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Featured Application: The results derived from this research paper contributes to the body of
knowledge available from Bagan painting materials and techniques and also to a treatment pro-
posal for the conservation and restoration of Bagan’s temples.

Abstract: Pagan is an ancient city located in Myanmar that is renowned for the remains of about
4000 pagodas, stupas, temples and monasteries dating from the 11th to 13th centuries. Due to
a magnitude 6.8 earthquake in 2016, more than 300 ancient buildings were seriously damaged.
As a part of the post-earthquake emergency program, a diagnostic pilot project was carried out
on Me-taw-ya temple wall paintings to acquire further information on the materials and on their
state of conservation. This article presents our attempts at characterising the painting materials
at Me-taw-ya temple using non-invasive portable energy dispersive X-ray fluorescence (ED-XRF),
portable Raman spectroscopy and micro-invasive attenuated total reflectance—Fourier transform
infrared spectroscopy (ATR-FTIR), micro-Raman spectroscopy (n-Raman), gas chromatography-mass
spectrometry (GC-MS), polarized light microscopy (PLM) and environmental scanning electron
microscope—X-ray energy dispersive system (ESEM-EDS) investigations with the aim of identifying
the composition of organic binders and pigments. The presence of a proteinaceous glue mixed
with the lime-based plaster was ascertained and identified by GC-MS. In addition, this technique
confirmed the occurrence of plant-derived gums as binders pointing to the a secco technique. Fe-based
compounds, vermillion, carbon black and As-compounds were identified to have been incorporated
in the palette of the murals.

Keywords: organic compounds; pigments; wall paintings; Me-taw-ya; Myanmar; non-invasive
investigation; micro destructive techniques

1. Historical and Technical Background

The ancient city of Bagan (formerly called Pagdn) is located in the Myanmar Mandalay
Region of Burma. Between 1044 and 1287 AD, Pagan became the capital of the Pagan
empire and grew into the political, economic and cultural nerve centre of the region. During
the kingdom, along with the diffusion of Buddhism, a large number of religious buildings
were built under the patronage of kings, nobles, and dignitaries and of large sections of
civil society, as attested by commemorative inscriptions [1].
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The remains of about 10,000 pagodas, stupas, temples and monasteries still stand
today on the Bagan plains (Figure 1a), which cover an area of 104 square kilometres,
outlining the landscape of this unique site [2].
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Figure 1. (a) Me-taw-ya temple (1205); (b) Me-taw-ya map by Pichard inventory with XRF investi-
gated areas; (c) interior, detail of the circle pattern with lotus rosacea motif; (d) Eastern vestibule,
north-east wall, detail of XRF investigated areas.

The temple is the most common architectural type in Pagan that become an au-
tonomous structure with respect to the monastery since the 11th century. Characterised
by a central plan, and longitudinal or cruciform in design [1], most temples are built with
fired bricks joined with mortar, while whitish stuccoes partially covered their facades [3].
Interior walls and vaults are decorated with wall paintings, many of which dated from the
11th to the 13th century. These wall paintings are characterised by vivid colours and black,
brown or red outline drawings. A figurative repertoire is generally taken from the former
lives of the Buddha; decorative friezes with plant motifs and geometric patterns were also
largely used.

Plaster’s constitutive materials range depending on the chronology: mud, lime, sand
with glue and jaggery (plant-derived sugar) were used in an earlier period (11th-12th
century) while sand and lime were more commonly utilised in the later periods (from the
13th to 16th century) [4,5]. The plasters were composed of one or more layers and usually,
a thin primer of slaked lime was applied [6,7]. Carbon black or red ochre was sometimes
used for the preparatory drawings [8,9].

Pagan wall paintings were generally executed with a secco technique and coated with
a protective varnish made out of gums or resins. Natural gums including acacia [7] or
Neem tree gums [6,10] were usually used as binders. Materials and executive techniques
employed over the centuries in Pagan has been introduced to Burma from India, evolving
in a different expression and style [10]. Indeed, the knowledge of the Indian technique of
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wall painting is useful to understand the painting technique in Central Asia. As a binding
medium, beeswax and glue were used in the Buddhist wall paintings dating from the
2nd to the 7th century. Glues are produced by vegetable materials (gums, pulps and saps
of different plants and trees) or using animal derivatives (gelatine produced by boiling
buffalo skins) [4].

The earliest reference to the use of colours and pigments, such as vermilion, red
lakes, and natural ochre can be traced to the Sawhlawun inscription datable to Sakaraj-598
(1236 AD) [6]. Orpiment, carbon and bone black have been detected thanks to previous
investigations [8,11]. Blue and green pigments are rare in wall paintings from the first
period; greenish tones are usually obtained by mixing orpiment and bone black as in the
Pahtothamya temple [6]. Conversely, in the later period, copper-based greens were in
use [8].

2. Conservation Issue

The Pagan area has been subjected to frequent earthquakes over time, being in the
so-called ‘trans-Asiatic’ seismic zone [12]. Therefore, through centuries, heritage buildings
underwent several restorations and reconstruction interventions, as testified from ancient
inscriptions and more recent plaques placed in numerous structures.

One of the most devastating earthquakes occurred in July 1975, destroying, among
others, numerous monuments and causing extensive damage, especially to the upper part
of buildings, the vaults, the external carved stuccoes and the internal wall paintings [13]. An
international United Nations Educational, Scientific and Cultural Organization (UNESCO)
project was started in the 1980s and managed by Pichard to undertake both a damage
assessment survey and a conservation project [13-17].

Since 2013, a project for the protection of Myanmar’s Cultural Heritage, as a part of
an international collaboration between the Tokyo National Research Institute for Cultural
Properties (TNRICPT) and the Nara National Research Institute for Cultural Properties
(NNRICP) was undertaken. The project involved training and an exchange program with
technicians from the Department of Archaeology of Bagan (DoA).

On 24 August 2016, a magnitude 6.8 earthquake struck again central Burma and
more than 300 monuments of the Pagan Archaeological Zone were seriously damaged.
The DoA, Japan International Cooperation Agency and the UNESCO Bangkok Office
collaborated on a post-earthquake emergency program and extensive data concerning
structural damages and behaviour of the heritage buildings during the earthquake were
collected [18]. Besides, a pilot conservation project was carried out on Me-taw-ya temple
with the aim of developing an emergency training program.

The temple, also known as temple 1205 (Figure 1a,b) according to Pichard’s inven-
tory [19,20], dates back to the 13th century and is of the Bagan Dynasty. The building has a
central plan, is cruciform in design, and is located in the middle of the Bagan Chauk Road
that connects Old Bagan to New Bagan in the south of Myinkaba village. The principal
constituting materials of the structure are fired bricks and mud-based mortars, covered
with white stucco reliefs and patterns, of which only a few traces remain visible [19,20].

The temple houses a statue of the seated Buddha and a statue of the standing Buddha
(both are reconstructions undertaken during the 1990s). A large central dome, measuring
approximately 3.5 m x 3.5 m, decorates the central atrium. The dome is painted with
geometric designs contemporary with the construction of the temple. Friezes with floral,
circular and diamond-shaped patterns decorate the walls and the small vaults of the eastern
and western vestibules. The palette of the wall paintings is largely made out of white,
yellow, black, grey and red-purple colours. The current hues of the painting are probably
changed with respect to the original one due to the deterioration and fading phenomena
(Figure 1c,d).

The main causes of active deterioration are rainwater infiltrations, pests, insect nesting,
animal excrement, graffiti and surface alterations due to previous interventions. Docu-
mentation regarding the restoration interventions carried out on the wall paintings does
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not exist, nevertheless on the left-hand side entrance of the eastern fagade are two cement
plaques: the first indicates a former (pre-Pichard) survey number and a date: N°543—
27 April 1964 [10]; the second plaque shows the date (1976) and probably commemorates
post-1975 earthquake repairs. A second small cement-based ground standing plaque indi-
cates the date 18 August 1997, relative to works undertaken on the Buddha statues inside
the temple and probably to further building repairs.

A restoration campaign dating post-1985 was carried out and is briefly described
in the Safeguarding of Cultural Heritage in Myanmar report (published in March 2017
by the Independent Administrative Institution National Institutes for Cultural Heritage,
TNRICPT) [21].

In 2016, the TNRICPT and DoA technicians carried out a mapping survey on wall
painting damages, as well as emergency treatments to stabilise the painted plaster. Mor-
tars were stabilised by edging procedures using lime and sand mixtures. In 2017, a
non-invasive campaign was carried out using in situ portable micro-Raman spectroscopy
(u-Raman) and energy dispersive X-ray fluorescence (ED-XRF) in order to both investigate
the wall paintings and to identify representative areas of micro-samples with the aim of
revealing the composition of the binder and pigments. The micro-samples were analysed
using attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR),
gas chromatography-mass spectrometry (GC-MS) and p-Raman spectroscopy. In addition,
the paint stratigraphy was investigated with polarized light microscopy and an environ-
mental scanning electron microscope coupled with an X-ray energy dispersive system
(ESEM-EDS).

The major goal of this paper is to acquire accurate information on the Me-taw-ya wall
painting materials. The scientific results regarding the complex stratigraphy, the pigments
and binders, as well as the state of conservation could help the restorers to plan a practical
code to be adopted to preserve and restore the wall paintings. The same strategy could be
applied for the recognition of the wall paintings belonging to other temples which require
similar intervention.

3. Materials and Methods
3.1. Non-Invasive Methods

During the last mapping survey carried out by TNRICPT and DoA technicians, Me-
Taw-Ya temple wall paintings were submitted to non-invasive in situ analyses.

Energy Dispersive X-ray Fluorescence analysis was carried out using an Oxford In-
struments X-Met 8000 energy dispersive portable spectrometer with a silicon drift detector
SDD detector, X-Flash, and 6 mm diameter spot, with a rhodium (Rh) target X-ray tube
operating both at 8 kV, 50 uA and 40 kV, 8 uA. The first operating condition is particularly
sensitive to light elements (from about Al) and was used for detecting Ca, S, Si, K, Cl, Tij,
Ni, and Fe elements. The second operating condition related to heavier ones was useful for
the As, Hg, Mg, Zr, and Sr elements including Sn, Sb and Ba K-lines. The net areas under
the x-ray characteristic K energy lines of Al, Si, S, Cl and Ca, which were collected at 8 kV,
and the net areas under the X-ray K energy lines of Fe, Ni and As and L energy lines of Hg,
which were collected at 40 kV, were measured by Python multichannel analyser (PyMCA)
and the data were handled by principal component analysis (PCA). This approach helped
us to collect sufficient intensity of different important elements which showed higher
variance in the entire dataset.

The BRAVO spectrometer uses a new patented technology called SSE™ (Sequentially
Shifted Excitation, patent number US8570507B1) in order to mitigate fluorescence [22,23].
During the acquisition, the laser was slightly wavelength shifted three times and three
raw Raman spectra are recorded. A proper algorithm recognizes all the peaks that shift at
different laser wavelengths as good Raman peaks, and other peaks, non-shifting, as fluo-
rescence (or absorbance) peaks, removing them. Moreover, the BRAVO uses two different
lasers (DuoLaser™), ranging from 700 to 1100 nm, during the acquisition. The spectra are
collected from 300 to 3.200 cm~!. The applied laser power is always less than 100 mW
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for both lasers. The spectra were acquired with acquisition time ranging from 500 ms to
2 s and accumulation ranging from 5 to 30. For all the measurements OPUS™ software
(Version 7.7) has been used in order to select the appropriate acquisition parameters.

3.2. Micro Destructive Analyses
3.2.1. Materials

XRF investigations carried out on 33 hues were useful for choosing seven more repre-
sentative areas in which the Raman analysis showed the presence of oxalates, suggesting an
alteration of organic substances. In these areas, 7 samples were collected from the plasters
and the paint layers both in the north lateral niche and the eastern vestibule wall using a
scalpel. The number and the size (no more than 1 square centimetre in size) of the samples
were limited in accordance with the principle of micro-invasiveness.

Three gum reference materials extracted from two different trees growing in Bagan
Area and used by Burmese artisans were analyzed. Two of them are Acacia gum such as
Acacia leucophloea (sample G1) and Acacia catechu (sample G2), respectively Tanaung and
Mung-ting in the Burmese language. The reference material G3 is Neem gum extracted
from Azadirachta indica, Tama in Burmese [24].

3.2.2. Methods

As infrared spectrophotometer, an ALPHA (Bruker Optik GmbH) FTIR spectrometer
equipped with a Globar IR source, an interferometer (Rock-Solid)™, insensitive to external
vibrations and able to work in any spatial orientation), a DLaTGS room temperature
detector and an ATR accessory with a diamond crystal were used. The IR spectra were
acquired in the painting surface and in the lacunas in the spectral range 4000-375 cm !
with a spectral resolution of 4 cm~! and 128 interferograms.

GC—MS analysis was carried out on a Hewlett Packard HP 6890 gas chromatograph
coupled to MSD—HP 5973 MSD mass selective detector (Hewlett-Packard) and a split-
splitless injector were used. The mass spectrometer was operated in the EI positive mode
(70 eV). The carrier gas was helium. The injector was kept at 280 °C. MS conditions were
as follows: interface temperature, 280 °C; ion source temperature, ca. 230 °C; scan mode
in the range of m/z 40-400. A low-polarity capillary column SLB-5 ms by Sigma-Aldrich
Supelco (5% phenyl groups, L.D. 30 m x 0.25 mm, film thickness of 0.25 pm) was used. An
analytical procedure for the characterization of polysaccharides and the identification of
plant gums in reference materials and paint samples is defined. The procedure is based
on hydrolysis with 2 N trifluoroacetic acid (120 min, 121 °C), keeping in shaking. After
letting it cool, take 150 pL and put it in a flask together with 80 uL phenyl-f-glucoside
1000 ppm (internal standard), and dry to rotary evaporator. Next, the residual acid is
removed by adding 1 mL of methanol to the flask, which is then evaporated again with
the rotary evaporator. Since uronic acids (such as glucuronic and galacturonic acid) that
may be present in the sample are degraded by the trifluoroacetic acid which transforms
them into lactones, 1 mL of 0.5 M ammonia dissolved in water is added. In this way, by
bringing the pH to alkaline values, the reopening of the lactone ring and the return to the
initial structure of the uronic acids are allowed, which are thus detectable by subsequent
instrumental analysis. Ammonia is allowed to react for about 10 min, then evaporates
again to the rotary evaporator. Finally, 800 uL of Dimethylformamide and 200 uL of N,
O-Bis(trimethylsilyl) trifluoroacetamide (BSTFA) are added. It is allowed to react for 1 h
at 60 °C under stirring and injected into GC-MS. The samples MY32 and MY46 were also
treated with the basic methodology for the identification of fatty acids and amino acids
already carried out in Casoli et al, 2012 [25].

Raman spectra were collected on cross-section samples using an Olympus BXFM
Microscope coupled with a LabRam HR800 spectrometer (Horiba Jobin Yvon, France) fitted
with an air-cooled CCD detector (1024-256 pixels), set at —70 °C. The spectrometer had a
focal length of 80 mm and the spectra were by a 600 grooves/mm grating, a 100 x objective
and a He-Ne laser (632.8 nm) as excitation source with the resolution of 4 cm~!. The
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acquisitions were achieved with the laser powers between 0.2 and 4 mW and the exposure
time varied between 5 and 10 s with 10 accumulations. The spectrometer was calibrated
and checked with silicon at 520 cm 1.

Microscope observations were performed on micro-samples using an OLYMPUS
BX51 polarized light microscope in reflected and transmitted light mode using reflected
polarized and UV light. The microscope was directly connected to an Olympus SC50
camera equipped with Stream Basic software for images acquisition. All the wall paintings’
samples (Table 1) were embedded in an epoxy resin and carefully polished after curing
of the resin with progressively finer paper to be made into cross-sections. Some samples
were carefully ground to final thickness (usually 30 um) to be made into thin sections too.
Cross and thin sections were observed with fixed oculars of 10x and objectives at different
magnifications (5, 10, 20, 50 x).

Table 1. Samples list.

. .. Analytical
Code Sampling Area Description Techniques
MY31 Vault, lateral niche north ~ Dackish paintlayers 5y \ 1 popyr ppg
and plaster
. Brownish paint layers GC-MS, PLM,
MY32 Vault, lateral niche north and plaster ESEMLEDS

p-Raman, GC-MS,

MY33 Vestibule, north-east wall Reddfg Pf‘“lt f‘yer PLM, ESEM-EDS,
anc plaste ATR-FTIR
) Blackish paint layer u-Raman, PLM,
MY44 Entrance, north-west wall and plaster ESEM-EDS
w-Raman, PLM,
MY45 Entrance, north-west wall Plaster ESEM-EDS,
ATR-FTIR
Brownish/yellowish GC-MS, PLM,
MY45e Vestibule, north-east wall paint layer and ESEM-EDS,
plaster ATR-FTIR
MY46 Vestibule, north-east wall Blackish paint layer GC-MS
Gl Acacia leucophloea Acacia gum GC-MS
G2 Acacia catechu Acacia gum GC-MS
G3 Azadirachta indica Neem gum GC-MS

Morphological observations and chemical microanalyses on thin and cross-sections
were carried out using an environmental scanning electron microscope (Philips Quanta
FEI 200) equipped with energy dispersive X-ray spectrometer (EDX), model 6103 by Link
Analytical Oxford (Link, UK). The analyses were carried out at an acceleration voltage
of 20 kV with a variable working distance (from 7.3 to 11.4 mm), 40 pA filament current,
100 s lifetime.

4. Results
4.1. Non-Invasive Investigations
4.1.1. ED-XRF Analysis

ED-XRF analysis was carried out on 33 hues of the wall paintings (measurement
points from M18 to M45) involving interior walls, eastern vestibule and north lateral niche
vaults (Figures 2 and S1). Generally, ED-XRF analysis determines chemical components
of investigated area based on X-ray spectra (qualitative analysis). However, we have to
consider that in the case of wall paintings with multiple layers, or when a surviving area
of pigments is smaller than the irradiated area, the X-ray analyses provide not only the
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compositional information of the targeted pigments but also those of the lower layer or the
surrounding and underlying area.
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Figure 2. PCA biplot on the net area under the X-ray characteristic peaks of the main elements
composing the paint layers.

ED-XRF investigations confirmed the ubiquitous presence of Ca, As, Hg, S, Mg, Sr, Si,
K, Cl and Fe. All areas revealed high amounts of Ca, As and S referable to lime/gypsum
plaster and arsenic-based compounds. The content of Si, K, Fe, Ti and Mn can be related
to red and brown earth pigments [26]. Low levels of Ni and Zr were also revealed, which
can be linked to residual minerals developed by metamorphic rocks [27]. In the black and
reddish tones, vermilion could be ascertained for the presence of Hg.

Due to a large number of ED-XRF spectra that were collected from different paint
layers, a simple observation at the spectra and interpretation of the particular association of
elements in the entire dataset was difficult if not impossible. Thus, a dimension reduction
approach in observing the dataset was adopted to look at the spectra data. As a multivariate
statistical approach, PCA was chosen for this purpose. PCA has already been proven to
be a powerful tool for elaborating compositional data of a large number of XRF spectra
collected from painted materials [28,29], and could have been used similarly in order to
have a useful look at the dataset obtained by ED-XRF measurements from the pigments at
Me-taw-ya.

PCA on the log-transformed data from the net area under the peaks of the X-ray
characteristic of the elements showing more than 60% of total variance accounted for the
first two principal components (PCs), demonstrating a relatively good estimate of data
observation with PCA. As Figure 2 shows, the high correlation between Fe, Al and Si,
is related to the earth pigments (such as ochres) while the high association of Ca and
S suggested the occurrence of calcium sulphate, probably in gypsum form related to
restoration interventions.

The presence of Hg suggested the occurrence of vermillion and the moderate associa-
tion of Hg and Cl (the correlation coefficient between Hg and Cl is about +0.50) may be
linked to the darkened vermilion due to the well-known vermilion alteration in presence
of halides [30]. It is interesting to highlight the relatively high association of As and Hg,
which might point to a certain source of vermillion or its adulteration with an As-bearing
pigment (e.g., realgar). The negative association of As and Fe rules out the retention of As
in Fe-bearing minerals.
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4.1.2. Portable Raman Analysis

Based on the ED-XRF results, Raman analyses were carried out by portable instru-
ments on representative areas of the painting surface in order to identify the presence of
inorganic compounds.

Raman spectroscopy allowed us to recognise two forms of oxalates: weddellite and
whewellite, identified by the presence of characteristic signals at 1467 and 1490 cm ! due to
the v(C-O) stretching vibration, respectively, and the v(C-C) stretching mode [31] in black
(points M19 and M23) (Figure 3a) and whitish areas (M20). In all samples, calcium carbonate
was revealed by the bands at 1085 and 713 cm ™! [32]. Occasional traces of sulphates (points
M23 and M19) revealed gypsum presence, thanks to the v; (50O4) Raman vibration mode at
1005 cm ™! [33] (Figure 3a). Sulphates are probably related to restoration interventions.

1085

Raman Intensity

1600 1400 1200 1000 800 600 400
Raman shift 1cm'| )

(a)

1085

Raman Intensity

1400 1200 1000 800 600 400

Raman shift (em™!)

(b)

510

370

1085

Raman Intensity

1200 1000 800 600 400
Raman shift (cm'] )
(©)

Figure 3. Portable Raman spectra of points: (a) M23; (b) MY24.1; (c) M43.

The Raman spectrum of a brownish area (point M24.1) shows the band at 350 cm ™!
(Figure 3b) ascribable to As-S stretching vibrational mode [34] of the orpiment pigment
together with quartz signal at 466 cm ™! [32], which one evidenced also in M19 and M20.
The signals at 510 and 370 cm™! (Figure 3c) identified in a reddish area (point M43) has
ascribed to feldspar minerals [35].
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4.2. Micro Destructive Investigations

According to non-invasive results, the following micro-invasive investigations were
performed on paint samples (Table 1), thin and cross-sections in order to identify the
pictorial technique and painting materials.

4.2.1. ATR-FTIR Analysis

ATR-FTIR analysis indicated the presence of calcium carbonate, silicates and quartz.
In all samples, the presence of weddellite and sometimes whewellite were found. In sample
MY49 only quartz and kaolin, with typical Si-O and O-H stretching modes at 1033 cm !
and between 3700-3500 cm !, respectively [36], were detected. Whewellite (Figure 4a),
identified by its characteristic bands at 1320, 1627 cm ™! ascribable to the v (C-O) + §(O-
C=0) and v, (C=0) vibrational modes, respectively, and the pattern in the OH stretching
vibrations (3600-3000 cm 1) [37,38], suggested the use of an organic binder mixed with
the lime. A work by Cariati et al. [39] has considered the possibility that calcium oxalate
found on the stone artefacts had been formed after the oxidation of organic substances
applied on the stone’s surfaces. In MY33 and MY44a, the presence of illite was revealed by
the Si-O stretching modes at 1015 cm ™! and 1090 cm ™!, this one as shoulder and the Si-O
bending out of the plane at 690 cm ! [40] (Figure 4a). Smectite was found in samples MY45
and MY45e thanks to the intense Si-O stretching modes at 1030 cm~! with a shoulder at
1090 cm~! and the Si-O-Al bending mode at 520 cm~! [36] (Figure 4b).

\J 1415 873

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™')

(a)

1415

4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm” l)
(b)

Figure 4. ATR-FTIR-spectra of samples MY33 (a) and MY45 (b). The infrared bands are reported and
the pattern of the OH stretching vibrations highlighted with an asterisk (*) is better illustrated in the
detail of figure (a).

4.2.2. GC-MS Analysis

Some selected samples (MY32, MY33, MY45e and MY46) were investigated by GC-MS.
The samples MY32 and MY46 are composed both of plaster and a paint layer, while MY33
and MY45e consisted only of paint layers. The first survey was conducted with the aim of
identifying polysaccharides. For this purpose, three vegetable gums (Table 1) as reference
materials, such as two acacia gums (G1 and G2) and Neem gum (G3) were submitted to
polysaccharide procedure for GC-MS analysis.
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The percentages of monosaccharides determined in the reference gums are shown in
Table 2: in the acacia gums (G1 and G2) arabinose, galactose, mannose, fucose, xylose and
glucuronic acid were detected. Conversely, in the chromatogram of Neem gum (Figure 5a)
arabinose, galactose, mannose and glucuronic acid were revealed, whereas peaks related
to fucose and xylose are missing.

Table 2. Polysaccharide percentage content of reference gums and paint samples.

Glucuronic

Gum Arabinose Fucose Xylose Mannose Galactose Acid Glucose
Gl 76.22 191 0.34 2.61 16.53 2.39
G2 76.45 1.06 0.28 1.72 19.81 0.55
G3 43.16 4.56 38.81 13.47
MY32 48.00 35.80 16.20
MY33 48.08 36.20 15.72
MY45e 47.90 35.32 16.78
MY46 43.80 38.33 17.87
§”; 26455
17.572 25545
16 FO? { f “
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Figure 5. (a) Chromatogram of polysaccharide content of Neem gum; (b) Chromatogram for monosaccharide analysis of
the MY33 sample.

Weak chromatographic profiles of monosaccharides of all four samples were obtained.
In fact, for all the samples examined, it was observed that the content of polysaccharide
material is very diluted: the average of the polysaccharide content in the four samples is
0.08 mg/100 mg for each. The chromatograms of all paint samples show the only presence
of monosaccharides such as arabinose, galactose and glucose, given the low content of
polysaccharide material found, which would presumably be more abundant (Table 2).
Figure 5b shows the chromatogram for monosaccharide analysis of the MY33 sample.

Only two common analytes, arabinose and galactose, were considered to identify the
organic material. As Figure 6a shows, the four samples of paint material are close to the G3
reference, i.e., the Neem gum, which could be used as a binder to apply the colour in all
four painting samples, as also reported by Nayak et al. and reported in U Tin Lwin [41,42].
The absence of glucuronic acid and mannose could be due to the dilution of the sample or
to the degradation of the rubber. A certain amount of glucose, found in all samples, could
be due to the addition of honey [43].
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Figure 6. (a) Arabinose vs galactose bivariate plot; (b) PCA biplot on the various possible proteina-
ceous binding mediums references and the samples MY46 and MY32. G1: C; G2: CYO; G3: CRO; G4:
CVB; G5: CSJW; G6: CGE; G7: CSM; G8: AzCpi; G9: AzCpv; G10: Cpv10; G11: GI; M1: L; M2: LYO;
M3: LRO; M4: LVB; M5: LSJW; M6: LGE; M7: LSM; M8: AzLtv; M9: Ltv (uv); M10: BpLtil0P; M11:
TvLtv; M12: TvLtv©O; M13: BpLtv(uv); M14: AzLti; M15: AzLtv; M16: BpLtil0P; M17: TvLtv; M18:
Ltvi23; M19: BpLti©; M20: BpLtv(uv); M21: BpLtv©; M22: TvLtv©®; M23: Ltv(uv); E1: U; E2: UYO;
E3: URO; E4: UVB; E5USJW; E6: UGE; E7: USM; E8: SmUivi; E9: TvUivg; E10: AzUig; E11: AzUivi;
E12: MnTgi; E13: MnTgv; E14: BpUig; E15: BpUivi; E16: Uivg.

Azadirachta indica, commonly known as Neem tree (Tama in Burmese), is a tropical
evergreen tree of the Meliaceae Family native to India, and it also grows in Asia, Africa
and in central and South America. The Neem oil is isolated from its fruits and seeds; the
juice from the sap and finally from the bark gum is obtained as the result of a certain
metabolic mechanism of plants and trees [4]. All products derived from the tree contain
pesticide components, whereas azadirachtin is best known for its antifungal properties.
Most likely, this gum is used as a paint binder, as well as for its pesticide properties,
determined by different compounds content in all parts of the tree including the most
important azadirachtin [4]. A more recent study reports a high content of arsenic found
in three different kinds of Azadirachta indica, whether from Sudan [44]. The walls of
the Me-taw-ya temple, made with lime and mud plaster, were attacked by termites and
ants [4,6,45] which may have been turned away by neem pesticide components, whereas
honey was probably added as a humectant and plasticiser.
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After the polysaccharides analysis by GC-MS, due to the smallness of the samples,
only the samples MY32 and MY46 were also subjected to the procedures for revealing both
amino acid and lipidic fraction.

The presence of fatty acids, such as myristic acid, palmitic acid, linoleic acid, stearic
acid, arachidic acid, and behenic acid could be due to neem seed oil, as already found in
Omowanle et al. [46].

In the chromatograms relative to the amino acids fractions, the detection of alanine,
glycine, leucine, proline, hydroxyproline, aspartic acid, glutamic acid and phenylalanine
suggest the presence of proteinaceous material.

For the proteinaceous media, the percentage content of amino acids in each sample
was compared to those from a dataset of 43 reference samples of egg (whole, egg yolk, egg
white), casein and animal glue, belonging to the reference collection of the Opificio delle
Pietre Dure of Florence [47]. PCA was performed on the correlation matrix of the relative
percentage contents of eight amino acids (Figure 6b) (alanine, glycine, leucine, proline,
hydroxyproline, aspartic acid, glutamic acid, phenylalanine) [48]. The evaluation by means
of PCA locates all the samples in a cluster suggesting the presence of animal glue, from
collagen-rich animal tissues, such as skin and bones.

For two samples (MY32 and MY46), composed of both plaster and paint layers, the
GC-MS data revealed the presence of animal glue which could belong to the plaster layer,
as already found in similar temples, in which the clay has been used mixed with animal
glue [6]. It is probable that Neem oil was added in the plaster for its antiseptic characteristic,
although there is no information in the literature, as far as we know.

4.2.3. p-Raman Analysis

In sample MY33, the occurrence of hematite, Fe,O3, with the Raman bands at 227,
294, 411, 612 and 681 cm ™! [49] (Figure 7a), vermillion with the Raman signals at 253,
285 and 341 cm ! [50] (Figure 7b), quartz (SiO,) with the bands at 130, 206, 266, 356, 405
and 466 cm ™! [51] (Figure 7c) and anatase (TiO,) with the Raman bands at 145, 397 and
641 cm™~! [52](Figure 7d) was attested by p-Raman. With regards to the occurrence of
vermillion, since the most intense Raman bands of this pigment have not been blue-shifted
about 5-7 cm ™1, one may suggest that cinnabar (x-HgS) occurs in the paint layer instead
of metacinnabar (3-HgS) [53].

The presence of anatase should not be considered as a modern intervention in the
paint layer [54]. As Clark et al. [55] have shown, anatase is a good Raman scatterer and
occurs as a minor impurity in clays and silicates, e.g., quartz.

p-Raman also showed the carbon black was present in the MY44 sample with the
two broad and strong bands at about 1360 and 1580 cm~! (Figure 8). While the band at
1360 cm ™! is attributed to stretching vibrations in the planar graphite structure (G band),
the band at 1580 cm~! appears as a result of defects of graphite structure or disorder
band (D band) [56]. The full width at half maximum (FWHM) for the D and G bands
(wD and wG, respectively) was about 230 and 115, respectively, and the intensity ratio
of D and G bands (ID/IG) was about 0.9. These values show that the carbon black that
occurred in the paint layer is reasonably similar to lampblac, whose Raman spectrum has
been studied by Tomasini et al. [57]. The absence of additional Raman bands due to the
compound associated with carbon black as impurities [58] may support this idea. One
should, however, note that the excitation source used by Tomasini et al. and Coccato et al.
(i-e., laser line 514 nm) is different from the one used in this study (i.e., laser line 632.8 nm).
Thus, slight to moderate Raman shifts might have occurred in the Raman spectrum of the
pigment under study with respect to the standard carbon blacks reported by Tomasini et al.
and Coccato et al. [57,58].
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Figure 7. Sample My33: Raman spectra of (a) hematite; (b) vermilion; (c) quartz (the italic bands are
from anatase); (d) anatase.

1580

Raman intensity

900 1200 1500 1800

Wavenumber / cm’
Figure 8. Sample My44: Raman spectra of carbon black.
4.2.4. PLM and ESEM-EDS Investigations

The main stratigraphic features related to plaster, primer and paint layer (organised
by hue) were investigated by PLM and ESEM-EDS. A detailed synthesis of data obtained
by integrated analyses is discussed below and illustrated in Table 3. PLM observations
showed that the supports of the paintings are composed of two layers of plaster with an
irregular thickness. The plasters are composed of a lime-based binder with silicate and
carbonate aggregates (Figure 9a). The aggregate consists of quartz, feldspars, plagioclase
(albite), muscovite, hornblende, ilmenite and opaque minerals.
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Table 3. Stratigraphic composition of paint samples.

Maximum Thickness

Stratigraphic Identification

Sample (um) Typology Detected Elements (ESEM/EDX) (PLM + ESEM-EDX)
15 inting layer Ca, Hg, Si, Al, As, S, Fe, K, Cl, (Mg, P) Calcite, cinnabar/vermilion,
pa glaye a4 Hg, 9l A 88,5, 1, B L VS As-based particles
MY33 20 primer Ca, As, Si, Ti, Cl, Fe, Na, (S, P) Calcium carbonate,
As-compounds, silicates
1880 plaster Ca, Si, Fe, Ti, Al, K, Mg, C1, S, P, Na Calcium carbonate,
aluminosilicates, ilmenite
- . Fe-based pigments (earths),
40 painting layer Ca, Fe, Si, As, Mg (AL K, S) As-based particles
. . . Calcium carbonate, As-based
MY32 45 primer As, Ca, Mg, Si, Cr, Fe, Ti (AL P) particles
Calcium carbonate,
1800 plaster Ca, Si, (Ti, Mg, Al Fe, K) aluminosilicates, Mg-based
particles
L . . Calcium carbonate, Fe-based
30 painting layers Ca, Al Si, Fe, Ti, K, Mg, As, (P, S) oxides, As-based particles
. . Calcium carbonate, silicates,
10 primer Ca, Si, As, Hg, Mg (Al CL, K) As-based particles, vermillion
MYd5e Calcium carbonate, silicates
1600 plaster Ca, Si, Al, Mg, Fe, K, Ti, Na, Cr, C1, S, P quartz, Ti-Fe oxides, Fe-oxides
Silicates, plagioclase, Fe-based
160 Si, Al, Fe, Mg, Na, Ca, S, K oxides, calcium carbonate, pyrite
particles
L . Carbon black, As-based particles,
30 painting layer Ca, Si, Fe, As, C, Mg, Al, (K, Cl, P) Fe-based oxides, silicates
MY31 35 primer Ca, As, Mg, Si, (Al, Na, K, Fe, Cl) As-based particles, calcium
carbonate, aluminosilicates
400 plaster Ca, Si, Mg, K, (Al, Na, C, B, S, Ti) Calcium carbonate, quartz,
aluminosilicates
Carbon black, calcite, Fe-based
20 painting layers C, Ca, Fe, Mg, Si, As (Na, K, S, Cl) oxides, silicates, As-based
particles
MY44 20 primer Ca, Mg, Si, As, (AL Fe, K, Na, Cl, Cu, zn) ~ Coicium carbonate, silicates,
POy ey e e As-based particles
Calcium carbonate, silicates,
. . quartz, aluminosilicates,
340 plaster Ca, Si, K, Fe, Al, Mg, Ti, S, CI (Na, P) Fe-based oxides, Ti-based

particles

As EDXRF analysis has provided the elemental composition of the bulk; the SEM-
EDS allowed us to understand the elements’ stratigraphic location and the reciprocal
relationship between them, such as, for example, that arsenic is rarely associated with
sulphur. An ESEM-EDS analysis of plasters (Table 3) detected a high content of Ca and a
low amount of Si, Fe, Ti, Al, K, Mg, Na, and traces of Cl, P, S. The presence of calcite, quartz,
aluminosilicates, Fe-oxides and Mn-oxides constituting the aggregate was confirmed by

EDS analysis.

In most of the samples, a whitish discontinuous primer layer was observed. UV light
highlighted a yellowish fluorescence, probably related to organic compounds (Figure 9b).
The primer is composed of As-containing compounds and silica/magnesium-based clays
(sample MY44; Table 3) to indicate the possibility that As can be contained in magnesian
clay [59]. According to the influence of ancient Indian painting tradition [42,60], the

Burmese technique uses clayey plaster [42,61].
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Figure 9. Micrograph of the painting layer: (a) sample MY44 and (b) sample MY33 in UV light;
(c) sample MY33; (d) sample MY45e in visible light.

Arsenic is mainly present as oxide (e.g., arsenolite) as suggested by the EDS analysis
of the primer, (e.g., sample MY31 and MY33bis; Figure 9a,b), and the absence of S allowed
to refuse the occurrence of orpiment/realgar. The function of such primer could be related
to its light-reflecting properties.

PLM observations revealed very thin paint layers (Table 3) with an irregular and
discontinuous surface. Sometimes the paint layers are detached from the plaster, probably
because of the deterioration processes. ESEM-EDS carried out on the samples surface
detected in some cases Ca and S related to calcium sulphate that could be related to a
modern restoration intervention.

In the reddish paint sample (MY33; Table 3), a thin and discontinuous layer with a
maximum thickness of 48 pm contains red coarse-grained and black particles (Figure 9c).
ESEM-EDS microanalysis detected Hg, S and As, related to cinnabar/vermillion and
As-based compounds. The presence of Si, Mg, Al, K, Fe and Ti may be due both to Fe-
based pigments (red ochre) and clayey matrix [50,51]. Traces of P and Cl may be ascribed
respectively to animal glue and chloride compounds. The latter is probably due to past
restoration interventions.

Optical and ESEM microscope with EDS analyses of the brownish layers (samples
MY32 and MY45e; Table 3) showed an irregular dark brown layer containing brownish par-
ticles in which Ca, Si, Al, Fe, K, Hg, S, Mg are the main elements detected. Earth pigments
and a few cinnabar particles are the main ones responsible for the colour (Figure 9d). In
addition, a few As-based particles and Cr-Fe based particles were also found.

The blackish samples (MY31 and MY44; Table 3) are characterised by a thin (30 um)
and uniform black layer with angular carbon black particles and opaque minerals. The
EDS analysis detected C and S, confirming a charcoal black origin [62], while Ca, Si, Fe,
Mg, Na, K, and Ti are related both to calcite and natural earth pigments [63].

Arsenic was detected in all the different painting hues, seldom linked with sulphur,
and related to orpiment or realgar. In several areas it is linked to oxygen, suggesting the use
of As-based oxides or possible photodegradation phenomena of the original red /yellow
As-based pigments. According to the possibility that arsenic could be naturally present
in the ochres [64,65] or in the clay [61], a possible association of As with Fe and Si was
considered. However, as PCA elaboration of ED-XRF data (Figure 2) and SEM/EDS
analysis (Figure 10a,b) show, no obvious correlation between Fe, Si and As was observed.
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Arsenic variability doesn’t follow the one of Fe; this fact was also demonstrated both by
ED-XRF data (Figure 2) and EDS analysis (Figure 10b).
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Figure 10. Sample MY31: (a) BSE-SEM micrographs; (b) EDS spectrum of the primer layer.

Since the use of orpiment is attested in the Burmese painting [65,66], therefore a
possible alteration of As/S based pigments [67] should be considered as a further subject
of research.

5. Conclusions

Several non-invasive and micro-invasive analytical approaches were used to iden-
tify pigments and binding mediums used in the Burmese wall paintings at Me-taw-ya
in Myanmar.

The use of EDXRF data for the pigment identification may be more complicated when
dealing with the altered ones, due to the advanced state of decay of the wall painting
in an archaeological context, as in the case of the Me-taw-ya temple. Using PCA, the
association of mercury with chlorine or arsenic suggests two degradation mechanisms
of mercury related respectively to the darkening of vermilion, or its adulteration with an
As-bearing pigment.

The Raman spectroscopy performed in situ revealed two forms of oxalates, weddellite
and whewellite, suggesting traces of organic compounds. In addition, only at one point
was the orpiment pigment ascertained, even if the widespread detection of arsenic in the
paintings remained unexplained. Conversely, Raman spectra acquired on paint samples
were useful to identify hematite and vermilion for the red paints, with carbon black
probably in lampblack form for the blackish areas.

An FTIR-ATR analysis performed directly on the painted surface of the micro-samples
showed calcite and quartz and a primer layer composed of clay minerals, together with
oxalates detected both on the plaster and on the paint layer.

The possible use of Neem gum and honey was demonstrated as the binding medium
in the paintings by GC-MS analysis, confirming ‘a secco” technique. It is interesting to
highlight that the Neem gum is extracted from the bark of this endemic tree, characterised
by antiseptic properties probably against the attack of termites and ants to which the
paintings are often subjected. For the same purpose, we argue that Neem oil together with
animal glue were added to the plaster used in the temple.

PLM and SEM-EDS analyses allow us to corroborate the previous findings of the
technique of Burmese painting: a lime-based plaster mixed with an organic binder together
with quartz, feldspars, Fe-based compounds, Ti-oxide, and silicates (i.e., hornblende, albite
and muscovite) was used in support of the murals at Me-taw-ya. Moreover, a primer layer
composed of clay minerals together with As-based compounds was applied. These latter
compounds were found with different arrangements mainly in the primer layer, in which
it seems to be its major component and it could justify the high As-levels revealed also by
EDXRF and its uniform appearance. Therefore, its presence cannot be uniquely ascribed
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to the alteration of As-based pigments. Further analyses will be carried out in order to
ascertain the nature of the As-based compounds.

Supplementary Materials: The following is available online at https:/ /www.mdpi.com/article/10.3
390/app112311441/s1, Figure S1: X-ray characteristic peaks of the main elements in the MY samples.
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