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ORIGINAL RESEARCH OR TREATMENT PAPER

Multi-analytical Investigation of the Composition and Binders Used in the
Earthen Support Layer of Fifth–Fourteenth Century CE Painted Fragments From
Bezeklik, China
Anjali Sharma and Manager Rajdeo Singh

National Museum Institute, Department of Conservation, New Delhi, India

ABSTRACT
Composition, microstructure, and binding media of the decorative earthen plaster fragments
from the Buddhist cave temple of Bezeklik (fifth–fourteenth century CE), China, were
analyzed by X-ray fluorescence, X-ray diffraction, scanning electron microscopy with energy-
dispersive X-ray analysis, Fourier-transform infrared spectroscopy, sieve analysis, and other
methods. In addition, gas chromatography–mass spectrometry was used for identification of
the organic adhesive found mixed in the earthen plaster. Studies indicated the presence of
proteinaceous material, mainly beeswax, with animal glue, pine resin, and plant sterol mixed
in the earthen plaster as the biopolymer. The organic additives improved the basic qualities
of the mud by acting as stabilizers, hardeners, and water proofers. The loamy sand soil
sourced for Bezeklik plasters shows low cohesion and disaggregation of grains occurred for
want of clay-sized particles in the plaster. Due to frequent handling and transportation, the
fragments are now showing distress in the form of loss of earthen support and paint layers.
Based on the analytical findings, traditional binders such as sepiolite clay, slaked lime, and
fish glue were introduced and fragments consolidated for display.
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Introduction

The decorative mud plaster from the fifth to the four-
teenth century CE at Bezeklik, China, near Turpan
(Whitfield 2011) provides an exceptional opportunity
to study the composition and technology involved in
the preparation of earthen plaster. Bezeklik is located
in the ancient city of Karakhoja (also known as Gao-
chang and Khocho) about 50 km east of the present-
day Turpan. The work at Bezeklik continued for slightly
over two centuries, and mud-brick freestanding temple
buildings with domed roofs were built on the ledge
(Stein, Archaeologe, and Andrews 1948). The largest
of these structures is over 18 m deep; the smallest is
only 1.55 by 1.72 m (Figure 1). They were decorated
with large wall paintings (murals) and statues, like the
cave temples at Dunhuang, using many of the same
techniques, and activity at the site probably continued
until the fourteenth century CE. These Central Asian
areas were important locations of Buddhism between
the second and the tenth century CE, and Turpan
was an important stop on the trade ‘Silk Road’ linking
China with Central Asia (Cable, French, and Riley 1942).

In the early twentieth century CE, fragments of
paintings were taken to Germany, Japan, Russia, the
United Kingdom, and India by wooden crates. In
1913–1914, murals owned by Sir Aurel Stein, a Euro-
pean explorer on his second expedition to Bezeklik,

were transported directly to Lahore, then part of
British India, and after that moved to three large gal-
leries of the Archaeological Survey of India (ASI) in
New Delhi. During transporting and handling, many
of the fragments became delicate and breakable. To
restore the painted fragments for posterity, the
murals were conserved with plaster of Paris (POP)
and implanted in a bed of gypsum with stainless
steel anchoring elements. Polyvinyl acetate (PVA) as a
preservative coating was applied on the painted sur-
faces and fragments displayed by the ASI until 1991.
Subsequently, the murals were handed over to the
National Museum, New Delhi, for conservation and
display. The removal of fragments from the cave and
their transportation caused mechanical damage to
the earthen (mud) support layers of the mural frag-
ments. The mud layers are displaying separation and
loss of the pigment layer (Figure 2).

To select the right kind of materials that can be
used safely for consolidation of a fragile mural, an
emphasis is presently given toward traditional conso-
lidants with the objective to synthesize materials and
techniques for preparing compatible mud plaster. To
synthesize the compatible plaster, a detailed scientific
examination of the plaster composition of fragments
residing in the National Museum was performed
(Dighe et al. 2018).
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The materials and technologies for earthen con-
struction are recognized as a much-needed subject of
research (Mora, Mora, and Philippot 1984; Warren
1999). Although the literature on the subject gives an
observation about advances in earthen architectural
conservation, it has not yet incorporated enough of
the kind of in-depth scientific research needed in the
area. The published research in the area is limited,
probably because of the complexity of the earthen
system in which distinct materials are used at
different locations and also because of the suscepti-
bility to deterioration of the earthen support layer
(Caner 2003). Proper knowledge of the earthen
plaster support layer is very important as many

problems connected with the conservation of decora-
tive surfaces originate from the structure or support
layer. The materials should meet accepted conserva-
tion criteria, i.e. have almost the same porosity, com-
patibility with original, equal, or weaker strength and
density, etc. for the conservation of the earthen
support. Therefore, proper knowledge about the com-
position and characteristic traits of the original
materials allows the development and preparation of
novel repair materials, which satisfy the above criteria
(Gettens 1938; Schmidt et al. 2016).

Traditional mud plaster is composed of soils, which
contain sand, silt, and clay, with straw often added to
prevent cracking during drying. The earthen support

Figure 1. The Bezeklik cave complex today. Photograph by Colin Chinnery. Courtesy of the British Museum, Photo 1118/1 (25).

Figure 2. Mural fragments showing fragile mud plaster layer, pigment layer, cracking, and gypsum and POP. Photograph by Udesh
Kumar. Courtesy of National Museum, New Delhi.
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onlyworkswell if equal distribution of sand, silt, and clay
is present. A higher percentage of silt creates neither a
good binder nor aggregate and yields materials that
are likely to crack and shrink. For the restoration of the
damaged plaster, attention is paid toward characteriz-
ing and selecting the right kind of fillers (sand, aggre-
gates, and straw) that would match the original
plaster. This helps in modifying its performance (coun-
ters shrinkage, provides internal cohesion, etc.) and
imparts necessary grouting-related properties (Agnew
2010). Clay has a grain size of <2 µm with grains
shaped like a sheet (much thinner than wider), and
these are attracted to one another by electrolytic inter-
molecular forces (Basma et al. 1996). The grain size of
non-clays is greater than clays, and they are divided
into grain size classes of silt (2–50 µm in diameter) and
sand (50 µm to 2 ml in diameter). The non-clays have
a small surface area that shows less attraction for non-
plastics andwater. The grains of non-clays aremore irre-
gular with reduced grain-to-contact cohesion with the
surface area lower than clays (Prost et al. 1998). The
incorporation of water into the clay structure is revers-
ible and directly related to ambient water vapor
pressure and temperature. Clay minerals generally
consist of equivalent amounts of expandable clays
(smectite and mixed-layer illite/smectite) and non-
expandable clays (kaolinite or chlorite) with a low pro-
portion of calcite, feldspar, and quartz (Loring et al.
2014). The non-expandable clays adhere to the expand-
able clay minerals and are effective in binding sand and
silt particles together. The larger grain size particles of
the prepared earthen plaster are prone to damage
due to grain breakage, whereas a smaller particle
imparts compactness to the plaster. To reduce the
shrinkage, other materials such as vegetable fibers
(Fodde 2001; Miller 1934), calcite, and lime were
added to the clay to help in overcoming the inadaptabil-
ity of local resources. Shrinkage of the clay is naturally
decreased as calcite may also function as a binder
(Stulz and Mukerji 1981).

Lime has been used widely in the past for soil stabil-
ization to improve its durability. The better perform-
ance of soil achieved by incorporation of lime may be
explained by the carbonation reaction of lime in the
presence of carbon dioxide as well as by the pozzolanic
reaction that occurs between lime and clay portions
present in the soil. Due to the chemical reaction
among lime, silica, and alumina with free clay particle
of soil, cementitious compounds such as calcium sili-
cate hydrate, calcium aluminate hydrate, and/or
calcium aluminate have formed that increase the dura-
bility of the construction (Eires, Camões, and Jalali
2015). However, the potential of using reactive fillers
in the earthen plaster (grouts) has still not been fully
examined. It seems that materials such as silica,
calcite, and ferric oxide act like a cementing agent
forming chemical bonds between clay subatomic

particles that may reduce swelling (Wooltorton, n.d.).
A recent study described the addition of sepiolite for
the synthesizing of mortars for the earthen-based
wall restoration as it has a high ability to soak up
different materials (Andrejkovičová et al. 2011).

Organic additives (biopolymers) derived from plants
and animals are generally used as cementing and
waterproofing agents for the plaster (Olivia et al.
2018). There are several biopolymers that have been
mixed with the earthen plaster to improve its imperme-
ability to water and durability of the materials against
the action of rain (Camões, Eires, and Jalali 2012).
However, it is predicted that a protein may react with
clay through the transfer of inorganic cations in the
clay with organic cations having the same ability of
amino acids to energize clay flocculation (Theng
1972). It appears that egg white used as an organic
additive in earthen grout promotes adhesion, increases
the plastic and liquid limits, and enhances the compre-
hensive strength. On the basis of these findings and an
ancient Indian painting recipe written in Sanskrit (Singh
and Arbad 2015), it is worth examining the inclusion of
proteinaceous materials to the mud plasters of Central
Asian regions to improve binding properties. Addition
of organic additives (kadukkai and jaggery) increases
the strength and durability of mortar, and therefore,
the ancient Indian technicians/artisans practiced the
addition of traditional natural organic admixtures
from plant extracts (Surendran et al. 2017).

These organic additives not only decrease the crack-
ing of plasters but also increase the overall binding
capacity. It is difficult to identify the behavior of
organic materials since it changes over time (Singh,
Waghmare, and Kumar 2014). In the past, the majority
of adhesives added to mud plaster were natural and of
mineral origin, animal origin (beeswax), or even plant
origin (soybean, calabar bean, and rapeseed).

Beeswax was known as the first natural wax to be
used in paintings as a binder in Egypt. Pliny and Elder
described the preparation of punic wax using a
method that consisted of warming beeswax in alkaline
salts three times, a procedure that produced a partial
saponification. Due to the alkaline non-volatile
content consisting of metallic ions such as sodium, pot-
assium, and calcium, the final product contains fatty
acids liberated by saponification. Research by
different analytical techniques has also shown that
some other natural polymer-modified plasters per-
formed well in compressive strength and flexural
strength and in the restoration processes of historical
buildings (Duran et al. 2010). Early investigations
carried out on wall paintings of Bamiyan and Kazil indi-
cated the use of glue as the binding media based on
microchemical tests. Evidence of animal glue as an
organic adhesive in the paint and plaster layers of
Central Asian paintings has also been reported pre-
viously (Birstein 1975). The results obtained for the
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binding media correlates with the inscription dating to
the seventh century CE, which reports the use of animal
glue in painting (Duran et al. 2010).

The performance of plaster is directly influenced by
the properties of plaster components, such as organic
or inorganic additives and different types of inorganic
aggregates as a filler. Therefore, the characteristics of
these components and their contributions to the per-
formance should be well evaluated (Caner 2003). The
aim of this communication is to characterize the Bezek-
lik mud plaster to understand the nature and compo-
sition of the plaster. However, the evidence of the
conservation of the pieces can be taken into consider-
ation as it gives an indication of the original prove-
nance of the material. The earthen plasters were
sampled for analytical studies from four damaged
Bezeklik fragments housed in the National Museum,
New Delhi. The investigation provided the scientific
data about the chemical and mineralogical compo-
sition of the mud plaster as well as morphological
characteristics. The particle size distribution of aggre-
gates and the study of thin sections by optical
microscopy, X-ray fluorescence (XRF), powder X-ray
diffraction (PXRD), Fourier-transform infrared spec-
troscopy (FTIR), and scanning electron microscopic
(SEM) analyses coupled with electron-dispersive X-ray
(EDX) for image analyses and semiquantitative elemen-
tal analyses were used in the present investigation. In
addition, gas chromatography–mass spectroscopy
(GC–MS) to identify organic additives as binding
media was used for plaster characterization. The
analytical program provided a variety of data on the
nature and diagnostic features of mud plaster.

Experimental methods and materials

Sampling is a problem for decorative surfaces; an analy-
sis cannot be done at the expense of damaging the art-
works. Understanding the composition and properties
of mud plaster requires going through a range of
characterization tests. Therefore, only four samples of
the mud plaster named Bez 1, Bez 2, Bez 3, and Bez 4
were collected from different fragments and subjected
to analytical investigations as explained below.

Particle size distribution

A Bl-200SM Research Goniometer System under large
angular range from 8° to 155° with 25 mm cells was
used. A sample particle passes through the path of

the laser beam, which causes the laser light to be scat-
tered, resulting in a unique diffraction pattern. This is
dependent on the dimension of the particles and
wavelength. The four samples were subjected to par-
ticle size analysis. For each sample, three sets of
measurements were taken, and the values were
averaged.

The classification of aggregates according to the
grain size (Table 1) was made as per the procedure
suggested (Caner 2003). The four samples of the
plaster were dissolved in 15% dilute hydrochloric acid
until effervescence of calcite ceases. Subsequently,
the residues were sieved for analyzing the particle
size. The size distribution of plaster aggregates was
obtained using 500, 250, 200, and 37 µm sieves of
DIN-4188.

XRF

XRF spectroscopy (Phillips model PW 1410, Netherlands)
was used to determine the chemical composition of
plaster using pressed powder pellets.

Thin sections

A thin section was prepared by placing samples into
plastic molding boxes of 1.5 × 3 × 1 cm. They were
saturated with the polyester mixed with accelerator
and hardener under a vacuum of 100 torr. After hard-
ening, the molded samples were removed from
boxes and cut into 1-mm slices to be attached to micro-
scopic slides and reduced by grinding to 25 µm thick-
ness (Singh, Waghmare, and Kumar 2014). Thin
sections were examined using petrological microscopy
(Carl Zeiss Jenapol petrological research microscope),
and images were taken under plane polarized and
cross polarized light at 10× magnification.

PXRD

For PXRD analysis, layers of plasters were separated
and crushed into fine powder. The obtained dried
plaster samples were spread on the surface of a flat
silicon wafer and analyzed with a Bruker AXS D8
FOCUS diffractometer. The instrument was operated
in Bragg–Brentano geometry and equipped with an
X-ray tube (Cu-Kα radiation: λ∼ 1.5406 Å, 40 kV, and
40 mA) and a LynxEye Position Sensitive Detector
(PSD) with the scan speed of 4° per minute over a
range of 5°–80°. The XRD data were analyzed for the
identification of mineral phases using Bruker Diffrac
Plus EVA software and ICDD PDF4 database.

FTIR

FTIR spectroscopy was used to gain qualitative infor-
mation of some of the characteristic materials present

Table 1. Size distribution of plaster aggregates.
Aggregates BS ASTM

Gravel 60–2 mm 100–5 mm
Sand 2–0.06 mm (2000–60 µm) 5–0.08 mm (5000–80 µm)
Silt 0.06–0.002 mm (60–2 µm) 0.08–0.002 mm (80–2 µm)
Clay <0.002 mm (<2 µm) <0.002 mm (<2 µm)
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in the plaster such as calcite, aragonite, quartz, dolomite,
calciumandmagnesiumhydroxides, andgypsum (Singh,
Kumar, and Waghmare 2018). The plaster samples, Bez 1
and 2, were analyzed by a Nexus FTIR spectrometer
(Thermo Nicolet) with a Smart Endurance accessory
(Thermo Nicolet) equipped with a diamond ATR crystal,
where the spectral regionwas 4000–400 cm−1 with a res-
olution of 4 cm−1 and 32 acquisitions. The Omic software
(Thermo Nicolet) was used to determine spectroscopic
acquisition and data processing.

GC–MS for organic additives as binder

The earthen plasters Bez 1 and 2 were characterized for
the presence of organic additives. The selected hom-
ogenized sample (80 mg) was dissolved in 80 ml of
methanol (HPLC grade, Sigma-Aldrich) at 27°C for
24 h. The sample was then filtered out using
Whatman filter paper (Grade 1). The filtered sample
was analyzed using a GCMS-QP2010 Ultra instrument
(Shimadzu, Kyoto, Japan) equipped with an AOC-5000
plus autosampler an OPTIC-4 injection system and a
non-polar Restek Rxi-5 Sil MS column (5% diphenyl,
95% dimethylpolysiloxane, 30 m × 0.25 ml id, ×0.25-
µm film thickness). Helium (99.999% Linde) was used
as the carrier gas with a flow rate of 0.9 mm/min.
Split injection mode at 260°C with split ration 10.0
and sample volume of 1.5 µl were employed. The
column temperature was held at 60°C for 2 min and
ramped at 10°C per minute to 280°C for 18 min (total
run time was 55 min). The mass spectrometer was
operated with electron impact ionization (70 electron
volts) and in the SCAN monitoring mode.

Interpretation of GC–MS chromatograms was con-
ducted using the database of the National Institute of
Standards and Technology (NIST) and Wiley, providing
more than 62,000 patterns. The spectrum of the
unknown component was compared with the spec-
trum of the known components stored in either of
the libraries.

SEM-EDX

Morphological observations and elemental analysis
were carried out to provide complementary infor-
mation. The mud plaster pieces of about 0.80 cm
dimensions with at least one flat surface were prepared
and subjected to sputter coating with gold under high
vacuum for enabling the investigation of conductive,
non-conductive, and high-vacuum incompatible
materials. Instrumentation included an FEI Oxford-
EDX system IE 250×Max 80 (Netherlands) to acquire
images through Everhart–Thornley detector (ETD),
backscattered electron detector (BSED), large-field
detector (LFD), and gaseous secondary electron detec-
tor (GSED). Electron accelerating voltage was set at
15 keV to ensure generation of X-rays with a beam

current of 1 nA (electrostatic unit) with a low dead
time. SEM micrographs were taken where possible
and elemental analyses were carried out to evaluate
together with the micrographs and controlled using
Zeiss SmartSEM software, while the EDX spectra were
collected and analyzed using Bruker Esprit 1.9.4
software.

Results

Particle size distribution analysis

The particle size analysis of the earthen plaster of
Bezeklik provided distribution curves through which
the soil was characterized. Since obtaining a higher
quantity of sample from the decorative art of Bezeklik
is not possible, we relied on a laser particle size analyzer
rather than the traditional hydrometer technique for
particle size analysis. This method needs only a small
quantity of sample, and the results are more precise,
reliable, and faster. The earthen plaster samples, Bez
1–4 (which were in slightly higher quantity), were
examined under laser diffraction analysis, and the
characteristics of the earthen support were assessed
through the presence of sand, silt, and clay com-
ponents in the plaster. Three trials of each measure-
ment were made, and the data were averaged. The
particle size distribution of the Bezeklik plaster is
shown in Figure 3.

From the particle size analysis, it is observed that the
earthen plaster of Bezeklik is coarse and contains no
clay-sized particles. The grain size analyses showed
that the majority of the grains are of sand size (approxi-
mately 70–80%) followed by silt size (approximately
20–30%), and there are no clay-sized particles in the
earthen plaster. Due to the presence of a higher pro-
portion of sand-sized particles, the earthen plaster of
Bezeklik shows disaggregation due to lack of any cohe-
sive force. The plaster is also prone to damage under
slight pressure and needs careful handling. As the

Figure 3. The particle size distribution of mud plaster by laser
light scattering particle size analyzer.
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earthen plaster of Bezeklik contains more coarse
grains, it shows a slightly rigid behavior with a ten-
dency to deform by grain breakage. Due to the
high percentage of sand-sized particles and the
absence of any clay-sized particles, the apparent por-
osity of the earthen plaster has increased beyond
30% as determined in the laboratory. When clays
are densely compacted, the porosity is about 5–10%
in most cases. By using the Griffin criteria (percentage
of elements <2 mm and that of elements <80 µm)
that allow the assessment of overall texture of the
mud plaster, it can be concluded that the earthen
plaster of Bezeklik is of average texture. However,
the compactness of the earthen plaster is further
improved by the addition of lime, iron oxide, and bio-
polymers into the plaster. The particle size distri-
bution of soil structure precisely influences humidity
transfer within the plaster, and the presence of a
higher clay content may cause enhanced moisture
movement within the earthen plaster (Singh, Kumar,
and Waghmare 2016). The earthen plaster of Bezeklik
based on the sand, silt, and clay proportions was
plotted on a sand–silt–clay ternary diagram (United
States, Department of Agriculture, USDA Textural
Classification Chart) as shown in Figure 4. From the
ternary diagram, it is observed that loamy sand soil
was sourced for the preparation of earthen plaster
at Bezeklik. The absence of clay particles caused dis-
aggregation due to the lack of cohesive forces of
clays that bind the sand/silt particles. The findings
clearly point to the fact that materials for the mud
plaster were chosen locally, and the sand grains

could not be reduced in size due to the traces of
melting glacier before settling in the fluvial river
basin in front of the cave from where the soil was
most probably sourced. The particle size analysis sup-
ports the data obtained through the SEM photomicro-
graph of the plaster.

Aggregates analysis

Aggregates can be classified according to their
average grain size (Tucker and Wright 2009). Applying
the Udden and Wentworth scale, aggregates were
named by the size of the highest percentages of
aggregate grains in the sample. If the highest percen-
tages of aggregates have the size of ≤250 µm, then
the aggregate is called fine aggregate. If weight
percent of aggregates having size of ≥500 µm is the
highest percentage, then the aggregate is called
coarse aggregate. If the distribution of aggregates is
almost even, the sample can be named as a mixed
aggregate. The components of aggregates separated
by the sieve analysis are shown in Figure 5. The par-
ticle size distribution of aggregates in the mud plaster
is shown in Figure 6. It is observed that coarse to
medium-sized aggregates were mixed into the
earthen plaster for strength and durability from the
grain shape of the aggregates. The shrinkage of
the soil was significantly tailored by the addition of
calcite, aggregates, and vegetal additives into the
plaster because of the use of large grain size (Singh,
Kumar, and Waghmare 2016).

Figure 4. Ternary composition diagram of mud plaster samples, Bezeklik, Central Asia.
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XRF analysis

The chemical composition of the earthen plaster
sourced from four different fragments is shown in
Table 2 in the form of major oxides using the XRF tech-
nique. From the chemical composition, it is observed
that the earthen plaster is characterized by the pres-
ence of higher amounts of aluminosilicate minerals,
as alumina percentage varied between 11.03 and
15.54% and silicate percentage between 50.28 and
52.41%. The plaster is also marked by the presence of
iron, imparting a slightly reddish appearance in the
plaster, detected between 6.79 and 8.54%. A lesser per-
centage of slaked lime was also observed. The lime
acted as a binder for the earthen support by carbona-
tion and reacted with scanty clay grains to form
calcium aluminum silicate minerals. The higher loss
on ignition observed in the earthen plaster samples is
due to the addition of excess plant-derived additives

in the form of rice husks and stems to the plaster.
Sand comprised more than half of the plaster. This is
due to the sourcing of sand-rich soil for Bezeklik
earthen plasters.

The chemical composition of the plaster supports
the data obtained through XRD, SEM-EDX, and FTIR
analysis of the earthen support layer.

Thin section analysis

The mud plaster of sample Bez 1 was studied under the
polarized microscope, and the minerals observed were
quartz, iron oxide, and calcite along with vegetal
remains, mostly rice husks. The image showed irregular
grains of quartz (Figure 7). The presence of iron oxide in
the samples is due to preparatory material made up of
crystalline and amorphous phase rich in ferrous sub-
stances. It showed that the aggregates are composed

Figure 5. Particle size analysis of Bezeklik earthen plaster.

Figure 6. Particle size distribution of aggregate of mud plaster samples, Bezeklik.
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mainly of quartz with subrounded morphology. It was
observed that the mud plaster is mainly composed of
fine anhedral grains with threads made up of bundles
of vegetal fibers. The petrological data of the earthen
plaster are in good agreement with XRD and SEM ana-
lyses of the plaster used for the determination of
mineralogical composition.

PXRD analysis

The crystalline phases in the earthen plaster were ident-
ified with XRD with a PDF database that lists relative
intensities of the peaks and other specific parameters
for each crystalline phase. From the XRD data, it is
observed that peaks at the angles (2θ) 23.5, 32, 34,
50.5, etc. represent the most intense peaks of calcite.
The peaks of quartz at the angles (2θ) 21, 27, 40, etc.
are seen in the XRD pattern. Figure 8(A,B) shows that
calcite and quartz are the predominant phases high-
lighted by PXRD analysis. The Bez 2 sample (Figure 8
(B)) shows the intense peaks of the mineral powellite
at 2θ of 28 and 30.5, whereas these are absent in the
Bez 1 sample (Figure 8(A)). Some of the peaks were
not assigned as they may be related to calcium silicate,
siderite, and sepiolite in very low proportions.

Major peaks observed in plaster samples are hercy-
nite, dolomite, feldspar, kaolinite, and orthoclase, etc.,
mainly coming from the sourced soil. The XRD data
are in good agreement with the SEM-EDX and FTIR
analysis results of the plasters.

FTIR analysis

The FTIR spectra of samples Bez 1 and Bez 2 are shown
in Figure 9(A,B), respectively. From the FTIR spectra, it is
observed that the shoulder band at 1413 and
1409 cm−1 is due to asymmetric stretching (active in
IR but inactive in Raman) of the carbonate group, and
the sharp one, at 871 cm−1, is due to its asymmetric
bending. The other calcite-related signals are the
band at 712 cm−1 (in-plane bending of the carbonate
ion) (Rodriguez-Blanco, Shaw, and Benning 2011).
Identification of dolomite in the presence of a large
proportion of calcite is difficult in IR spectra because
its characteristic peak at 1473 cm−1 is overlapped by
the stronger calcite signal at 1413 cm−1. However, the
deformation band at 725 cm−1 can be seen in the
spectra to distinguish the dolomite band from the cor-
responding calcite band at 712 cm−1 (Rodriguez-
Blanco, Shaw, and Benning 2011).

Table 2. Chemical composition (% by weight) of mud plaster by XRF.
Sample SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O MnO TiO2 P2O5 LOIa

Bez 1 50.56 15.54 6.79 5.30 2.64 3.09 2.13 0.15 0.42 0.19 13.19
Bez 2 52.30 11.03 8.54 4.95 2.09 2.26 1.65 0.13 0.51 0.16 16.50
Bez 3 52.41 12.08 8.01 4.72 2.97 2.78 1.92 0.17 0.92 0.18 13.84
Bez 4 50.28 12.98 7.03 5.29 2.99 3.78 2.19 0.89 0.92 0.20 13.65
aLOI=Loss of Ignition.

Figure 7. Thin section image of the mud plaster under petrological microscope (a) and (b) showing quartz, calcite, and fibrous
materials; (c) and (d) showing the presence of rice husks.
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The characteristic bands of silicates or aluminosili-
cates were observed in the spectral region of 900–
1000 cm−1 in the plaster with a sharp peak at
984 cm−1. Furthermore, there are bands for oxygen
due to in-plane Si–O–Si bending vibrations and Si–O–
Si out-of-plane rocking motions (430–490 cm−1). Since
a silica peak was observed at 426 cm−1 in the spectra,
it is also concluded that the vibrations of hydroxyl
groups are superimposed at the silica surface, such as
SiO–H stretching of surface silanols H-bonded to mol-
ecular water (3400–3600 cm−1), mutually H-bonded
Si–OH stretching of surface hydroxyl (3660–
3750 cm−1), and Si–OH stretching of silanols that also
confirm the presence of silica-related mineral and
hydroxide (Khan et al. 2017). In addition, the peak
beyond 3600 cm−1 is mostly due to OH stretching and
bending vibrations. This may be due to the contact of
water in plasters (Singh, Kumar, and Waghmare 2016).

The presence of organic additive is observed in the
FTIR spectra of the plaster samples Bez 1 and Bez 2. In
Figure 9(A), the presence of bands at ∼1650 cm−1 cor-
responds to amide stretching of C=O bonds, whereas
the band at ∼1620 cm−1 corresponds to the presence
of the –OH bond of gums in Figure 9(B) (Pilc and
White 1995). The weak bands at 2162 and 2150 cm−1

could be assigned to sulfate and carbonate as they
originate from materials used in the preparation of
priming layers and the binders of fine plasters. In
addition, peaks at 2260–2100 cm−1 observed are due

to the stretching frequency of alkyne molecules that
confirms the presence of hydrocarbons (Duran et al.
2010). To further investigate some of the FTIR spectra
discussed, two samples, Bez 1 and 2, were analyzed
by means of GC–MS.

GC–MS analysis

In Figures 10 and 11, alkanes, alkenes, salts of fatty
acids, and some other organic compound are observed
in the time–intensity curve (TIC). The presence of high
quantities of salts of fatty acids and hydrocarbons,
together with the detection of odd ketones, leads us
to suspect the possibility that vegetable compounds,
and wax may be present in the mud plaster. Therefore,
we cannot rule out the presence of organic additives
mixed with wax, beeswax, and vegetable compound
(Duran et al. 2010).

With all these results, the presence of organic addi-
tives seems to be clear according to the results of GC–MS.

From the FTIR spectra, it was observed that the mud
plaster contains amino acids, fatty acid, and hydro-
carbon as organic additives mixed during plaster
preparation. As shown in Table 3, the presence of
long-chain fatty acids with an even number of
carbons (palmitic acid and stearic acid) and long-
chain linear saturated hydrocarbons with an odd
number of carbons (pentadecane) indicate the pres-
ence of beeswax in the earthen plaster of Bezeklik.

Figure 8. (A) XRD pattern of Bez 1. (B) XRD pattern of Bez 2 (F – feldspar, H – hercynite, Q – quartz, D – dolomite, C – calcite, K –
kaolinite, O – orthoclase, and P – powellite).
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The presence of long-chain fatty acids, pentadecanol,
dodecane, squalene, and alloaromadendrene (alcohols
and long-chain hydrocarbons) being the most abun-
dant, also suggests the presence of beeswax in the
earthen plaster (Andreotti et al. 2006). Valencene and
alpha-ylangene are a class of sesquiterpenoid acids
(pinaceae resin) originally constituting the resin

(jalaric and laccijalaric acids). When submitted to sapo-
nification, they can give rise to a Cannizzaro-type reac-
tion, leading to the formation of the corresponding
acids and alcohols (Singh et al. 1969, 1974; Khurana
et al. 1970). There are many natural waxes with plant
origins, including carnauba (Copenica wax) and
esparto (esparto grass), which were sometimes mixed

Figure 9. (A) FTIR spectra of Bez 1 and (B) FTIR spectra of the Bez 2.

Figure 10. GC–MS analysis showing total ion chromatogram of Bez 1.
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with beeswax. It may also be possible that free amino
acids and fatty acids present in the sample were con-
verted to ester (methyl stearate) followed by derivatiza-
tion (Bonaduce, Cito, and Colombini 2009).

Their detection may lead to identify fats of animal
origin and confirm the hypothesis on the content of
amino acids present. Stigmasterol plant sterol occurs
in the plant fats or oils of soybean, calabar bean. and

Figure 11. GC–MS analysis showing total ion chromatogram of Bez 2.

Table 3. Summary of the main compounds and materials identified in the chromatograms of Bez 1 and 2.
Sample
name Saturated fatty acid Fatty acids ester

Natural
steroids

Natural
phenols Fatty alcohol

Terpenes
derivative Alkane hydrocarbon

Bez 1 Lignoceric acid (23) Methyl stearate Stigmasterol Glabridin Pentadecanol Dodecane
Palmitic acid (R)-Hispaglabridin

B
Pentadecane

Stearic Acid Squalene
Bez 2 Margaric acid (17) Valencene Alloaromadendrene

Undecanoic acid
(11)

Alpha-ylangene

Figure 12. SEM images of Bez 1.

COMPOSITION AND BINDERS USED IN THE EARTHEN SUPPORT LAYER FOR PAINT FRAGMENTS FROMBEZEKLIK, CHINA 11



rape seed, whereas glabridin and (R)-hispaglabridin B
are found in herbs and spices and isolated from Glycyr-
rhiza glabra (licorice) (Patel and Jat 2017). As the studied
samples have also been subjected to much restoration
of the plaster in the past, we cannot reject the presence
of external contamination, which might be the cause of
the presence of high amounts of hydrocarbons. Also, a
beeswax layer suggests restoration in recent times;
this practice was common in the nineteenth century
to obtain shiny surfaces (Duran et al. 2010).

SEM-EDX analysis

The photomicrographs of samples Bez 1 and 2 taken at
magnifications of 5, 25, 50, and 100 kX gave valuable
information about the plaster materials namely binder,
aggregates, and reaction compounds that allowed the
observation of their forms, sizes, textures, and distri-
bution in the mortars. Figures 12 and 13 show the
most important microstructural features of the studied
samples of plaster. Analysis of the plaster by SEM

Figure 13. SEM images of Bez 2.

Table 4. Chemical composition (wt-%) of Bezeklik mud plaster by SEM-EDX.
Sample O(K) Na(K) Mg(K) Al(K) Si(K) K(K) Ca(K) Fe(K) Mo(K)

Bez 1 48.70 1.64 2.14 7.60 23.03 1.98 2.64 12.28 –
Bez 3 50.23 1.49 2.64 8.80 20.55 2.26 1.19 11.68 1.15

Figure 14. SEM-EDX spectrum of Bez 1.

12 A. SHARMA AND M. R. SINGH



revealed that all plaster has a compact microstructure
with fibrous material well embedded in the matrix.
Figure 12(A) shows the presence of calcium carbonates
in the plaster. Figures 12(B) and 13(B,C) show the partly
resorbeddetrital K-feldspar grains,whereas Figure 13(D)
shows most of the well-rounded detrital quartz grains.
Large areas of the surface and pores were filled with
an amorphous mineral (turbidity observed in the
sample), which is formed by carbonate dissolution of
the binder. The microcapillary canals between the
quartz remnants were observed, which might be the
important feature in transporting silica from the
contact area to the adjacent pores (Singh, Kumar, and
Sabale 2018). It is also possible that some otherminerals
are present in the samples such as kaolinite, dolomite,
hercynite, and powellite, but they were not clearly
visible as SEM photomicrographs of the sample have a
small amount of turbidity (because of carbonation

reaction). The SEM analysis results of the mud plaster
agree with the chemical composition results, XRD, and
FTIR spectroscopy analysis of the plaster.

The EDX analysis of the earthen plaster samples Bez 1
and 2 is shown in Table 4. The optical photographs of Bez
samples are shown in Figures 14 and 15. Calcite is present
in traces (1.19–2.64 wt-%), so the magnesium carbonate
(2.14–2.64 wt-%) might be a deliberate addition/impuri-
ties from the sourced soil. The 4–5 wt-% of calcium and
magnesium carbonate has helped the plaster durability
by carbonation or by chemical reactions of clay particles
with calcite. The earthen plaster is also characterized by
the higher presence of iron minerals (11.68–12.280 wt-
%) probably present in the sourced soil. The ironminerals
have helped in the cementation of the soil particles. The
remarkable red color of the plaster is due to the presence
of higher quantities of iron minerals. The earthen
plaster also showed the higher content of alumina

Figure 15. SEM-EDX spectrum of Bez 2.

Figure 16. Stratigraphy of the painted plaster of Bezeklik, Central Asia.
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(7.60–8.80 wt-%) and silica (20.55–23.03 wt-%) probably
coming from the added sand, feldspar, albite, and so
on of the soil.

Discussion

The stratigraphy of the layers for Central Asian wall frag-
ments of Bezeklik is shown in cross section (Figure 16).
The pigment layer, gypsum ground layer (characterized

by Raman analysis; Figure 17), and mud plaster layer
are clearly visible. For providing better adhesion of the
mud plaster, the surface of the substrate was roughened
using a chisel. The stratigraphy of the layers shows an
application of the rough inner layer of render prepared
by mixing coarse aggregates in the sourced soil with
the addition of rice husk, stem, and roots as vegetal addi-
tives. This layer is a leveling layer whose thickness
depends on the topography of the wall. The thickness
varies between 1.5 and 2.0 cm for leveling layer (I). On
top of it, another thin smooth layer (II) of plaster contain-
ing fine aggregates and less amount of vegetal additives
was applied to receive the color. A gypsumwash layer (III)
was applied on top of the outer mud layer on which the
painting work (IV) was executed. An investigation
through GC–MS denotes the use of beeswax as a biopo-
lymer during the preparation of sourced soil for the frag-
ments under study for durability and waterproofing of
the plaster. The pigments used were identified as
gypsum for white, lamp black for black, red lead for red,
red lead and iron ochre for orange, atacamite for green,
and malachite for blue, etc. (unpublished report).

Due to frequent transportation and handling, the
decorative fragments are now showing damage and
loss at numerous points (Figure 2). The previously

Figure 17. Raman analysis of the gypsum ground layer.

Figure 18. Graphical documentation of Bezeklik painted fragment panel.
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applied POP as consolidant on the decorative art has
been lost from the sides and edges over time. The
gray color POP patches used as a filler have spread
on the original paintings and are at a higher level
than the original. Gaps are noticed between the con-
solidant (POP) and the original plaster. Due to the
application of thick PVA solution as the preservative
coating in the past restoration, the permeability of
the painted plaster is also affected. The fragments
are now marked by numerous gaps, lacuna, ridges,
and loss of paintings (Figure 18). As many problems
are associated with decorative arts originated from
the earthen support, a detailed investigation was
undertaken to devise the process for better consolida-
tion of the support layer. Investigations on many

ancient Indian decorative earthen plaster support
layers from the second century BCE to the fifth
century BCE (Ajanta, Ellora, Karla, and Bhaja) denote
the selective use of soil with better distribution of
sand, silt, and clay proportions whose properties
were further modified by mixing organic and inor-
ganic binders. From the analysis of Bezeklik mud
mortar, it is observed that the sourced soil is devoid
of any clay size particles, which led to disaggregation
due to lack of cohesive and interparticles forces. To
compensate for the overall binding of the sourced
soil, slaked lime as the binder has been used in
Indian earthen plaster works whose content varied
between 15 and 30% in different locations. Studies
on Bezeklik fragments show addition of lime (both
calcite and dolomite) from 3.83 to 4.78 wt-% in the
mud mortar, either as deliberate addition or impuri-
ties from the sourced soil. To compensate for the
overall binding, an excess of vegetal additives in the
form of rice husk, stem, and roots (25–30% by
volume) was found mixed in the plaster. In addition,
beeswax as a biopolymer was also found added
during the preparation of the earthen plaster.
However, a low content of lime binder and the
higher proportion of vegetal additives are not
sufficient to bind the soil, and the support layer is
now slowly being lost due to disaggregation of
grains causing loss of decorative works.

For the conservation of the painted fragments, it
was proposed to introduce traditional materials such
as lime, sepiolite clay, fish glue, etc., whose presence
in the earthen plaster were documented in a pro-
portion less than desired. The fragments were prop-
erly documented by photographic and graphic
methods (Figure 18). Although UV/IR light was used
for documentation, we also observed the fragments
under racking light. The fragments were softly
brushed to remove adhered dust and dirt. In the
gaps and lacuna observed on the surface, slaked
lime was injected for consolidation. Wherever the
earthen plaster layer has suffered losses, it was filled
with sepiolite-mixed soil. For better adhesion, a very
minute quantity of adhesive gum was also mixed
into the filler. In the parts from which the previously
used POP has been lost, the area was filled with
slaked lime mixed with fine-grained aggregates. The
gray color POP-filled area was sliced to remove
excess materials and to level the surface. Sub-
sequently, a thin limewash layer was applied and
toned down with the surrounding color but maintain-
ing its distinct character. The previously applied thick
PVA layer was slowly removed with the suitable
solvent to regain the breathability of the plaster.
The after-treatment photograph is shown in
Figure 19. The panels are now ready for display in
the Asian art gallery of the National Museum at
New Delhi.

Figure 19. Mural fragments of the Bezeklik panel shown after
treatment. Photograph by Udesh Kumar. Courtesy National
Museum, New Delhi.
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Conclusion

Based on the analytical data, it is observed that loamy
sand soil devoid of any clay size particles was used in
the preparation of Bezeklik plaster. The characteristics
of the soil were modified by the inclusion of an
excess of rice husk, stem, and roots as the vegetal addi-
tive to increase cohesion, to stop cracking, and for the
plasticity of the plaster. To stop disaggregation of
grains and enhance compactness, the sourced soil
was mixed with beeswax, pine resin, and plant sterol,
investigated through GC–MS analysis of the plaster.
Binding lime was also found mixed in the plaster in
small proportions either deliberately or originally
from the sourced soil. The reddish color of the plaster
is due to the presence of iron minerals that also
acted as cementing materials. Due to past transpor-
tation and frequent handling, the fragments are now
showing losses in the form of detachment of painted
plaster for want of cohesion among soil grains. The
POP and the coat of PVA used in the past conservation
have caused problems of compatibility and per-
meability for the decorative arts. For better cohesion,
a traditional binder in the form of sepiolite clay,
slaked lime, and fish glue were introduced into the
plaster for restoration and display.
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