an outdoor environ.
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Fig. 5 The comparative X-ray diffractograms of the separation of clay minerals; the sample is from the Chel Maran quarry (sample M1); the results
show illite and muscovite as the major phases in different types of sample
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Table 4 Results of the EDS analysis of stone samples including the stone section and degraded surface of stone

Sample Analysis (0} Ca Si Mg Al Fe K Na S cl P Zn
K2 A 4942 36.49 1.37 167 1.28 0.06 033 1.56 412 0.71 - -
K1 B 52.69 5.76 20.39 5.19 1035 1.85 - - 3.77 - - -

@ 49.05 16.69 21.88 428 - 141 1.46 1.49 3.13 0.61 - -
K6 D 40.51 33.50 4.08 3.65 5.06 0.27 1.27 2.65 - 1.05 2.29 -

E 3856 2232 14.06 317 11.21 0.06 2.80 263 - 0.98 1.81 -
K10 F 44.56 36.89 375 2 2.80 0.21 1.01 2.78 - 1.52 1.74 -

G 29.95 57.23 092 0.27 0.21 0.10 042 - - 041 0.53 0.09

H 26.38 72.80 - - - 042 - - - - - 040

Matrix of sample K2 (analysis A) represents the calcite-based texture along with other minerals such as probable clay with sulphur and phosphorus. EDS analysis of a
phase in stone matrix in sample K1 (analysis B) shows evidence of clay minerals with less content of calcium and sulphur. In matrix of sample K1 (analysis C), calcium
and the elements of clay minerals are detected. Analysis of the phase observed in sample K6 (analysis D) as well as matrix analyses of samples K6 and K10 (Analyses E
and F respectively) show the calcite texture of the stone with silica, magnesium, iron, aluminium, potassium and sodium, as well as evidences of sulphur, phosphorus
and chlorine. Analysis G in sample K10 represents calcite phase with about 10% sulphur. Other elements, such as silicon, are measured less than 1% in this analysis.
Also analysis H in sample K10 represents a calcite-rich phase in the structure. The SE and BSE micrographs are presented in Fig. 9

Deterioration studies

Study of deterioration patterns and typology of the
decays over time is an important and interesting subject
in the issue of cultural heritage stone monuments. This
kind of on-site study can comfort to characterize the type
of decays according to appearenec and morphology of
the remnant of the decay; including surface of the studied
stone blocks and objects. Consequently, it is possibe to
classify the deterioartions detected in one site or monu-
ment, and then study and analyse the issue in some detail
and with more sophisticated methods and tools [60-62].
Based on the glossary provided by ICOMOS-ISCS on
stone deterioration patterns [60], the major deteriora-
tion patterns detected in the stone blocks of the Anahita
Temple of Kangavar are categorized in the “detachment”
group.

The on-site observations show that highest frequency
of this type of deterioration pattern covers “delamination’,
“scaling” and “fragmentation” forms (Figs. 6a—f) [60].
One of the important reasons for happenning of delami-
nation in stones could be cracks at the original used
stone [61], as this pattern occurred in the stones of the
Temple. In many areas, scaling has caused the separating
pieces of small and large scales in the forms of spalling
(or contour scaling) and flaking [60, 62]. These detach-
ment’s type deteriorations have been occurred along the
sedimentation layers and veins. “Bursting” is another
type of deterioration pattern that occurred in some stone
blocks in the Temple (Fig. 6g, h). This decay type might
be caused by geological factors such as an earthquake, as
it is apparent in the column shown in Fig. 6g. In the lit-
erature, the high risk possibility of the earthquake in the
Kangavar region is mentioned and in fact the happening
of an earthquake has been recorded in the past [28, 63].
As there is still some ambiguity on the subject, another

reason could be the displacement of the stone blocks and
their falling off from the platform. In some stone blocks
used in the south wall of the monument, another type
of bursting is visible in the edges of blocks, which may
be occurred due to stress exerted from the heavy stone
blocks (Fig. 6h). The other type of deterioration patterns
is “alveolization” on the surface of stone blocks, which is
observed in some blocks of the eastern and western walls
of the Temple and was probably produced by some con-
taminations (depositions) on the surface of few stones
(Fig. 6i). These depositions often form by introduction
of soluble or insoluble substrates from the materials sur-
rounded the stone blocks such as mortar, resulting the
formation of hard crust on the surface of stones. The
main reason for this movement may be either rainfall or
water-moisture raised from the ground. In some blocks, a
phenomenon similar to “rillenkarren” is occurred in the
form of fissures parallel to the curved and perpendicular
edges at the surface, as seen in Fig. 6j. Rillenkarren are
patterns of tightly packed, small solution rills or channels
with about 20-30 mm found upon bare and separated by
sharp angular ridges, sloping surfaces of soluble rocks in
all climates [64, 65].

Biological colonisation (including lichens) is another
phenomenon observed as a significant deterioration
pattern in some areas of Anahita Temple of Kangavar
(Figs. 6k and 7e, f). Though the intensity and develop-
ment is partially low on the surface of stone blocks, it is
a little more considerable in the eastern and south-east-
ern sides of the monument that shows more biological
activities of lichens in this area of the monument, prob-
ably due to lower average stone surface annual tempera-
ture in the area [66]. In some columns and in many of the
stone blocks used in walls of the monument’s platform,
cement mortar is used for joining and filling large cracks
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Fig. 6 Image of decay patterns of the stones used in the construction of Anahita Temple of Kangavar. a The scaling occurred in the south side
of the monument which located in the area around the main building; b the scaling of the stone blocks forming the wall of the western side; ¢

delamination of the layers of stone, the southern side of the monument; d the image showing the detachment of two layers with different colours
from the columns located on the south side of the monument; e cracking occurred in a stone column, the eastern side of the site; f the detachment
in a stone column on the western side of the monument; g the image of the bursting and the loss of stone in the south side of the monument; h
bursting of the edges in the blocks of wall construction on the south side of the monument; i Alveolization and the formation of hard depositions
on the surface of the wall of the western side of the monument; j the occurrence of the rillenkarren phenomenon in one of the columns located on
the southern side of the site; k the growth of lichens on the stone surface located on the eastern side of the monument; | unsuitable intervention in
the form of widespread use of cement to fill the loss parts of stones; the image shows the columns located on the western side of the monument

and empty veins of the stone as a restoration measure
in recent decades (Fig. 6l); these cement layers are also
detached from the stone surface as a deterioration event
in some parts.

Study of the surface of stones in low magnification by
stereomicroscope revealed two layers with different col-
ours (limestone and soil) with detectable detachments
(Fig. 7a). Figure 7b illustrates the weathered surface of
calcareous stone occurred in the form of small cracks.
Furthermore, Fig. 7c shows large secondary calcite veins

in the stone texture as one of the important features of
the stones. In Fig. 7c, a small detachment at the bound-
ary of the secondary calcite vein and the micritic tex-
ture is visible. Presence of microorganisms such as fungi
and lichens is another type of deterioration that observ-
able in cracks, veins and holes in the low magnification
(Figs. 7d, e and f; see small colonies of fungi in Fig. 7d).
Microorganism presence leads to chemical and physical
deterioration of stone [67-70]. In some areas, the sur-
face of the stone blocks has been lost due to the chemical
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Fig. 7 Optical microscopy (OM) images of the surfaces of stones taken by stereomicroscope in low magnification (50x). a The weathering surface

of stone belonging to sample K2 that indicates the process of deterioration of the stone by separating clay vein and stone matrix; b the image of
cracks in stone texture from sample K6; ¢ the image of the detachment of secondary calcite from the texture of micrite, sample K1; d the image of
fungi on the surface of stones, sample K7; e growth of lichen on the surface of stones and its influence on stone deterioration (sample K10); f the

image of the stone deterioration by the growth of lichens in the weathered cross section of sample K10

and mechanical activities of lichens and transformed
to powdery material. Figure 7f shows the deteriorated
section of a stone block due to activity of lichens. This
phenomenon is occurred in the form of the powdering
of the stone surface which exposed to the lichens and
resulted as by-products of lichen activities such as clay

(muscovite) or calcium oxalate minerals (like weddellite
(Ca(C,0,)0.2(H,0)) [71] in brown colour).

The X-ray diffractogram of thick crust on the surface of
some stone blocks (sample K9) indicated gypsum as the
major phase and calcite and quartz as the minor phases
(Fig. 8). In fact, this crust is formed from gypsum and



Barnoos et al. Herit Sci (2020) 8:66
2500
[ J ® Gypsum, 06-0046
B Quartz, 46-1045
A Calcite, 05-0586
2000
b 1500
‘@
a
2
o
= 1000
]
[
[
500
[/ 0 o0
— | melloel S 2 ene o

10 20 30 40 50 60 70 80
26
Fig. 8 The XRD pattern of the surface sediment on the stone (sample
K9) from the eastern side of the Temple. The result indicates gypsum
as major phase with calcite and quartz

its compsoitons is strongly different from the limestone
itself. The gypsum crust may be related to the gypsum
mortar used in the construction of the Anahita Temple,
as had previously been observed in the construction of
the inside core of the building [42]. The formation of the
crust may be related to solubility of gypsum in presence
of moisture/water followed by its recrystallization on the
surface of the stone blocks.

SEM observations and semi-quantitative EDS analy-
ses were performed on both unchanged section and
surface of the stone. Figure 9 shows SE and BSE micro-
graphs of the stone sections and deteriorated surface of
the stone samples. SEM micrograph of the stone section
in sample K2 (Fig. 9a) shows a significant compact tex-
ture of the limestone, while there are very few pores in
its microscopic texture. Furthermore, the deterioration
process of limestone is visible as micro-cracks and micro-
detachments. The micro-cracks and detachment can be
observed in samples K1 and K8 (Fig. 9b, c). EDS analy-
sis of stone matrix in sample K2 (analysis A) shows that
the main element is calcium, but low amounts of sodium,
magnesium, aluminium, and silicon are also detected
(Table 4). This analysis is well matched with the XRF
analyses undertaken on the stone samples. BSE micro-
graph of sample K1 (Fig. 9b) shows a different phase from
the Ca-rich matrix which is located in a cavity formed in
the microstructure. EDS analysis of the phase (analysis B)
revealed a Si-rich phase containing some amount of alu-
minium and magnesium beside low amounts of calcium
and sulphur. Analysis of stone matrix in sample K1 (anal-
ysis C, Fig. 9b) shows also a Ca-rich matrix beside silicon
and about 4.3 wt % of magnesium. Sulphur is also meas-
ured in low amount in the EDS analysis of the matrix of
sample K1 (Table 4, Fig. 9b).
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Detachment of outer layer in the surface of the stone
is occurred in the form of micro-cracks formed at the
boundary of the grains in SE micrograph of sample K5
(Fig. 9d). One of the important events is detachment of
grains; being shown in Fig. 9e, f (samples K8 and K1). In
sample K6, there are evidences of dissolution at the grain
boundaries in the surface of the stone (Fig. 9g). It can be a
natural event due to the calcium carbonate solubility over
time [51]. This type of deterioration is considerably less
observed than the physical weathering events mentioned
above (as micro-cracks and detachments). The EDS anal-
ysis of a phase in sample K6 (analysis D in Fig. 9g and
Table 4) shows that the major element is calcium, while
low amounts of silicon, sodium, aluminium, and potas-
sium are detected too. Sulphur, phosphorus and chlo-
rine have also been measured as minor elements. Matrix
analysis of sample K6 (analysis E) also shows a Ca-rich
texture beside other elements such as silicon, potassium,
aluminium and sodium as possible representatives of clay
minerals. The presence of lichen hyphae is another aspect
observed in SEM micrographs of sample K10 (Fig. 9h,
i). Some parts of stones were suffered by the biologi-
cal attacks in the form of variable pores surrounding the
lichen hyphae, with evidences of plate form clay minerals.
Matrix analysis in sample K10 (analysis F in Table 4 and
Fig. 9i) also presents calcium as the main element with
36.89 wt % beside others representing chemical com-
position of clay as a minor phase. Phosphorus, sulphur,
and chlorine have also been detected in low amount in
analysis F. Presence of phosphorus may be an evidence
of surface weathering exerted by biological agents [70].
Increasing the amount of some elements such as silica
and aluminium in the analysis of surface occurs due to
soil deposition on the surface of limestones. Analysis G
in sample K10 of the lichens hyphae represents Ca with
an almost high sulphur content as 9.87 wt % (Table 4,
Fig. 9i) which may indicate a presence of by-products of
biological activity. The results of analysis H from sample
K10 also shows Ca and O as main elements showing par-
tially pure calcite phase (Table 4, Fig. 9i).

Stone decay process in the Anahita Temple

The results of analyses proved that the main reason of the
deterioration of stones in the Anahita Temple is physical
weathering. The greatest amount of deterioration turned
out to be in form of detachments such as delamination,
scaling, fragmentation and bursting. Scaling and other
patterns make suitable conditions for water to penetrate
inside the stone structure so that ultimately lead to dis-
integration and detachment after several thaw-freezing
cycles [72]. Some deteriorations such as delamination of
stones causes also good conditions for growth of biologi-
cal colonisation. In microscopic scales, the deterioration
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Fig. 9 SEM micrographs of the stone samples from the Anahita Temple including section and surface of stone samples. a The SE micrograph of the
sample K2 that shows the compact structure and the intact texture of the stone; b the BSE micrograph of the sample K1 that indicate evidence of
detached stone particles; the replacement of a phase is occurred in a cavity of the matrix texture; ¢ the SE micrograph of the sample K8, in which

a deterioration in the form of detachment of the stone’s texture is visible. d the SE micrograph of sample K5 which represents the detachment of
the layer; e grain detachment at stone surface in sample K8 in the form of BSE micrograph; f the BSE micrograph of sample K1 which shows the
deterioration of stone as a grain detachment; g the image shows evidence of dissolution at the stone surface in sample K6 in the form of SEM
micrograph; h the BSE micrograph of sample K10, the lichens hyphae in the stone texture; i the BSE micrograph of the area specified in yellow from
sample K10, In the image, the lichens hyphae and degradation in the stone are visible. Results of EDS analyses are presented in Table 4

from presence of lichens also occurred due to their such
activities as mechanical deterioration on the stones sur-
faces. In fact, hyphae penetration of the lichens into the
stone pores leads to water conductivity with negative

events occurred in form of detachment of the grains and
layers as well as micro-cracks. On the other hand, there
are little evidences of dissolution in the stones surfaces
in macroscopic and microscopic scales. Decay resulted
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effects on narrow pores, as is observed in the stones of
the Anahita Temple in freezing days. Thus, hyphae pen-
etration of the lichen is responsible for the formation of
channels and pores in the surface of the stones [73, 74];
which is also proved by the presence of phosphorus on
the surface of stone blocks [75, 76]. Other deterioration
patterns are occured in forms of crust and rillenkarren.
Rillenkarren phenomenon, as noted earlier, is mainly
the result of the dissolution of soluble phases of stone,
especially in the carbonate rocks [77-79]. It is noted in
a previously published study on the stone weathering of
the Anahita Temple of Kangavar [80] that this monument
has seriously suffered from weathering due to long-term
freezing—thawing and salt crystallization. Nevertheless,
the results of present study indicate no significant evi-
dence of the presnece of soluble salt effects and efflores-
cence and its deterioration in the Anahita Temple.

The Anahita Temple is exposed to the outdoor environ-
ment and is influenced by a variety of deteriorative fac-
tors, and the climate of the region can undoubtedly play
an important role in the decay of the stones. According
to the climatological data available from the meteorologi-
cal station of Kangavar, the monument is located in an
environment with almost warm and dry summers, while
during cold seasons, the effects of rain precipitation and
temperature fluctuations with high rate freezing, cause
serious physical deterioration through different types of
detachments. Figure 10 shows the average rainfall (mm)
and average maximum and minimum temperatures (°C)
recorded in the Kangavar region based on the data avail-
able from 1987 to 2014. The average rainfall in the region
is variable, the highest of which being in March with
64.23 mm, while the dry period of year covers a June to
September interval (Fig. 10). According to the diagram,
the highest average of maximum temperature (red line)
is recoreded in July and the lowest average of minimum
temperature (blue line) in February. It is visible that (a)
the difference of maximum and minimun (average)
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temperatures is about 30 °C (through whole of the year),
and (b) temperature flactuations of the Kangavar region
is comparatively considerable. In general, the Kanga-
var region is semi-dry and cold and rainfall is significant
there especially in winter [48]. These variables are impor-
tant factors influencing the physical deterioration of the
stone blocks beside of their heterogeneous structure
which increases the process and rate of weathering.

The presence of clay in the structure of limestone is
always an influencing factor in physical weathering in par-
ticular, which may reduce the strength and other physical
properties of limestone [81-83]. Presence of fine-grained
clay minerals is a destructive factor in stone texture, as
is clear in the analysis of limestone of the Anahita Tem-
ple [84-86]. Clay veins have a much lower strength than
the main calcitic structure and can also absorb water,
which leads to deterioration of clay-containing limestone
[87-90]. Water can wash out and remove the unstable
clay veins from the stone structure and also cause clay
swelling that may be followed by penetration of water
into voids and then freezing in cold season, leading to
pressure generation round the surrounding stone struc-
ture. In fact, the cycles of thaw-freezing phenomenon in
the stones of the Anahita Temple accelerate the physical
weathering process produced by water penetration [72].
On the other hand, the structural variety of calcite with
clay veins also causes detachment of layers due to differ-
ent thermal expansion coefficients of different constitu-
ent phases of the stone structure. The clay minerals can’t
act as very destructive due to swelling, but they can cause
deterioration due to osmotic swelling during the wet and
dry cycles [91-94]. Thus, the capacity of osmotic swelling
in the stones of the Anahita Temple should also be con-
sidered in intervention and restoration stages. Moreover,
daily and seasonally changes of the moisture may lead to
an increase or a decrease in the volume of clay, thereby
introducing a mechanical stress to the structure of the
stones, causing many micro- and macro-cracks and
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several types of detachments in the stone structure [81,
93]. The osmotic swelling pressure is not too much, but
its cycles may cause detachment forming in the bounda-
ries of layers [81]. Hence, the clay veins in the structure
of the stones are the most unstable parts of the structure,
which ultimately results in the lamellae detachment of
the limestone.

Based on the results, it can be derived that physical
weathering has significant contribution to the deterio-
ration of the limestone in the Anahita Temple. It origi-
nates from structural-chemical characteristics of stones
(including non-homogeneous texture and various phases
such as micritic matrix, secondary calcite, clay veins, etc.)
and from temperature fluctuations and water penetra-
tions in the Kangavar area [13, 91, 95-98]. The weathered
veins (washed out) are visible in the form of scaling and
delamination in the weathered stones. Based on the dete-
rioration patterns, it can be stated that the decay process
is in progress due to the shape and type of deteriorations.
The occurred fissures, along with the absorption of water
and its penetration into the cracks, as well as thaw-freez-
ing phenomenon continue and contribute to the process
of physical weathering.

No appropriate conservation measures have been
performed in the Anahita Temple during and after
excavation and study of the site. In some cases, some res-
torations and reconstruction operations took place in last
decades, such as the use of sand-cement binder with large
iron rebar and girder in some cases to re-join the broken
stone blocks [28, 32, 33]. These restoration operations
have led to a further decay in the stone blocks, among
evidences of which being salt efflorescence due to using
cement binder. Reasons such as increasing in the phys-
ico-chemical deterioration caused by water penetration,
the introduction of soluble salts as well as physical deteri-
oration in the form of shrinkage, show that sand-cement
binder is an inappropriate material for restoration of
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limestone [99-102]. The presence of mass of soil under
and behind the stone structure acts as a water storage,
especially during the rainy seasons, and can make con-
ditions even more proper for continuing deterioration
in the stone blocks used in the construction of stone
walls. These parts of the monument have underwent a
long-term soaking and water absorption from behind
of the stone wall during precipitation seasons (Fig. 11a).
This is the reason of the high intensity of deterioration
in the stone blocks used in the wall construction, espe-
cially in the eastern and western sides of the monument
(Fig. 11b). These evidences prove that an integrated con-
servation plan, as a part of the site’s management plan, is
necessary so as to establish a strategy to make decisions
on the conservation-restoration methods and materials,
based on the results of study and characterization of the
decay process occurred in the stone blocks of the Anahita
Temple of Kangavar.

Conclusion

The stone blocks and pieces used in construction of the
Anabhita Temple of Kangavar have suffered from weath-
ering in a highly intensive manner. Analytical studies
carried out to identify chemical and microstructural
characteristics of the stone and its decay patterns and
processes. The stones used in the Temple are from het-
erogeneous low-porosity limestone/dolomitic lime-
stone types, containing minor phases of silicates and
clay minerals such as illite, albite and muscovite. An
important feature of stones is the presence of various
veins within the texture in different sizes. These veins
consist of large secondary calcite (sparite) and very
narrow clay veins mainly in bedding orientation. Also,
the matrix of the stone includes homogeneous micrite
texture with low porosity. Essentially, due to the hetero-
geneity of the limestone, the deteriorations are mostly
occurred in detachment pattern types such as scaling,

the northwest area of the monument

L 0 L %

Fig. 11 almages of the mass of soil behind the western wall of the monument; b close-up image of deteriorated blocks on the wall in
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delamination, bursting and fragmentation. Other decay
patterns include alveolization and biological colonisa-
tion such as lichens. There is some evidence of water
dissolution and contamination on the surface of the
stones, as the Anahita Temple is exposed to outdoor
environ for roughly 2000 years. However, physical
weathering has happened in greater content in com-
parison with other decay processes such as dissolution.
Analytical works show that main reasons of delamina-
tion and fragmentation are the presence of secondary
calcite veins and their detachment from the micritic
texture in the boundary. Other reason is presence of
clay veins in the microstructure of limestone that has
led to splitting due to osmotic swelling, water penetra-
tion and its effect of freezing, as well as washing out
and removal from the structure of the stone during
exposure to water (RH/rain). The climatic conditions of
the region also provided conditions for thaw-freezing
phenomenon to occur. Inadequate infrastructure in this
monument beside other influential natural and human
factors, either use of inappropriate restoration material
or presence of the mass of soil behind the walls, con-
tributed to deterioration of stone blocks in the Anahita
Temple of Kangavar. The effect of temperature fluctua-
tion on the stone decay by using laboratory simulations
and aging as well as the appropriate restoration mate-
rials for stone can be considered for the future studies
on the Anahita Temple. In addition, this deterioration
process can be studied in limestone buildings and
monuments in other regions to show the effect of stone
structure on the physical weathering occurred in cul-
tural heritage monumental constructions.
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