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A B S T R A C T

Any alteration of pigments due to environmental degradation leads to the disfigurement of the depictions and
change in hue and saturation that artists intended to represent through paintings. An analytical characterisation
of pigments of early 16th century Orchha fort has been attempted through non-invasive micro-Raman and results
corroborated with FTIR and SEM-EDX. The analysis revealed the formation of calcium oxalate on painted sur-
faces due to biological colonisation that led to deterioration and sometimes masking of pigment layer. Analysis
demonstrated the transformation of calcium sulphate dihydrate to low-temperature anhydrite in exposed white
painted areas made from mixtures of gypsum, calcite and lead carbonate. The black colour on paintings is due to
biological colonisation on the red outer surface layer and not by the use of black pigment. Lapis lazuli for blue,
copper based pigment for green, yellow ochre for yellow was found used in decorations.

1. Introduction

In this paper, analytical characterisation of mural painting samples
from the early 16th century, central India's Orchha Fort has been car-
ried out. The deterioration and alteration in the hues of paintings are
often caused due to the inherent nature of the materials and also the
materials surrounding the pigments. The painted surface layer is the
outermost layer of the wall paintings and is exposed to deterioration
from all environmental factors (Casadio et al., 2004) which induces
different types of structural damages such as cracking, paint layer
flaking, exfoliation, blisters formation on the paint layer, detachment of
paint layer from the support, discoloration of paints and staining
(Rosado et al., 2013). The exposure of the paintings to unsuitable en-
vironmental parameters, such as temperature and relative humidity,
and especially to their changes often associated to biological colonisa-
tion of algae, fungi and lichens, can cause degradation and modification
of constituent materials affecting the general state of conservation
(Edwards et al., 1991; Edwards et al., 1997; Seaward and Edwards,
1997). Historical structures with beautiful paintings and mural arts are
visited by a large number of the public that renders bio-deteriorative
scenarios for art conservators. On wall paintings, sometimes bio-dete-
rioration is observed and in fact micro-organisms colonise a range of
historic surfaces on monuments, museums and personal collections (Ma
et al., 2015). Recently a study was conducted to evaluate the presence

and deteriorating effect in the mural paintings using intra and extra-
cellular enzymes as biomarkers of the biodegradation (Rosado et al.,
2013). Fungal spores have the tendency to germinate into mycelium
Contamination of the paints due to the addition of cementing materials,
colonisation and development of metabolites such as oxalates have
been reported that transform crystalline structure of the paints and
valency of the metallic elements in the paint is modified (Ciferri, 1999).
This results in discolouration of the painted surfaces and alteration in
the chemical nature of the pigments. Although colonisation by biolo-
gical active organisms was thought to occur slowly over a long period of
time, recent reports indicate that destructive actions on paintings and
their substrate plaster are now proceeding at an alarming rate (David
et al., 2001), fuelled by pollutants in the urban environment. Earlier
studies on the colonisation on the Zuccari 16th century frescoes in the
Palazzo Farnese in Caprarola, Italy showed that bio-deteriorants Dirina
massiliensis forma sorediata is responsible for the permanent disfigure-
ment of over 80% of the painted surface (Edwards et al., 1991; Seaward
and Edwards, 1997; Zucconi et al., 2012). The widespread occurrence
of metal oxalate, particularly calcium oxalate and the chemical dis-
ruption of substratum are significant components of biological de-
gradation. The oxalic acid that was considered of minor importance in
the biodeterioration process, is now recognized as one of the main
agent acting in the chemical attack on the constituent materials, such as
calcium carbonate that is transformed into calcium oxalate with evident
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destruction of the support or of the binding materials of pigments in
wall paintings (Edwards et al., 1991; Seaward and Edwards, 1997). The
bio-deterioration has revealed that calcium oxalate encrustations can be
produced at the thallus-substratum interface to the depth of about
2mm in 12 years (David et al., 2001). The molecular spectrum identi-
fication of key biomarkers such as whewellite, weddellite, carotenoids,
polyphenolic acids and lichen on pigments can assist in the recognition
of bio-deteriorative erosion of the wall painting that also provide an
early warning for the art conservators.
The FTIR spectrometry has widely been used as a powerful tool to

investigate the molecular nature of painting materials i.e. organic
components of pigments, dyes, binders etc. for many years. As the
different functional groups absorb characteristic frequencies of IR ra-
diation, the resultant spectrum leads to a molecular fingerprint for the
sample. The high sensitivity of this instrument allows determination of
composition at surface level for identification of compounds, impurities
and additives (Derrick and Dusan Stulik, 1999; Gremlich and Yan,
2000).
Raman spectroscopy has been extensively used for the character-

isation of pigments in art conservation and archaeology. The major
advantage of Raman spectroscopy is the simplicity as it also requires no
sample preparation. The wavenumber of Raman spectra,
50–3500 cm−1 also provides a unique method of analysis for inorganic
minerals that mostly occur in works of art. Micro-Raman and FTIR data
provides unambiguous spectral data concerning the identity of the
pigments and allow a correct interpretation of the pigments used (Bruni
et al., 1999).
The objective of the present study was to characterise the pigmented

areas of the wall painting. Observation with SEM reveals biological
colonisation and some deterioration of lime matrix whereas EDX pro-
vides an elemental composition of the substrate. X-ray micro-invasive
analytical techniques such as SEM-EDX have been widely used in the
identification of pigments in combination with Raman spectroscopy
and XRD techniques (Josa et al., 2010). The analysis of pigments helps
in identifying the deterioration process and guides the future course of
conservation. There have been numerous studies done on the paint and
pigment analyses of wall painting, however, in India, there is very less
number of researches done on the chemical alteration of the painted
surfaces (Artioli et al., 2008; Singh, 2011). The characterisation of
pigment done in this work will add to the information about the pig-
ments used in wall paintings in regions of north India and also the
changes occurred due to environmental and biological factors.

2. Site and paintings

Orchha, a small heritage town lies in the state of Madhya Pradesh in
central India situated on the banks of Betwa river in the Bundelkhand
region. It is located at 25.35074 Latitude & 78.64215 Longitude with an
average elevation of 285m (936 ft.). It is located in the plateau of
Central India. The town was established by Bundela Rajput chief, Rudra
Pratap Singh in 1501 and was once a capital of Bundela rulers. In the
early 18th century, its ruler Vikramjit shifted the capital of Bundelas
from Orchha to Tikamgarh after which Orchha was badly ravaged over
the period of time. The remnants of its history in the form of archi-
tectural heritage such as fort palaces, temples, tombs, gateways, etc. are
still there today to reflect its history. Raja Mahal is the most famous fort
palace of Orchha which is constructed with both dressed and undressed
sandstone with lime mortar. For outer finishes, chuna-surkhi
(lime+finely grounded brick used in plaster) plaster blended with
marble and shell dust has been used (Jadon and Jadon, 2002) (Fig. 1).
The historical surface is also well decorated with mural paintings in the
Bundela style on its interior walls and ceilings (Fig. 2). The subjects of
the paintings are mostly life and deeds of Lord Rama and Krishna and
also various forms of royal amusements are depicted. Mostly the
paintings are on the walls and ceilings. There is an outside vestibule in
which the paintings that are present on the ceilings in a totally

dilapidated state. The paintings have completely darkened at many
places. Damages were also seen in the form of long cracks in the painted
plaster and fall of entire painted plaster at some locations. Scratches
and abrasions, flaking of the paint layer at several spots through the
Fort were also observed. There are many peepal (Ficus religiosa) trees
grown found in the cracks of these plasters on the outer side of the
walls. Most of the exterior walls of the palace have dominant algal and
fungal growth (Fig. 1). No previous conservation attempt was noticed
on paintings in the vestibules. There is no conservation effort has taken
place so far on those paintings. This research is an effort to understand
the type of deterioration and the factors responsible for inducing such
damages at Orchha decorative art.
In Orchha monsoon lasts for 3–4months. It is surrounded by de-

ciduous forest and has lot variation in day and night temperature. The
summer lasts for 4–5months and the maximum temperature goes up to
45 °C with heat waves (Fig. 3). It has a hot and dry summer. During the
monsoon season in the months of July to September the relative hu-
midity goes higher to 80% in the region and all structures become wet
from outside and damp from inside. When the relative humidity in the
surrounding environment increases above 65%, the fungus grows ra-
pidly. Especially in the rainy season, the rate of fungal growth is very
high due to prolong dampness in the walls of the mural paintings. The
condensation of moisture in the walls is very favourable for the ger-
mination of fungal spores. When the relative humidity increases be-
tween 75 and 95%, these fungal spores germinate into mycelium and if
the relative humidity is consistent at that level for two to three days, the
hyphae developing from the mycelium again start producing spores and
thus they spread and dominates on the surface of the wall paintings
(Garg et al., 2010; Veneranda et al., 2017).

2.1. Materials

From the preliminary examination under a digital microscope, it
was observed that the wall painting panels have been executed on the
lime ground. In the cross-section (Fig. 4) three distinct layers are clearly
visible: the inner plaster layer, the priming layer and the paint layer.
The pigments used in the wall paintings are mainly black, yellow, blue,
green and white for analytical examinations. The coloured fragments
were extricated from the loosely adhered painted plasters without
causing any visual damage and therefore the quantity of the samples
was kept very less. All the samples were first analysed by Raman
spectroscopy followed by FTIR analysis. The same samples were further
studied using SEM-EDX. All the samples were observed at 50× and
200× magnification under Dinolite Edge series digital microscope and
images captured at 5MP (Fig. 5).

2.2. Instrumentation

Raman analysis was carried out by Horiba LabRam HR Evolution
Raman spectrometer with attached Leica microscope. The samples were
analysed under the 50× objective lens. Average exposure time was
kept to 10 s with 2 accumulations and laser power of 50mW on each
sample was used for all experiments. The excitation radiation was
provided by Kr+ -Ar+ laser operating at 514.5 nm wavelength and
HeeNi diode emitting at 785 nm with a spectral resolution of
2 cm−1over a spectral wavenumber range of 50–2800 cm−1. 1800
lines/mm grating and a CCD detector, Peltier cooled at -70 °C were used
and the data acquisition and processing were carried out with Labspec 6
software. FTIR-ATR spectra were collected on a Nicolet i550 FTIR from
Thermo scientific using a Spectra-Tech ATR objective with diamond
crystal. All the samples were scanned with 4 cm−1 resolution. The
number of 128 scans were taken to increase the signal to noise ratio.
FTIR spectrum was obtained in the wavenumber region between 4000
and 600 cm−1 and the resulting characteristic peaks were recorded in
absorbance mode. No corrections were made to any spectra. Data were
compared with Spectragryph software. The SEM-EDX analysis was
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carried out using Carl Zeiss EVO 50 scanning electron microscope at
various magnifications at high vacuum mode coupled with a Bruker
EDX instrument. All the samples were carbon sputtered. The yellow and
black samples were also separately mounted on copper stubs and
sputter-coated with gold for SEM viewing at higher magnifications. The
accelerating voltage was set at 20 kV at a working distance of 8mm at a
resolution of 2250 nm and the EDX data was processed with Roentag
software.

3. Results and discussion

The results obtained from digital microscopy, micro-Raman spec-
troscopy, FTIR spectroscopy, scanning electron microscopy coupled
with energy dispersive X-ray spectroscopy of all the samples of the
painted panels of Orchha fort are discussed below:

3.1. White areas

Most of the paintings in India have either been executed in tempera or
secco technique on a prime lime wash layer applied over thick lime/mud
plaster support such as the wall paintings of Ajanta, Ellora, etc. (Ozino-
caligaris et al., 2000). In the Ladakh region, gypsum has been reported as
wash layer for such purposes in wall paintings (Pinto et al., 2018).
Therefore, the white area of the pigmented plaster may either be pure lime
or a mixture of gypsum and lime, the microscopic image revealed the
presence of similar materials (Fig. 5a). When the white area of pigmented
plaster was targeted under 785 nm laser, the peaks of calcite at 1086 cm−1

in association with a peak at 280 cm−1 were observed (Fig. 6). In addition
to this, several bands in Raman spectra considered as diagnostic bands of
anhydrite were observed reflecting this as a major component in the white
area. We observed strong intense peaks at 1016 cm−1{υ1(SO42−)}and
other peaks at 168, 235 cm−1 (CaeO mode), 415 cm−1{υ2(SO42−)},
498 cm−1{υ2(SO42−)}, 608 cm−1{υ4(SO42−)}, 627 cm−1{υ4(SO42−)},

Fig. 1. A map of the location of Orchha city and a general view of Raja Mahal and outside pavilion. Fungal and algal growth on the exterior walls can be clearly seen.
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674 cm−1{υ4(SO42−)}, 1102 cm−1{υ3(SO42−)}, 1128 cm−1{υ3(SO42−)},
1160 cm−1{υ3(SO42−)} clearly indicating the transformation of gypsum
to anhydrite (Berenblut et al., 1971). Raman spectroscopy is a most useful
technique to differentiate between different polymorphs of sulphates of
calcium (Prieto-taboada et al., 2015). Gypsum is the most common phase
of calcium sulphate, on dehydration, a product of bassanite, the plaster of

Paris if formed which is hemihydrate. The transition from gypsum to
bassanite to anhydrite is temperature dependent and when the anhydrite
has reheated the band of 1016 cm−1{υ1(SO42−)} shifts further to the
high-frequency region and appears at ~1026 cm−1. On cooling, this peak
again disappears and re-appears at 1016 cm−1, the characteristic peak of
low-temperature insoluble anhydrite (Prasad et al., 2001).
The EDX spectra of the white area detected oxygen, calcium,

carbon, lead, bismuth and sulphur as major elements and zinc, iron,
titanium, chromium, copper and silicon as minor elements (Table 1).
The high concentration of calcium inferred from the elemental com-
position is in agreement with the spectra obtained by Raman spectro-
scopy and FTIR analysis (Fig. 7). The high weight percentage of lead in
the pigmented plaster (Table 1) indicates the possible use of lead car-
bonate in the paint mixture. The high weight percentage of bismuth
(6.7 wt%) is confusing as no peaks for bismuth compounds were ob-
served in the Raman and FTIR analysis. The FTIR spectra of white area
(Fig. 7) showed the sharp intense peaks of calcite at 1405, 871 and
712 cm−1. The very small peaks of gypsum were also present at 1140
and 1082 cm−1. Interestingly, as the carbonate bands of calcite also
resemble carbonate bands of lead carbonate, the analytical data clearly
indicate that the white area is basically a mixture of calcium sulphate,
calcium carbonate and lead carbonate. There is a small band observed
at 780 cm−1 in FTIR spectra (Fig. 7) which revealed presence of small
amount of calcium oxalate that has formed on the painted plaster due to
microbiological growth on the surfaces. The details about

Fig. 2. A painted panels of wall painting inside the fort complex showing the paint loss, loss of plaster and darkening of the pigments.

Fig. 3. Average and extreme temperature of Orchha for entire year (Image
courtesy: http://www.myweather2.com/City-Town/India/Jhansi/climate-
profile.aspx).
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microbiological growth on painted plaster are further described under
the analysis of black and yellow areas of the plaster.

3.2. Yellow areas

The microscopic image of a yellow sample fragment showed the
rough and separated uneven layers (Fig. 5b). The yellow pigment had
weak adhesion to the priming surface and the exposed ground layer are
seen at many places. When the yellow area of the pigmented plaster was
targeted with 785 nm laser, Raman spectra showed peaks at 145, 186,
280, 400, 502, 896, 1007, 1085 and 1475 cm−1 (Fig. 8). The peaks at
1085 and 280 cm−1 represent the calcite bands, the peak at 1007 cm−1

represents the sulphate band of calcium sulphate dihydrate. There is
also a weak band at 1016 cm−1 which is due to the symmetric
stretching of sulphate band of anhydrite. Raman spectrum also revealed
two important peaks at 1475 and 896 cm−1 that reflect the formation of
calcium oxalate on the painted surface (Fig. 10). However, in the
spectra, there was no band present which could be assigned to any
yellow pigment except a band at 145 cm−1 which probably indicated
the presence of lead oxide based yellow pigment as the presence of lead
is also observed in EDX analysis.

In the EDX spectrum obtained from the yellow area (Table 1), the
main elements detected were oxygen, calcium, lead, carbon, bismuth,
silicon, sulphur, aluminium and iron. The minor elements detected
were zinc, copper, cobalt, titanium, etc. The presence of Ca, C and S
originated from the carbonate and sulphate of calcium. The presence of
several elements in the composition of the yellow pigment indicates the
possible use of yellow ochre, a mixture of ferric oxide and varying
amounts of clay and sand, Fe2O3-SiO2.nH2O.
The FTIR spectrum of the yellow area showed several bands in the

fingerprint region (Fig. 7). The carbonate peaks at 1405 (CeO asym-
metric stretching), 871(υ2 out of plane bending) and 712 cm−1 reflect
the presence of calcite, however, the carbonate peak at 1405 cm−1 also
indicates the presence of lead carbonate [lead white, 2PbCO3. Pb(OH2)]
as there is a high weight percentage of lead found in the elemental
composition of the pigment shown in the EDX analysis (Table 1). The
presence of calcium sulphate is confirmed by several peaks at 3526,
3402, 1618, 1102, 670 and 598 cm−1. In the FTIR spectrum of yellow
pigment three intense peaks at 1618 (also represent gypsum), 1320 and
780 cm−1 are present which confirms the formation of calcium oxalate
on the pigment surfaces. The presence of calcium oxalate was also
confirmed by its characteristic Raman bands at 1475 and 896 cm−1

Fig. 4. Stratigraphy of the black painted plaster observed under digital microscope at 100× magnification with three layers: paint layer, priming layer and inner
plaster layer.

Fig. 5. Microscopic image of the pigment sample (a) white (b) yellow (c) black (d) blue (e) green, and (f) grey painted areas. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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(Pérez-Alonso et al., 2006).The oxalic acid released by lichens, fungus,
algae and bacteria during the respiration process lead to the develop-
ment of calcium oxalate (King et al., 2014). Calcium sulphate dihydrate
(gypsum) get solubilised by fungi as sulphur is the nutrition and me-
tabolism of fungi and other microorganisms (Gharieb et al., 1998).
Aspergillus niger and Serpula himantioides, two fungi especially have been
reported to solubilise calcium sulphate dihydrate that lead to oxalate
formation. Serpula himantioides are yellow in colour which might also
enrich the hue of the yellow area or impart the colour of the plaster
yellow (Gharieb et al., 1998).

3.3. Black areas

The elemental EDX composition of black areas (Table 1) of the
painted plaster showed the presence of oxygen, calcium, carbon, lead,
silicon, aluminium and sodium as major elements and magnesium,
sulphur as minor elements. Based on the high concentration of major
elements, it was attributed that the pigment mixture is made up of
calcite, lead white, silica and alumina. The FTIR spectrum of the black
area (Fig. 7) showed the characteristic bands of calcite and gypsum and
the intensity of these bands indicated a high concentration of calcite &
gypsum in the pigment composition. In addition, the FTIR spectrum of
the black area also showed the presence of calcium oxalate with its
intense fundamental band at 1618 cm−1 (arising from asymmetric CeO

stretching of coordinated oxalate groups), 1320 cm−1 (symmetric CeO
stretching) and 780 cm−1 (OeC]O bending) (Conti et al., 2010;
Popescu (Pintilie) Georgeta Sofia et al., 2010). Three polymorphs of
calcium oxalate are found in nature; calcium oxalate monohydrate or
whewellite (CaC2O4.H2O) which is most common; calcium oxalate di-
hydrate or weddellite which occurs less than whewellite and calcium
oxalate trihydrate or caoxite, rare polymorphs of calcium oxalate (Conti
et al., 2010). The presence of calcium oxalate has been reported on
several ancient monuments (Casadio et al., 2016; King et al., 2014;
Frost, 2003; Ravindran et al., 2013; Rosado et al., 2013). It appears
from the analytical results that the painted surface consists of whe-
wellite, weddellite, gypsum, calcite, silicates along with some other
minerals (Casadio et al., 2016; King et al., 2014; Frost, 2003; Ravindran
et al., 2013; Rosado et al., 2013). The calcium oxalate films are che-
mically very stable and stabilise on its preserving the inner materials.
The chance of formation of weddellite is remote since it easily gets
converted to whewellite which is most stable in environmental condi-
tions. At high environmental temperature existing at Orchha (summer

Fig. 6. Raman spectrum of white pigment with the characteristic peak of anhydrite at 1016 cm−1.

Table 1
SEM-EDX data of elemental composition of colour pigments (wt%).

Element Atomic
number

Series White Yellow Black Blue Green Grey

O 8 K-series 42.41 41.43 61.24 39.88 45.04 40.64
C 6 K-series 9.18 8.47 10.42 4.62 9.49 6.10
Ca 20 K-series 18.05 12.97 11.05 12.95 16.93 24.0
Pb 82 L-series 7.08 9.66 6.09 6.12 12.30 7.28
Bi 83 L-series 6.76 6.72 – 5.86 – 7.61
Fe 26 K-series 1.72 2.61 – 1.18 3.36 1.00
Na 11 K-series – – 2.10 9.37 – –
S 16 K-series 5.72 3.58 0.57 4.7 0.44 –
K 19 K-series – – – – 1.76 –
As 33 K-Series – – – 0.21 0.87 –
Ti 22 K-Series 1.63 1.01 – 0.41 0.70 –
Zn 30 K-Series 1.88 1.97 – 0.93 – –
Cr 24 K-Series 1.39 0.71 – 0.54 0.69 –
Cu 29 K-Series 1.21 1.49 – 0.85 1.18 –
Si 14 K-Series 1.01 3.88 5.03 4.41 4.60 –
Al 13 K-Series 0.71 3.44 2.46 4.61 0.83 –
Co 27 K-Series – 1.31 – 1.79 0.83 –
Mg 12 K-Series – 0.76 1.05 1.57 0.98 4.02

Fig. 7. FTIR spectra of white, yellow and black colour pigments.
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temperature above 45 °C), only the whewellite form of calcium oxalate
is stable. Thus the presence of polymorphs of oxalates on the monu-
ments/ decorative arts is symptomatic of local climate change (Pelosi
et al., 2016; Frost, 2003).
When the black area was targeted with 785 nm laser (Fig. 9) only

three peaks at 222, 290 and 546 cm−1 were observed. The bands at 222
and 290 cm-1 indicate the presence of haematite (Caggiani et al., 2016)
which is primarily natural red ochre. The bands at 222 and 546 cm-1 are
also characteristic peaks of red lead. The possibility of the presence of
the red lead is also corroborated by the EDX analysis in which lead is
present as one of the major elements. Thus, the finding of red ochre and
red lead inclusion indicate the presence of red pigment in the black
area. The microscopic image at 200× of the sample under Dinolite
Edge USB microscope (Fig. 5c) clearly revealed the concentration of red
pigments in the black area. This implies that the black area does not
contain any characteristic black minerals but the black hue may be the
due growth of microorganism on the painted surface. This further in-
dicated that the red lead might have darkened during the natural
ageing process.
To further demonstrate the formation of calcium oxalate on the

paint surface, yellow and black samples were examined under scanning
electron microscopy at various magnifications. In the yellow sample, a

tabular shaped crystal with sharp straight boundary is seen submerged
in the paint matrix (Fig. 10a). The formation of calcium oxalate crystals
was also noticed at higher magnifications (Fig. 10b) that indicates the
involvement of living-microorganisms and bio-mineralization (Lluveras
et al., 2008) as the development of microorganisms were also seen in
Fig. 8c and d that clearly indicated the colonisation of microorganisms
on the painted surfaces.

3.4. Blue areas

The microscopic images of the blue areas taken at 200× magnifi-
cation by Dinolite digital microscope showed the inhomogenous spread
of the blue paint with thick spots of the concentration of blue pigments
scattered throughout the blue areas (Fig. 5d). When the 785 nm Raman
laser was targeted on the blue pigment spots in the blue area, the low
wavenumber bands at 239, 267 cm−1 along with a sharp intense band
at 543 cm−1 with a shoulder band at 585 cm−1 was recorded (Fig. 11).
The Raman spectrum of the blue spots also showed the multiple bands
(543× 2=1086 cm−1) and combination bands (267+ 543=
810 cm−1) which indicated the resonance phenomenon in the Raman
spectrum, a characteristic fingerprint of lazurite mineral (Caggiani
et al., 2016; Colomban, 2003).

Fig. 8. Raman spectrum of yellow coloured pigment.

Fig. 9. Raman spectrum of black coloured pigment.
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The FTIR spectrum of the blue pigments exhibited the abundance of
gypsum (Fig. 12). The bands at 3526 and 3403 cm−1 are due to the
absorption vibration of hydroxyl stretching frequencies, bands at 1684
and 1618 cm−1 are due to H-O-H bending frequencies, the bands at
1102 cm−1 with a shoulder peak at 1004 cm−1 are due to the absorp-
tion vibration of υ3 antisymmetric stretching of SO4 tetrahedra (Liu

et al., 2009), the bands at 670 and 598 cm−1 are due to antisymmetric
bending in the mid-IR spectra, all these are fundamental bands of cal-
cium sulphate dihydrate (gypsum). The diagnostic bands of carbonates
are also present at 1405 cm−1, 871 and 712 cm−1 which indicated the
presence of calcite in the mixture (Al Dabbas et al., 2014). In the
spectrum of blue area, the presence of a mixture of calcium carbonate

Fig. 10. High magnification SEM images of painted surfaces:
10 (a), (b) calcium oxalate crystal observed on outer painted surfaces at 5kx and 20kx respectively.
10 (c), (d) Colonisation of micro-organisms on outer painted layer at 10kx and 2kx respectively.

Fig. 11. Raman spectrum of blue coloured pigment.
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and calcium sulphate dihydrate dominated the IR spectrum and no
characteristic peaks of lapis lazuli are noticed in the spectrum in the
mid-IR region (Reig et al., 2002).
The EDX analysis detected the major element as oxygen, calcium,

lead, sulphur, carbon, titanium and chromium and the minor elements
as arsenic, iron, cobalt, silicon, sodium and aluminium which indicates
the probable composition of lapis lazuli (Na,Ca)₈Al₆Si₆O₂₄(S,SO)₄ and
the weight percentages of calcium (12.95%), silicon (4.41%) and
oxygen (39.88%) indicated the presence of the mineral wollastonite
(CaSiO3) which is commonly associated with lapis lazuli (Table 1).

3.5. Green

The microscopic image of the green sample at 200× magnification
showed the intense presence of a white layer with sparsely scattered
green particles in the pigment fragment (Fig. 5e). When the green area
was targeted with 785 nm laser, no signal was received. When it was
targeted with 514 nm laser the spectrum obtained showed the presence
of gypsum and calcite. The intense band at 1008 cm−1 {υ3(SO42−)},
with a less intense band at 1137 cm−1 and an intense band at
1086 cm−1 showed the presence of calcium sulphate dihydrate and
calcium carbonate respectively (Fig. 13). The spectra gave weak peaks
at other wavenumbers that made the interpretation difficult to char-
acterise green pigment. The interferences mainly coming from the
gypsum and calcite made the interpretation further difficult (Aliatis
et al., 2009). The SEM-EDX spectrum detected oxygen, calcium, lead,
carbon, silicon and iron as major elements, and potassium and copper
as minor elements (Table 1). The detection of copper increased the
probability of copper based pigment as the source of green pigment.
The weight percentages of the major elements also showed the presence
of calcite, lead carbonate, iron oxide, silica in the green pigment mix-
ture.
The FTIR spectra of the green area showed the prominent peaks of

calcite (Fig. 12). The characteristic absorption of calcite phase was
easily identified with its vibrations at 1405, 871 and 712 cm−1

(Senvaitiene et al., 2007). However, the presence of strong carbonate
band at 1405 cm−1 is also indicative of the presence of lead carbonate
in the paint mixture. The peaks at 1013 cm−1 indicate the presence of
clay. The absorption vibrations at 670 and 614 cm−1 are stretching and

bending mode of the sulphate group (Bensted and Varma, 1971; Bishop
et al., 2014). The presence of other sulphate bands at 1084 and
1162 cm−1 further indicate that the calcium sulphate is present in the
low-temperature form of insoluble anhydrite (Bensted and Varma,
1971).

3.6. Grey

The microscopic image of the grey area taken at 200× magnifica-
tion showed the white layer with black particles embedded throughout
in the paint layer (Fig. 5f). In the Raman spectra obtained on both black
and white spots targeted under 785 nm laser, three bands were ob-
tained at 234, 280 and 1085 cm−1 respectively (Fig. 14). Bands at
1085 cm−1 due to the symmetric stretching vibration, υ1(CO32−) and
280 cm−1 due to CaeO lattice vibrations which are the diagnostic
bands of calcite (Kaszowska et al., 2016). Therefore, only the calcite
bands are visible in the Raman spectrum in grey areas. The FTIR spectra
of the grey region also showed the mixture of prominent bands of
calcite and gypsum in association with calcium oxalate peaks present at
780 cm−1 (Fig. 12). The mural surfaces with the presence of calcium
oxalates may have gathered and accumulated atmospheric dust and dirt
and thus these surfaces usually have grey to black hues. This indicated
that sulphation of the underlying calcitic layer has been taken place
which is clearly indicative of the possible biological transformation. In
the EDX spectra of a grey area, the major elements detected were
oxygen, calcium, carbon, lead, bismuth, and iron. Minor elements de-
tected are magnesium, iron and zinc (Table 1). No characteristics of any
pigments were noticed except the presence of a mixture of calcite and
gypsum layer.
The development of lichens on the calcite surface affects the pig-

ments badly due to the formation of calcium oxalate. It is interesting to
note that the development of calcium oxalate on the surface of the
Chinese terracotta army led to the deterioration of their surfaces (Frost,
2003). However, the presence of calcium oxalate does not induce much
deterioration on blue coloured areas as there is the minor presence of
copper (Frost, 2003) that worked as poison for microorganism and in-
hibited deterioration. Black pigments showed the formation of calcium
oxalate and that has serious implication on the nature and property of
the original pigment (Frost, 2003).

4. Conclusion

For the wall paintings, a correct physical and chemical character-
isation of pigments is crucial to their appreciation and conservation.
Lapis lazuli was found used for the blue areas. White colour has re-
vealed the presence of a mixture of calcite and gypsum and the detec-
tion of lead also indicated the use of white lead. Possible use of ochre
colour due to the presence of iron oxide and various composition of
sand clay was indicated by EDX for yellow colour. Grey area did not
indicate the presence of any colour and the grey hue was due to the
deposition of atmospheric dust and dirt. The green colour indicated the
use of copper based pigment. The black colour showed the transfor-
mation of lead based red pigment that darkened and discoloured the red
colour. The multi-spectroscopic investigations of the extricated frag-
ments of pigments from Orchha fort palace revealed surface dete-
rioration through the chemical transformation of calcium sulphate di-
hydrate into anhydrite due to hot and long summer (temp. Around
45 °C) experienced in the region. The FTIR enabled reliable identifica-
tion of molecular composition of the surface layer, identified secondary
species and impurities present in the painted layer. The transformation
of the calcitic layer via sulphation into the calcium oxalate has been
observed clearly in SEM images along with peaks observed in FITR and
Raman analysis. All the pigments at Orchha fort have been badly af-
fected due to the formation of calcium oxalate by biological colonisa-
tion and the damage is still continuing.

Fig. 12. FTIR spectra of blue, green and grey coloured pigments.
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