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Abstra

This work reports calcium oxalate film formation on basaltic stone surfaces of the 17tiGgemtury
western India Raigad Hill Fort. Nine stone samples extracted from the exterior surfaces of
different historical structures of the fort were investigated under FTIR, optical microscopy, XRD,
and SEM-EDX. The FTIR spectroscopy revealed intense peaks for Ca-oxalate patinas on
basaltic stone surfaces. Observation under optical microscopy clearly showed milky white
oxalate films, and peaks for crystalline calcium oxalate, including rock silicates, were
prominently observed through XRD investigations. The surface morphology, the origin of the
o‘xalate film, and the state of conservation of the basalt rock were investigated through SEI\‘I-
EDX. The massive structures at Raigad, at a height of about 800 m, have hardly been
chemically cleaned or coated with preservatives in the past. The presence of organic filaments
in SEM photomicrographs indicated the biological origin of the oxalate patina due to the thick
growth of microbiota on the monument stone during very heavy monsoons. The oxalic acid
secreted by microbes dislodged the Ca-rich plagioclase of the stone, ensuring Ca-ions’
availability for film formation. The optical and mineralogical analyses suggest that the film is not
the result of simple deposition but of the surface transformation of basaltic stone.

Keywords: calcium oxalate (/search?qg=calcium+oxalate); bio-mineralization (/search?
g=bio-mineralization); ¥ SEM-EDX (/search?q=SEM-EDX); morphology (/search?
g=morphology); mineralogy (/search?g=mineralogy); basalt stone (/search?
g=basalt+stone)

1. Introduction

In most of the published research, calcium oxalate film formation or patina has been
reported on calcareous stones such as marble, limestone, etc., mainly from Mediterranean
regions. The literature occasionally reports the Ca-oxalate film on basaltic stone surfaces in
natural outcrops due to lichen colonisation (Pertusaria corolla) [1,2]. The oxalate films on the
basalt surfaces of Romanesque monuments have been studied for the characterization of
volcanic rocks and surface deposits [3]. When the basaltic stone surfaces of the Raigad hill fort
were observed under the brightly illuminated sunlight, all the stone surfaces gave off a glittering
sheen and reflected shine. Through the naked eye, the patina appeared such as a lustrous,
uneven layer of whitish, homogeneous colour. As the monument stone surfaces have hardly
been chemically cleaned or coated in the past [4], we ascribed this to the formation of a calcium
oxalate patina probably generated due to the very thick microvegetation growth for hundreds of
years on the basaltic stone surfaces of the monument. India’s west coast receives heavy rainfall
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du@eé\gdﬂonsoon period (June to September-October), and the thick biological growth
comp covers the stone surfaces during the rainy season (Figure 1a). The microvegetation
covering survives up to February or March every year until the microbes no longer find nutrients
and the start of hot weather. Previous research has documented the formation of similar fims on
the Colosseum of Rome linked to lichen that covered all the monument surfaces [5].

Figure 1. (a)—Showing thick vegetation growth on the monument surface of Raigad fort.
(b)—General vew of Raigad fort.

In the literature, oxalate film formation has mainly been reported on substrates such as
granite stone, limestone, marble, wall and easel paintings, lime mortar, glass, and written
materials [6,7,8,9,10,11,12]. Abdon A.O.D. et al. have reported microbial deterioration of
sandstone from the Osirian’s Sarcophagus chamber due to rising dampness [13]. The oxalate
covering is vital for preserving historical surfaces from deterioration and needs special care. In
the present time, concerning the preservation of historical surfaces, the preservation of oxalate
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0]
spite the very oppressive climatic conditions, the basaltic stone surfaces of the fort

are free from deterioration, probably due to the natural covering of the oxalate patina formed
over the years. We attribute the formation of the Ca-oxalate film on the basalt surfacgs of
Raigad Fort to the growth of thick vegetation over hundreds of years. The calcium oxalate has
formed directly on the stone surfaces of the fort walls, and the contribution from atmospheric
deposits seems to be negligible due to the very low pollution level in the vicinity. The colour of
the film at Raigad is naturally white and does not seem to be dependent on the environment.
The film is compact, homogeneous, and adheres perfectly to the substrate, and the stone
surface is well protected. The wind erosion and/or mechanical abrasion caused during
conservation work were not noticed. However, wherever a small part of the monument has been
chemically cleaned previously, we have noticed accelerated deterioration due to the loss of
natural covering and the opening of the stone pores.

paEW i& f prime importance [14]. At Raigad Fort, the stonework has yet to be chemically
co te&. dz

In most cases, the naturally occurring calcium oxalate is colourless or sometimes gives a
milky appearance with a bright, glittering shine. Previous work has revealed that in a temperate
environment, the monohydrate of calcium oxalate is the most stable phase. However, numerous
finds of dihydrate have also been reported, and there is hardly any clear-cut distinction between
the formation of one phase or another [15]. In many cases, the two forms co-exist in the same
layer with a range of relative abundance. Cariate et al. have concluded that environmental pH is
the sole factor on which the stability of the film depends [16]. It has also been reported that
whewellite is most stable at room temperature, and weddelite, on hydration, transforms into
whewellite in one step [17,18]. A study suggests that the stability of Ca-oxalate phases depends
on internal water molecules, while external water molecules lead to the transformation of
weddelite to whewellite [19].

The basaltic stone surfaces of the Raigad Fort experienced varying chemical, physical, and
biological processes during about 400 years of their exposure to the local atmospheric
conditions. The microbial interaction with the stone over the period leads to the formation of a
Ca-oxalate patina. This paper aims to document the climatic conditions favourable to patina
formation. The surface oxalate films on the fort wall have been characterised using instrumental
techniques such as FTIR, optical microscopy, and XRD. The optical and morphological
observations of the film were carried out by SEM-EDX in this work.

Raigad Hill Fort, Its Structure and Environment

Spread over an area of more than three kilometres, the Raigad Fort is located in the
Sahayadri hill range of Konkan, Maharashtra state (Figure 1a). The great Maratha warrior
Chhatrapati Shivaji Maharaj established his capital at Raigad on his coronation day, 6 June
1674. During this period, the Raigad was adorned with many residential mansions, army
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bu‘r%blarracks, granaries, temples, royal palaces, and ministerial houses (Figure 1b).
Situa about 800 m above sea level, the fort has many water reservoirs and rock-cut tanks,
which were the perennial sources of water supply for its occupants. The main Sahayadri range
stretches into several traversed subsidiary hills that run parallel to the west coast, a dthe
Arabian Sea is 60—80 km from the fort. Many rivers and streams originate in the Sahayadri and
flow westward into the Arabian Sea. The higher slopes and spurs of these hills are covered with
very dense forests.

The Sahayadri hills consist of dark-coloured volcanic lava flows and isolated laterite
capping. The lava is spread out in horizontal sheets or beds, forming ridges, lofty peaks, and
plateaus that form India’s famous western Ghats and are recognised under the UNSECO World
Heritage Natural Site. The Deccan trap attains a thickness of 750-810 mts. at the Raigad
plateau. Basalt is an extrusive volcanic rock that has a low silica content, is dark grey to black in
colour, and is very rich in iron and magnesium. The chemical composition of basalt rock from the
Mahad area (very close to Raigad Fort) has been studied [20], and the average composition
reported is as below (Table 1).

Table 1. Average chemical composition of basalt rock near Raigad Fort.

The basalt at Raigad Fort is composed of abundant plagioclase, feldspars, quartz, enstatite,
augite, magnetite, olivine, pyroxene, hornblend, muscovite, etc. The presence of 10-12% Ca-
plagioclase is the major source of calcium ions during the formation of the surface oxalate film.
The basalt is dark grey to grey in colour and is hard, compact, tough, and fine to medium-
grained in texture, with a density of 2.8 to 3.01 and a pH varying between 7 and 8.5. Beds of
laterite, 5—50 m in thickness, mainly formed by mechanical and physical disintegration of the
underlying stone, cap several peaks and lofty ridges in the Sahayadri range.

Figure 2a—-h shows a close view of the stone surfaces of Raigad Fort, depicting various
stages towards the formation of an oxalate patina. Figure 2a shows the Jagdishwara temple in
the fort complex with calcium oxalate covering the entire basaltic wall. A close-up view of the
same stone surface with oxalate covering can be seen in Figure 2b. In Figure 2c, a surface
covering of Ca-oxalate with a glittering shine in the sun is observed. Figure 2d shows the
growth of microvegetation on basaltic wall surfaces and binding lime at the start of the monsoon
season. In Figure 2e, exposed stone surfaces with oxalate covering as well as the growth of
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mimantion on some parts of the surface stone are observed. At the start of the summer
seasom §1e month of February every year, the vegetation growth on the surface of the stone
starts to dry. Figure 2g depicts a close view of the drying of vegetation from the fort's basaltic
wall. No major chemical cleaning work has been carried out at Raigad Fort so far. In Fig re 2h,
enhanced porosity of the surface stone due to cleaning and removal of the Ca-oxalate patina is
observed.

Figure 2. (a—h) showing stages of Ca-oxalate patina and their formation on basaltic stone
surfaces, Raigad Fort.

The climate at Raigad is similar to that on the west coast of India, with excessive and
regular monsoon rainfall, a very oppressive summer, and high humidity throughout the year. The
summer season at Raigad from March to May is followed by the southwest monsoon from June
to September-October, and November to February is the post-monsoon cold season.

The meteogram of the Raigad is shown in Figure 3. The maximum temperature (upper
thick red line) for the year 2022 is in the range of 25 °C to 43.5 °C (Figure 3a). The average
minimum temperature (lower, thicker red line) for the year varies between 10 °C and 22 °C. The
annual relative humidity is in the range of 25% to 90%, as shown in blue. The precipitation at
Raigad (Figure 3b) shows the precipitation level during the months of January to December
2022. Most precipitation occurs from June to November. The cloudy days are shown in the grey
background; the denser the cloud cover, In tropical and monsoon climates, the amounts may be
underestimated. The average rainfall in and around the fort is about 3884 mm, and nearly 95%
of the rain is received during the monsoon period. July receives the heaviest rainfall. Figure 3c
shows wind speed and wind direction. The purple points represent the wind direction, and the
maximum wind flow direction is in the order of south, west, and north, respectively. The three
lines represent the maximum, minimum, and average wind speeds. The thick vegetation growth
in and around the monument is noticed in every rainy season (Figure 1a). The air pollution level
at Raigad is always very fair, with low to very low particulate matter.
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Figure 3. (a). Temperature and relative humidity Vs time graph of Raigad. (b).
Precipitation diagram of Raigad. (c). graph showing the wind direction and wind speed at
Raigad. (derived from www.meteoblue.com (http://www.meteoblue.com) (accessed on
28 May 2023)).

Lower cryptograms, such as ferns, pteridophytes, and bryophytes, are non-vascular plants
lacking roots, stems, and leaves. They are typically found growing in damp and shaded areas
and often colonise hard surfaces such as rocks, tree trunks, and buildings [21,22]. The presence
of these plants on the stone surfaces of Raigad Fort has had an unexpected positive impact on
the preservation of the basaltic stone. One of the critical factors responsible for the preservation
of the stone is the oxalic acid produced by these lower cryptograms. Oxalic acid is a naturally
occurring organic acid found in various plants and is known to be a potent chelating agent,
meaning it can bind to metal ions such as calcium, magnesium, and iron. When the organic acid
produced by these lower cryptograms comes into contact with the calcium of the stone, it forms
a calcium oxalate layer on the stone’s surface.

The calcium oxalate layer is protective, restricting the stone from further deterioration. The
layer also makes the stone surface more resistant to weathering and erosion, protecting it from
acid rain, extreme temperatures, and wind erosion. The Ca-oxalate layer is highly insoluble,
making it resistant to dissolution and erosion by water and other solvents. Wherever big cavities
on the stone surfaces were noticed, they were filled with aerial lime that accelerated oxalate film
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forliﬁtéogr;ldﬁxer time. A homogeneous covering of patina was observed on lime surfaces in
contin n of stone structures (Figure 2d). A comparative study on nanocalcium carbonate,
natural calcium carbonate, and converted calcium hydroxide for better consolidation has
recently been investigated [23] for filling gaps and cavities and consolidating loos€e stone
structures.

The plants that produce oxalic acids, such as Selaginella delicatula, Adiantum philippens,
Drynaria quercifolia, Pteris pellucida, Riccia, and Funaria hygrometrica, are known as
bioindicators of environmental pollution. The presence of these plants on the stone surfaces of
the Raigad Fort indicates that the surrounding environment is relatively free from pollution, as
they thrive in clean and unpolluted conditions.
| >

2. Materials and Methods

The nine basalt stone samples representing most of the massive structures at Raigad Fort
were extracted from the exterior surfaces of the fort wall along with the substrate. The location of
the samples, along with their designation, is listed in Table 1. The samples were mostly
extracted from a height of 4-5 feet above ground level. The patina was found homogeneously
covering the stone surfaces all over the fort complex and gave off a bright, glittering shine in the
sun. The sample extraction was taken from a major structural block representing the entire fort
complex. A large number of nine samples were extracted for investigations to prove that patina
has universally formed on the stone walls of the entire fort complex. As the fort was mainly
constructed in ashlar masonry interlocking the stone blocks and only 5% of the structure has
lime or mud binder, the samples were primarily collected from the major stone blocks. However,
thick vegetation growth was noticed on the lime surfaces, along with stone structures (Figure
2d). All the external surfaces were giving off a glittering appearance, including the lime areas.
The stone surfaces were cleaned with soft, dry brushes to remove any adhering dust, and
samples were extracted along with the substrate. The samples were immediately covered with
Japanese tissue paper and sealed in an airtight container for laboratory investigations. The
details of the samples extracted for the scientific investigations are shown in Table 2.

Table 2. Details of the basalt stone surface samples extracted from Raigad Fort.

The Fourier Transform Infrared spectroscopy (FTIR) is a compassionate technique
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fre@ﬁuﬁb‘ (Bplied to identify calcium oxalate patina. FTIR also identifies the calcium phosphate,
calcitexg#ica, and organic matters generally associated with oxalate film and helps to gain
knowledge about the formation mechanism of the patina. Therefore, to understand the mineral
composition present in the samples, structure, bonding, etc., the functional group analysi 5 the
surface stone was carried out using ATR-FTIR (IR Spirit make Shimaju) on 50 °C oven-dried
samples in absorbance mode. The powdered samples of the exterior stone passing through 425
Mm were placed on the instrument’s base. The diamond ATR accessories were placed on the
top of the sample to obtain FTIR spectra in the 400 to 4000 cm~"1 regions. The resolution of the
recorded spectra was 2 cm~1, and the number of scans performed was 32 within the wave
number studied.

< The oxalate films on the surface stone were also investigated through an Olympus optichl
microscope fitted in a Horiba Scientific France Raman Spectrophotometer (Model Xplora Plus).
For photographic detection, the mercury arc became the principal light source. Six stone
samples (SS-1, SS-2, SS-4, SS-5, SS-6, and SS-7) were observed under optical microscopy in
this study. The interface of the basaltic substrate and patina layer was also observed under the
optical microscope for stone samples SS-1 to SS-4.

The X-ray diffractograms (XRD) identify the occurrence of crystalline components such as
calcium oxalate, calcite, silicates, etc., present on the stone’s surface. The identification of
silicates is related to the colour observed for the oxalate patina. However, the colour of oxalate
films may also be linked to iron-base minerals or influenced by the organic component trapped
in the patina. The XRD analysis of the samples of oxalate patina was carried out to understand
the mineralogical composition. The surface stone samples were dried at 50 °C, and their outer
surfaces were manually ground using an augite mortar. The XRD analysis was performed using
an X-ray diffractogram (Xpert Phillips Pantalytical) on 0.2 g of each sample. CuKa radiation
source in a 20 range of 10-70° at 2°/min was used for this analysis. Further, Match! 3 software
was employed to analyse the diffractogram of the samples.

The SEM-EDX analysis was performed to understand the surface stone’s morphological
features. Firstly, the stone samples were cut into 1 cm cubes and wrapped in aluminium foil from
all sides except the top exterior surface. A platinum coating was applied to the samples to
improve their conductivity. The coated sample was placed in an Environmental Scanning
Electron Microscope (ESEM) (EFI, Quanta, 200) chamber. An incident electron beam of 15 Kv
Voltage under high vacuum conditions was applied. The micrographs formed by the
backscattered electrons were captured at different magnifications. Energy-dispersive X-rays
(EDX) subsequently analysed all the samples to determine the elemental composition.

3. Results
The FTIR interferograms of stone samples SS-1 to SS-9 are depicted in Figure 4 and
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Fi?ﬁs\gﬁ{))d the relevant functional group data in respect of all the samples is listed in Table 3.
g
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Figure 4. FTIR spectra of surface stone samples of Raigad hill fort.
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Figure 5. FTIR spectra of surface stone samples of Raigad hill fort.

Table 3. The functional groups present in basaltic stone samples.

The fundamental peak of calcium oxalate is observed at 1620 cm~1 (OC=0 asymmetrical
stretching) in all the FTIR spectra of stone samples. The gypsum peak also give a signal in the
same range at around 1629 cm~1in FTIR spectra. The Raigad Fort is located away from the city
in a forested area, and the place is devoid of any significant industrial set-up. In the past, we
have not observed any gypsum deposition on the stone surfaces of the Raigad Fort. Hence,
calcium oxalate has invariably formed on the basaltic stone surfaces due to the release of oxalic
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)
s [10,24,25]. The other peaks of calcium oxalate monohydrate at 1650 cm™’

(C=stretching), 2330 cm~1 (O=C-O stretching), 1215 cm~1 (C-C (=0)-O stretching), 935 cm™"
(C=C stretching) are present in the spectra. At 3600-3900 cm~"1 (O-H stretching pea?‘is=also
observed in the FTIR spectra of all the samples. The FTIR spectra are also marked for peaks of
muscovite at 490, 714, 815,1060, and 1080 cm~" in the spectra. The peaks for orthoclase of
basaltic rock are observed at 580, 555,615, 715, 815, 1060 and 1080 cm~1 in the spectra. The
asymmetric C-H group at 3000 cm~1 and water molecules at 660 cm~1 are observed in the FTIR
spectra. The prominent C-H peaks indicate the biological origin of the oxalate patina on basaltic
stone surfaces. The FTIR spectra clearly indicate the formation of oxalate patina on basaltic
stone surfaces, which is also supported by the samples’ XRD and SEM-EDX analysis results.
The FTIR peaks belong to the monohydrate phase (whewellite) of Ca-oxalate. In the hot tropical
Indian climatic conditions, whewellite has preferentially formed on the stone surface, which is
also the most stable phase.

acwp i(cI;roorganisms during its respiration process, leading to the formation of calcium
oX ae\Li;Ln'

3.1. Optical Analysis

The optical microscopic images of six stone samples are shown in Figure 6. In all the
samples, milky white crystals of calcium oxalate are seen on the surface stone with a bright,
glittering shine. This confirms the formation of a Ca-oxalate patina on the historical surfaces of
Raigad Fort. On observation, the clear crystalline structure of the film is seen on most of the
surface’s stone, wherein a diffuse image is observed in some samples. However, the Ca-oxalate
has invariably formed on all the surfaces of the stone protecting the historical structures. The
thickness of the film was measured using a thickness gauge, and the thickness found was in the
range of 20 to 30 microns for all the samples. From the thickness of the film, it may be certified
that a uniform, homogenous layer of calcium oxalate covering has formed on the stone surface
of the entire fort complex, protecting the underlying stone of the fort.
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Figure 6. Optical microscopic images of Ca-oxalate on stone surfaces of Raigad Fort.

The patina along with the substrate was observed under an optical microscope for samples
numbers SS-1 to SS-4. The optical images obtained are shown in Figure 7 for the interface of
the substrate and calcium oxalate patina layer. The bipyramid images of whewellite crystals on
the stone surfaces are clearly visible under an optical microscope. The substrate layer
represents the basaltic rock appearance in the optical images. The patina adheres very well to
the stone surfaces, which protects it from further deterioration. The thickness of the observed
patina was around 20—30 microns.
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Figure 7. Showing optical images of patina along with substrate layer for samples SS-1 to
SS-4.

3.2. Mineralogical Analysis

The mineralogical analysis was performed through the XRD of the stone samples. The XRD
spectrum obtained is shown in Figure 8 for samples SS-1 to SS-9. On the stone surfaces, the
major minerals observed are muscovite and orthoclase, with traces of quartz in some samples,
in agreement with the FTIR and SEM-EDX data of the samples. The stone samples SS-3, SS-6,
and SS-9 show traces of calcite on the stone surfaces. However, no calcite peak was observed
in the FTIR spectra of the stone samples. The XRD diffractograms do not show any gypsum
peak on the stone surface that supports the FTIR results of the samples.
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Figure 8. XRD diffractogram of stone sample SS-1 to SS-9 from Raigad Fort.

Interestingly, peaks corresponding to Ca-oxalate were observed in the diffractogram images
of all the stone samples [26]. The intensity of the Ca-oxalate peaks clearly denotes considerable
crystallisation of calcium oxalate monohydrate on the stone surface in humid environments and
under suitable pH conditions [27]. This substantiates the reason for the glittering sheen on the
surface of the Raigad Fort during visual observation. The XRD analysis is in agreement with the
SEM-EDX data.

3.3. Morphological Analysis

The SEM analysis was performed on six stone samples (SS-1, SS-3, SS-4, SS-5, SS-6,
and SS-7) with oxalate patina to visualise their morphology at various magnifications ranging
from 250x to 1500x%. The photo micrograph images obtained for the stone samples are shown in
Figure 9. The elemental composition of the oxalate film was analysed under the EDX probe,
and the data obtained is shown in (Table 4).
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Figure 9. Showing SEM photo micrograph of surface stone samples of Raigad Hill fort.

Table 4. EDX data of the surface stone samples, Raigad fort.
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The patina of all the stone samples investigated is mainly composed of homogeneous
microcrystalline Ca-oxalate with diffuse porosity. The photomicrograph observes feldspar,
muscovite, and quartz at higher magnification (Figure 8b,c). In Figure 8d, calcium oxalate
crystals and the hyphae of the dead microvegetation are seen, indicating the biological origin of
the patina. All the silicate minerals observed under SEM are part of the basaltic substrate of the
monument rock and are now embedded in a newly formed oxalate film. They do not show any
chemical alterations. From the SEM images (Figure 8a—f), no significant deterioration of the
stone surfaces is observed except for some micro-fractures of oxalate films. The Ca-oxalate was
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idjﬁﬁjﬁ;@ the basis of the envelope shape (tetrahedral-bipyramidal, 3D) structure of
whew

ormed due to the oversaturation of oxalate in a longitudinal/biconcave barbell shape.
This also indicates the protective nature of the oxalate films that saved the heritage
structure of Raigad Fort. The SEM photomicrographs also highlight that the possible mec anism
of film formation may be due to the initial colonisation of microorganisms that first produce Ca-
oxalate biominerals. With subsequent colonization, the deposition thickness of the film has
improved on the stone surfaces. The EDX analysis of the stone surfaces of samples SS-1,
SS-3, SS-4, SS-6, and SS-7 showed that they are mainly composed of carbon, oxygen, and
calcium (Table 4), and other elements such as sodium, sulphur, chlorides, potassium, etc. are
present in traces. The elements silica, alumina, iron, etc., that were observed in significant
quantities in the EDX data are parts of substrate rock. The higher percentage of phosphorws
highlights the biological origin of the oxalate patina.

4. Discussion

The origin of oxalate films on stone surfaces is still under debate due to various
controversies and varying reports, mainly from the Mediterranean basin. Two postulates—the
natural biological origin of oxalate patina and/or degradation of previously applied organic-based
surface coatings—are mostly suggested for film formation [28,29,30]. Another hypothesis
suggested by some researchers is the combination of anthropogenic and natural factors with a
possible organic origin of oxalic acid due to polluted atmospheres worldwide [31,32]. The reason
being offered is that the pollutants in the air and the organic acids present in the aerosol may
react with the lime and marble stone surfaces to form oxalic acid [33]. Despite various
possibilities reported about the formation of calcium oxalate patina, most researchers have
considered oxalate film formation due to microorganisms inhabiting the monument surfaces
such as algae, fungi, lichen, bacteria, etc. [34,35,36]. For the Janjira and Murud Sea forts in the
Arabian Sea on the west coast of India, situated in proximity to Raigad fort, the formation of Ca-
oxalate and Ca-phosphate films on the surfaces of the binding lime mortars has already been
assigned to bacterial colonisation in saline conditions protecting the ancient lime works [37,38].
In south India’s excavated monument of Salvankuppam (4-5th CE), previously submerged and
now exposed by the 2004 December 26 tsunami, evidence of the formation of amorphous Ca-
phosphate precipitate caused by bio-mineralization in saline conditions has been investigated
[39]. The microorganisms inhabiting the monument stone should be capable of producing oxalic
acids both in vitro and in vivo for film formation. However, according to some researchers, the
role of oxalate-forming microorganisms is still controversial, as these organisms also play a
significant role in stone deterioration [40,41]. Many transformations of ancient materials into
calcium oxalate due to microbes have been reported in the literature. The FTIR spectroscopy
revealed a minor transformation of proteinaceous binding material into calcium oxalate in the
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peﬁ\"l’l\g er 8f an 18th-century Hindu temple in New Delhi [42]. The evidence presented by many
investl rs from the interface between lichen and rock substrate indicates that weathering of
the minerals is accelerated due to some species of lichen. The impact of lichen on stone
substrates is attributed to both physical and chemical processes [43]. Raman specir sﬁ)py
played a vital role in the interpretation and characterization of both the physical and chemical
nature of lichens. The extensive damage caused to the Italian fresco is attributed to encrustation
mainly composed of calcium oxalate, as identified under Raman spectroscopy [44]. The FTIR
and Raman spectroscopy revealed the formation of calcium oxalate on the painted surface of
India’s Orchha fort due to biological colonisation that led to deterioration and sometimes
masking of the paint layer [10]. Besides oxalic acid, the microorganisms also secrete other acids
that may have the capacity to solubilize the calcium carbonate of the stones and may prove
detrimental to the survival of historic structures [45,46,47]. Results show that a combination of
microorganisms such as phototropic, chemotropic, organotrophic bacteria, etc., inhabiting the
monument surfaces take part in the secretions, and it is impossible to separate them from the
whole community [48,49].

The oxalic acid released from the microorganism acts on the Ca-rich plagioclase of the
basaltic rock, dislodging the Ca-ions that form Ca-ions [1,2]. The oxalates formed by microbes
slowly accumulate on the stone surfaces as an insoluble patina. Depending on the surrounding
conditions, the Ca-oxalate patina may have a homogeneous layered structure or a stratified one,
but its mineralogical composition in both conditions remains the same. The two most common
crystalline phases of Ca-oxalate occurring in nature are monohydrate (whewellite) and
dehydrate (weddelite). These phases are associated with feldspars and quartz in different
proportions and ratios on basaltic stone surfaces. Whewellite and weddelite are characterised
by their low solubility, and they commonly protect the underlying stone from atmospheric
degradation [50]. The calcium oxalate film also imparts an aesthetic appearance to the
monument, with some degree of chromatic alterations to the stone surfaces. The oxalate film
formation by a natural biological process first occurs at the microbe-substrate layer interface in
the presence of a suitable level of pH, humidity, and reduction potential [51]. The chemical and
mineralogical transformations of the substrate at the interface are a function of the intrinsic
compositional and physical characteristics of the material and ancient treatments on the surface
of geominerals [52]. Monte, in his published research, has suggested that the formation of Ca-
oxalate depends on the “formation condition” and not on the “formation causes” [53]. Moreover,
the naturally occurring ca-oxalate films widely vary in colour and thickness, as reported in many
instances [54]. On basaltic stone surfaces, it is reported that the film or patina primarily consists
of Ca-oxalate in association with Ca-phosphates, silicates, calcite, and organic materials from
microbes [55].
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5. Dil’l’ﬁ(ll‘)ms

Anafytical results indicated the calcium oxalate patina on historical basalt stone surfaces
has occurred due to microbial colonization. The thick microvegetation growth on mgQu_-;ﬁent
surfaces, the high humidity, and the appropriate pH created specific environmental conditions for
the formation of a calcium oxalate patina. The high humidity and tropical conditions favoured the
formation of the most stable whewellite phase on the stone surfaces. In around 400 years of its
deposition, the calcium oxalate has led to the transformation of surface stone, and the patina
has been found protecting the underlying surfaces. The patina was found homogeneously
covering the external surfaces of the basalt stone as well as mud and lime layers, giving a
glittering sheen to the entire fort complex. The presence of hyphe in the SEM photomicrograph
iﬁdicated the biological origin of the film. This is probably the first report on oxalate film formatio’n
on basaltic stone surfaces of heritage structures in the Indian subcontinent.
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