
1. Introduc  on

The damage to historical plasters and mortars world-
wide is occurring mainly due to the ingress of water and 
environmental parameters (Amoroso et al. 1983; Ca-
muff o 1995; Pedro, Jorge 2008;). Any intrusion of con-
taminated or saline water into the ancient plasterworks 
causes greater damage due to the presence of dissolved 
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Abstract

The lime plasters of the excavated monument of Sal-
vankuppam, previously submerged and exposed by the 
Tsunami occurred in the Indian Ocean on 26th December 
2004 was studied with diff erent analy  cal techniques. 
The temple is dated 4-5th century CE. The XRF, XRD, FTIR, 
NMR, SEM-EDX analysis of the lime plasters evidenced 
par  cular occurrence of phospha  sed bacterial re-
mains in saline condi  ons. The forma  on of amorphous 
Ca-phosphate by bio mineraliza  on was iden  fi ed in 
the plasters by the analyses. The plasters are made of 
air-lime with coarse aggregates and seashells inclusion 
as confi rmed by the thermal and chemical analysis. The 
microstructure and morphological inves  ga  ons of min-
eralized microbial structures by SEM-EDX indicated the 
forma  on of amorphous Ca-phosphate. The unordered 
and fi brous spherulites have hardened and reduced po-
rosity of the plaster by bio mineraliza  on as observed 
through MIP analysis. The 16S rRNA sequencing has 
iden  fi ed the Pseudomonas strains mainly responsible 
for the clustering of amorphous Ca-phosphate par  cles 
around the bacterial colony.   

Keywords: Amorphous Ca-phosphate, lime plasters, 16S 
rRNA, Bio-mineraliza  on, calcite 

salts and minerals. The lime plasters exposed to saline 
condi  ons in coastal regions show intense damage. 
Moreover, the plasters and mortars used in historical 
structure submerged in the sea in the past behave dif-
ferently on exposure to the coastal environment. An 
example is South India’s east coast monument of Sal-
vankuppam which is 6 km north of 7th century AD shore 
temple, Mamallapuram, a World Heritage Site. On 26th 
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December 2004 Tsunami in the Indian Ocean exposed 
a 10th-century inscrip  on engraved on a rock boulder. 
Subsequently, an excava  on was undertaken by the Ar-
chaeological Survey of India leading to the discovery of 
an ancient Hindu temple. Based on the archaeological 
evidence and diff erent phases of building ac  vity the 
temple was dated from 4-5th BCE to 12-13th BCE (Saty-
abhama et al. 2011). The main building blocks used in 
construc  on are the manmade brick founda  on, later-
ite stone blocks, and granite slabs cemented together by 
lime mortar as binder and lime plastered.
On exposure to saline winds of east coast Indian Ocean 
and sunlight, the mortars and plasters of exposed mon-
ument started ge   ng weaker with the evapora  on of 
water on drying. This caused weakening and detach-
ment of the plaster layers besides the powdering of con-
s  tuent materials with  me. The mineralogical and mi-
cro-structural composi  ons of the plasters were studied 
to safeguard the historical, aesthe  c, and cultural values 
of the site. 
The literature survey for the stabiliza  on of plasters 
and mortars recommends water repellent in the form 
of chemical reinforcement (Sigel et al. 2008). However, 
owing to the irreversible nature of the repellent coa  ng 
and saline condi  on, the chemical methods have not 
proved eff ec  ve for coastal lime works in the long run 
(Camai   et al. 1988; Lowenstam, Weiner 1989; Franzoni 
et al. 2015). Therefore, to preserve the so   and friable 
plasters in highly unfavourable saline condi  ons with-
out any chemical reinforcement, researchers developed 
the biomineraliza  on technique (Castanier et al. 1984; 
May 2001). The main aim of this method was to create a 
biofi lm on the plaster/mortar surface to act as a protec-
 ve layer against environmental factors to limit or avoid 

damage to historical structures (Rodriguez-Navarro et 
al. 2003). 
The biologically controlled mineraliza  on alters the 
structural features of lime plasters by the forma  on of 
amorphous Ca-phosphate precipita  on in saline con-
di  ons. The combina  on of microbial metabolic waste 
and the surrounding environment have taken part in 
the forma  on of biominerals in the plaster (Jawaid et 
al. 2018). It has been reported that nuclea  on of amor-
phous Ca-phosphate (ACP) in a transient state in the 
precipita  on of aragonite by halophilic bacteria and 
physicochemical condi  ons of the culture medium play 
a vital role in Ca-phosphate precipita  on (Ravadeneyra 
et al. 2010). A previous study has reported that the dried 
ACP can exist in discoidal and spheroidal forms (Eanes et 
al. 1973). It has been demonstrated that pseudomonas 
strains can precipitate calcium and amorphous calcium 
phosphate on the surface of their strains (Fishman et 
al. 2018). The biomineraliza  on of lime plasters occurs 
with the induc  on of biosystems. The lime plasters of 

the Salvankuppam temple also showed the microbial 
interven  on that will be studied in detail in this paper.
In the present work, we envisage the role of bacteria 
in the forma  on of ACP within the lime plaster of the 
Saluvankuppam temple in saline condi  ons. Therefore, 
the instrumental techniques of X-ray diff rac  on studies 
(XRD), X-ray Fluorescence Spectroscopy (XRF), Scanning 
Electron Microscope – Energy Dispersive X-ray analysis 
(SEM-EDX), par  cle size analyzer, Fourier Transform In-
frared Spectroscopy (FTIR), Nuclear Magne  c Resonance 
Spectroscopy (NMR) and thermal analysis were used to 
characterize the mineralogical and chemical composi-
 on of the plasters. The mercury intrusion porosimetry 

(MIP) was used to measure porosity and pore size dis-
tribu  on of the plasters. The microbial popula  on was 
cultured in the laboratory and 16S rRNA sequencing was 
used in the iden  fi ca  on of bacterial strains. 

2. Sampling and Loca  on

Figure 1a shows the General view of the site and Fig-
ure 1b shows the loca  on map of the temple. Based on 
the architectural and epigraphic evidence, the temple is 
dated to the Pallava period and constructed from 4-5th 

BCE to 12-13th BCE with many phases of building ac  vity 
(Rajendran et al. 2006). The radiocarbon da  ng of char-
coal pieces from the temple reported a period of 405-
1091 AD (Sundaresh et al. 2004). An alterna  ve report 
men  ons the occurrence of long-term sea-level rise and 
severe coastal erosion as the main causes for submer-
gence and destruc  on of the temple (Sundaresh et al. 
2004). The exposed laterite and manmade bricks were 
plastered with a fi ne lime probably prepared at the site 
since lime kilns, seashells, and saddle querns were found 
at the site during excava  on (Rajendran et al. 2006).
Salavankuppam is located very nearer to Mahabalipu-
ram that has a tropical wet-dry climate which comes 
under the Koppen – Geiger climate classifi ca  on. That 
means that the winter, receives less rainfall than in the 
summer (Kumar, Singh 2019). As per the temperature, 
Rela  ve Humidity and Rainfall recorded in the automat-
ic weather sta  on (AWS) installed in the Shore temple 
complex, Mahabalipuram the maximum temperature 
recorded for a year is in the range of 29°C to 40°C and 
the minimum temperature is in the range of 18°C to 
23°C. The rela  ve humidity recorded varies in between 
31% to 98.97% during diff erent seasons. In one year the 
average rainfall is 1219 mm. In high rela  ve humidity 
(RH more than 50%) condi  ons, the forma  on of aero-
sols with the salt par  cles occurred in marine environ-
ment and deteriorates the plasters of the temple. The 
hot, humid and salty environmental parameters are the 
conserva  on threat to the excavated temple.
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3. Materials and Methods

Six numbers of lime plaster samples (S1-S6) were ex-
tracted from the excavated temple complex. Plaster 
samples S1, S5, and S6 were extracted from eastern, 
western, and northern walls cloister mandapa and the 
samples S2, S3, and S4 represent eastern, southern, and 
western walls Mukhamandapa of the temple, respec-
 vely. Figure 2a-d shows the lime plasters and the sam-

ple collec  on loca  ons. All the samples were washed 
with ethanol by rinsing to remove any contaminants be-
fore carrying out various instrumental analyses. 

All the plaster samples were analyzed by X- ray diff rac-
 on (model Philips Pan Analy  cal Xpert) for the iden  fi -

ca  on of minerals. The samples were fi nely grinded and 
analyzed under a CuKα radia  on source in a 2θ range of 
5-90ο at 45 kV. The diff ractograms were analysed using 
Xpert High score so  ware for its mineralogical contents. 
Samples (S1-S6) were analysed by X- Ray Florescence 
Spectroscopy (Model Artax 200, Bruker, Germany) at 
a voltage of 50 kV at 700 mA current, and data collec-
 on  me was 300 life seconds. At least 4 measurements 

were performed for each sample and data averaged. 
The chemical composi  ons are reported in oxide form 

Figure 1. (a) General view of excavated temple complex of Salvankuppam. (b) Loca  on map of Salavankuppam temple.
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Figure 2. (a) General view of excavated temple complex of Salvankuppam; (b) lime plaster of the temple; (c) lime plaster of the 
temple with sea shells; (d) lime plaster of the temple with sea shells (sample collec  on loca  ons men  oned with arrows).



of the elements. The morphology of all the samples was 
captured with an FEI Quanta 200 scanning electron mi-
croscope. The backsca  ered electron images (BMI) and 
secondary electron images (SCI) were recorded at a high 
vacuum coupled to an energy dispersive X-ray (EDS) 
analysis at an accelera  ng voltage of 20 kV. The elemen-
tal composi  ons were obtained through the so  ware 
available with the system using a standard technique 
and matrix correc  on. SEM-EDX elemental mapping for 
phosphorus was also performed for the plaster samples.
The pore size distribu  on (PSD) of all samples was de-
termined with the help of mercury intrusion porosim-
eter (MIP) employing pore master 60 (Quantachrome, 
USA). The mercury is a non-we   ng fl uid, has a great-
er contact-angle (ϴ = 140o) and surface tension (σ = 
0.48 N/m) values. Its intrusion into the pores would be 
possible only by the applica  on of external pressure. 
The cumula  ve volume of the mercury intruded into 
the sample was recorded with the help of pore master 
so  ware. The pore size distribu  on was obtained from 
the cumula  ve volume of the mercury (Vm) intruded at 
any pressure. The specifi c gravity, G of the samples was 
measured using an ultra-pycnometer purging the heli-
um gas. Before par  cle size analysis, all the salt marks 
and organic materials from the samples were removed 
with alcohol. The laser par  cle size analyzer was used 
to fi nd the propor  ons of clay, silt, and sand-size par  -
cles in the samples. Plaster samples S1 to S6 were used 
for par  cle size analysis. The par  cle size analysis of 
lime plaster of Subbramanya temple, Salavankuppam 
provided the size distribu  on curve through which the 
aggregates of the plasters were characterized. The per-
centages of gravel, sand, silt and clay size par  cles pres-
ent in the aggregate were derived from the par  cle size 
distribu  on curve. The FTIR analysis of samples (S1-S6) 
was performed with a 3000 Hyperion Microscope with 
Vertex 80 FTIR system (make Bruker, Germany) with a fo-
cal plane array: 128x128, scanning wavelength range be-
tween 4000-400 cm-1. The KBr pellet technique was used 
and the spectra were recorded at 4 cm-1 resolu  on and 
the number of scans was 32 within the standard wave 
number. The precision of the instrument was ± 5 cm-1. 
31PNMR analysis of samples S2 and S6 has been per-
formed with ECZR series 600 MHz NMR spectrometer 
(Jeol, Japan) to understand the phosphate deposi  on. 
The solid-state Cross polariza  on- Magne  c Angle Spin-
ning CP/MAS probe with 3.2 mm rotor having a fast 
magic angle spinning at 20 kHz speed that covers nu-
clei in the range of 15N to 31P was used. The spectrum 
was processed with the Delta NMR data processing so  -
ware. The sequen  al thermal analysis of all the samples 
was performed with the help of STA 8000 (Perkin Elmer) 
in a nitrogen environment. The gas pressure was main-
tained at 2 bar and the fl ow rate has been regulated to 

30 ml/min. The thermal stability of the samples was de-
termined by the weight loss occurring in the sample.
Samples S1 and S4 were selected for microbial iden  fi ca-
 on. 1.0 gm of the sample was introduced into a sterile 

conical fl ask containing 100 ml peptone water, incubat-
ed at 37°C for an hour, and subjected for pla  ng on nu-
trie nt agar plates. The isolate was isolated, cultured, and 
further preserved on Luria agar slants for use. The ge-
nomic DNA of the isolate was extracted and purifi ed by 
Anyprep Bacterial Genomic DNA Miniprep kit as per the 
manual and its purity and quan  fi ca  on accomplished 
by nanodrop (Thermo, USA). Universal 16S rRNA PCR 
forward and reverse primers were used in the amplifi ca-
 on of 16S rRNA genes. The PCR reac  on was analyzed 

by 1.2% agarose gel electrophoresis, amplifi ed product 
in the gel was cut by clean scalpel, purifi ed by Quigen 
quick PCR purifi ca  on kit and DNA was sequenced by 
Xcleris, India. The obtained 16S rRNA sequences were 
further subjected to the BLAST program (h  p://www.
ncbi.nlm.nih.gov/) to confi rm the organisms.

4. Results

4.1. XRD Analysis

The major crystalline phases iden  fi ed in the samples 
through X-ray diff ractogram are calcite, quartz, and or-
thoclase (KAlSi3O8) as shown in Fig. 3 for all the plaster 
samples. The presence of minerals calcite, quartz, and 
aluminosilicates was confi rmed by JCPDS (Joint Com-
mi  ee on Powder Diff rac  on Standards) data. The pres-
ence of calcite and aragonite may be a  ributed to the 
addi  on of sea shell aggregates in the prepara  on of the 
plaster which can be seen by the naked eyes. During ex-
cava  on, the sea shells storage within the temple com-
plex was found along with ancient lime kilns (Satyabha-
ma et al. 2011). The presence of aragonite, polymorph 
form of CaCO3 was also confi rmed with the XRD spectra.

4.2. XRF Analysis 

The Salvankuppam lime plasters are rich in calcium ox-
ide as it makes more than half part of the plaster. The 
calcium oxide percentage (Table 1) was found varying 
between 42.66 to 63.01 wt% in the plaster. The next 
major element is silica as SiO2 percentage in the plaster 
varies between 19.02 to 36.06 wt%. Iron oxide is pres-
ent in major quan  ty and its content varies between 
3.71 to 10.80 wt% in the plaster. The wt% of alumina in 
the plaster samples is always low and varies between 
1.54 to 2.34 wt%. The K2O and TiO2 are present in mi-
nor quan   es in all the samples. Interes  ngly, in all the 
samples presence of phosphorus was observed and its 
content varied between 1.54 to 2.34 wt%. 
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4.3. SEM-EDX Analysis

The amorphous calcium phosphate precipitated by bac-
terial strains was observed using Scanning Electron Mi-
croscope at diff erent magnifi ca  on. The SEM images of 
samples S2, S3 and S6 are shown in Fig. 4. The plasters 
have a compact structure with aggregates well embed-
ded in the matrix. Figure 4a-f shows that all the bright 
par  cles on the surface of solid substrate of the plaster 
are mineral fragments, with angular crystalline morphol-
ogy. The white halo amorphous Ca-phosphate formed 
around the bacterial colony is looking unordered and 
fi brous at high magnifi ca  on (Fig. 5). The dried amor-
phous Ca-phosphate exhibits spheroidal morphology. 
The microstructure of these spherulites showed that 
they are aggregates of well defi ned elongated platy crys-
tals. EDS analysis of the sample has been performed on 
the outer and the inner layer of the samples to obtain 
the chemical composi  on. The same has been shown in 
Figure 6. From the elemental composi  on (EDX) analysis 
for plaster samples S1 to S6, it is observed that all the 
plasters contain the range of Phosphorous from 0.59 to 
4.21wt%. 

4.4. Porosity and Pore size distribu  on

The porosity and pore structures are linked to grain size 
and binder/aggregate arrangement within the plaster 
matrix. For typical lime plasters, the size and distribu-
 on of pores are associated with aggregate grains, car-

bona  on rate, and distribu  on of carbonate crystals. 
Within the pores there may be secondary fi ne-grained 
calcite or salt crystalliza  on. The porosity in the plaster 
mainly develops during its hardening phase (Papayianni, 
Stefanidou 2001) and any organic materials containing 
protein if added give rise to round-shaped voids (Sickels 
1982).
As the plaster is made up of heterogeneous materials, 
the complexity of the pore structure makes the inter-
preta  on of porosity rather diffi  cult. Moreover, the pore 
size distribu  on, the total porosity, and specifi c surface 
area are also used to assess the mechanical proper  es 
of the plaster. The porosity of the sample is shown in 
Tables 2 and 3 along with specifi c gravity (G) values for 
the plasters. The pore size distribu  on and diff eren  al 
pore volume depic  ng the dominant pore diameter for 
plaster samples S1-S6 is shown in Fig. 7. As the physical 
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Figure 3. XRD Spectra of lime plaster samples of Salvankuppam (Cal – calcite; Arg – Aragonite; Qz – quartz; Or – orthoclase).

Table 1. Chemical composi  on (weight %) of the lime plaster samples, Salvankkuppam.

Sample No SiO2 Al2O3 Fe2O3 CaO MnO Na2O K2O TiO2 P2O5 Total

1
36.06 
±1.62

2.2 8.51 42.66
-

1.15 6.31 1.05 1.79
99.73

±0.46 ±0.81 ±1.82 ±0.05 ±0.50 ±0.06 ±0.07

2
27.7 1.4 3.71 58.02

-
1.25 2.46 4.09 2.01

100.64
±1.43 ±0.36 ±0.90 ±1.91 ±0.05 ±0.30 ±0.35 ±0.08

3
26.87 3.26 1.1 61.68 0.39 0.36 2.31 1.65 1.54

99.16
±1.44 ±0.50 ±0.45 ±1.55 ±0.02 ±0.03 ±0.05 ±0.46 ±0.02

4
29.5 1.25 5.73 56.73 1.43 0.22 1.05 1.15 2.35

99.41
±1.25 ±0.44 ±0.67 ±1.95 ±0.04 ±0.05 ±0.46 ±0.56 ±0.09

5
26.99 1.75 7.66 55.67 0.98 0.65 2.12 2.29 1.45

99.56
±1.42 ±0.35 ±0.77 ±1.68 ±0.05 ±0.06 ±0.50 ±0.50 ±0.07

6
19.02 0.79 10.8 63.01 0.23 0.49 1.63 1.05 2.15

99.17
±0.98 ±0.41 ±0.57 ±1.62 ±0.03 ±0.50 ±0.42 ±0.50 ±0.09



appearance of the outer and core layer of the lime plas-
ters was diff erent, the determina  on of porosity of outer 
layer and the porosity of core layer was carried out.
The porosity percentage (n = 6.21-19.14%) obtained 
through MIP clearly shows that most of the plasters have 
an average porosity of 14-15% except Sample S4 (8.86%) 
and S5 (6.21%). From Fig. 7a and 7b, it is seen that the 

outer and core of the samples S3 and S6 have the pres-
ence of 100% macropores. Interes  ngly, in the sample 
S2, the percentage of macropores is more at the surface 
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Figure 5. SEM images of bacterial colony found along with 
white halo amorphous Ca-phosphate in lime plasters of Sal-
vankuppam.

Figure 4. SEM images of lime plasters, Salvankuppam; samples S2, S3 and S6.

Table 2. Porosity Levels of Core and outer layers of the sam-
ples.
 

Sample 
No

Sample ID
n macro meso micro dd

(%) (μm)

1 S2 Core 19.13 89.91 6.57 3.52
122

0.16

2 S2 Outer 15.71 99.76 0.23 0 25.1

3 S3 Core 17.4 100 0 0 67.65

4 S3 Outer 21.7 100 0 0 25

5 S6 Core 14.39 100 0 0
65.76

1.68

6 S6 Outer 12.21 100 0 0 57.22

Table 3. Porosity of the samples determined through MIP 
analysis.

Sample No Sample ID
Porosity

(n %)
Specifi c Gravity

(G)

1 S1 14.38 2.86

2 S2 19.14 2.86

3 S3 17.41 2.83

4 S4 8.86 2.97

5 S5 6.21 2.8

6 S6 12.94 2.85



layer that of the core. It is also observed that the per-
centage of mesopores and micropores is very negligible 
in all the samples as compared to its macropores. This re-
fl ects an increase in the capillary porosity of the plasters. 

4.5. Par  cle size Analysis

From the par  cle size analysis, it is observed that the 
lime plaster aggregates is less fi ne and contains more 

silt size par  cles. The Propor  ons (wt%) of grains of 
various sizes present in lime plaster is shown in Table 4. 
The grain size analysis showed the majority of grains are 
of silt par  cles (more than 55%), followed by fi ne sand 
par  cles (35-40%) and least the clay par  cles (5-10%). 
A well graded soil will have a uniformity coeffi  cient 
greater than about 4 for gravels and 6 for sands, and 
3 coeffi  cient of grada  on between 1 and 3 (for gravels 
and sand). A soil might have a combina  on of two are 
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Figure 6. SEM images with EDX spectra of lime plasters of Salvankuppam; samples S2 and S3.

Table 4. Propor  ons (wt%) of grains of various size present in lime plaster. 

Sample No Grain Type Sample S1 Sample S2 Sample S3 Sample S4 Sample S5 Sample S6

1 Granule 7 - 8 4 3 12

2 Very coarse sand 8 8 7 10 5 -

3 Very coarse sand 5 7 5 8 9 4

4 Medium sand 10 10 9 7 13 8

5 Fine sand 27 30 27 30 31 32

6 Silt 38 35 36 34 33 35

7 Clay 5 10 8 7 6 9
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more uniformly graded frac  ons. From the par  cle size 
distribu  on curve, it is found that the aggregate that has 
been used for the prepara  on of plaster is well graded. 
It is clear that the lime plaster milling might have been 
done before using the lime plaster for construc  on due 
to presence of more propor  on of silt and sand size par-
 cles.

4.6. FTIR Analysis

The FTIR vibra  onal peaks of all the samples are shown 
in Fig. 8. Figure 9 shows the inset FT-IR Spectra. The 
peaks around 2950 cm-1 and 2870 cm-1 may be due to 
the C-H stretching of the alipha  c group deno  ng the 
presence of protein from the bacteria (Gadd et al. 2003; 
Tao 2013). The C-H stretching peaks may also be due 
to the oxida  on of proteinaceous addi-
 ves in the plaster. There is a tradi  onal 

prac  ce in India to mix adhesive extract 
of plants for strength, durability (Ravi et 
al. 2018) and to enhance the waterproof 
proper  es of the plaster (Nogueira et al. 
2018). The addi  on of protein also acts 
as an air-entraining agent and increase 
the workability of the plaster (Zhao et al. 
2015; Elert et al. 2019).
The broad peak around 3500 cm-1 may be 
a  ributed to hydroxyl group due to the 
presence of moisture content in the plas-
ter. The main vibra  onal peaks of phos-
phate groups are (i) 1086 and 1022 cm-1 
(PO4

3- ν3) along with a broad peak of 
quartz around 1000 cm-1 (ii) 962 cm-1 
(PO4

3- ν1) (iii) 600 cm-1 (PO4
3- ν4) and 570 

cm-1 (PO4
3- ν2) (Raynaud et al. 2002; Han 

et al., 2006; Mabasherpour et al. 2007; 
Destainville et al. 2003; Eisa et al. 2015). 
The presence of felspar has also been no-

 ced. The presence of a strong band centered around 
1425.4 cm-1 is characteris  c of the C-O stretching mode 
of carbonate (CO3

2-) together with a narrow band around 
875.68 cm-1 of the bending mode (CO3

2- ν2) (Kanth, Singh 
2019; Singh, Vinodh Kumar 2019). The peaks near 1800 
cm-1 and 2515 cm-1 represent calcite of the plaster. The 
peak near 1560 cm-1 may be assigned to C=O stretch-
ing ν1 of the amide group indica  ng the presence of mi-
crobes in the plaster. 

4.7. NMR Analysis

The lime plaster samples S2 and S6 were analyzed under 
31P NMR. The NMR shi   is shown in Fig. 10. The shi   ob-
served in sample S2 is 3.879 and in sample S6 is 4.125. 
Since the chemical shi   is in the range of 0-10 ppm, the 

Figure 8. FTIR spectra of the lime plaster samples; samples S2, S3 and S6.

Figure 7. The results of MIP analysis for diff erent samples with (a) cumula  ve pore size distribu  on curves, (b) diff eren  al pore 
volume depic  ng the dominant pore diameter.
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possible compounds in the plaster may be phosphate 
monoester or orthophosphate (Atkins 1923). The pres-
ence of phosphate is confi rmed with NMR results. There 
is the possibility of forma  on of amorphous Ca-phos-
phate.

4.8. Thermogravimetric and Diff eren  al Thermal 
(TG-DTA) analysis

The thermal stability of the plaster samples was de-
termined by weight loss occurring in the samples. As 

observed from TG-DTA curves (Figure 11), the weight 
loss between 200oC to 600oC mainly due to structurally 
bound water of clay is very less for all the plasters. The 
major weight loss observed is in the range of 600-825oC 
which could be due to the presence of CaCO3 also sup-
ported through XRD analysis. Among the samples ana-
lyzed, S6 showed a greater percentage of weight loss (≈ 
30%) as compared to other samples where weight loss 
is in the range of 10-13%. The weight loss may be at-
tributed to the presence of non-hydraulic air lime in the 
plaster samples. Such lime plasters can retain much wa-
ter against the absorp  on of masonry units. Moreover, 
a shi   in the DTG curve is also no  ced at a temperature 
between 700-800oC (Figure 11a). The heat fl ow in the 
samples was plo  ed against temperature (Figure 11b) 
and a small curve was observed at around 600oC for the 
samples beside a deep curve at around 800oC. 

4.9. Iden  fi ca  on of bacterial isolates

The bacterial culture showed specifi c types of bacterial 
cells that survived in the sample and mainly responsible 
for bio-mineraliza  on. The presence of live bacteria also 
implies environmental condi  ons responsible for the vi-
ability of bacterial cells. Proper iden  fi ca  on of the bac-
terial isolates is an essen  al task in microbiology. A total 
of three microbial strains were isolated from the carbon-
ate-rich plaster. The isolated three poten  al organisms 
were iden  fi ed by 16S rRNA gene sequencing. The 16S 
rRNA region was amplifi ed as a single amplicon with a 
16S primer set. The homology of the 16S rRNA sequence 
was matched to the NCBI library database. Depending 
on the percentage of matches and total mismatches, the 
strains were iden  fi ed as 1. Bacillus amyloliquofaciens 2. 
Uncultured Pseudomonadaceae bacterium 3. Pseudo-
monas stutzeri. A SEM image of bacterial colony found in 
lime plasters of Salvankuppam is shown in Fig. 5. 

5. Discussion

From the porosity and pore size distribu  on studies, it 
is observed that all the samples show an iden  cal trend 
except sample S2 which may be due to the presence of 
more clay in sample. This increase in capillary porosity 
of lime plasters is linked to the varia  on of the evapora-
 on rate of the water from the plaster surface. The vari-

a  on in the evapora  on rate of the water is also due to 
working condi  ons, ambient, and rate of the applica  on 
of wet plaster. This impacted the drying rate of the wet 
plaster on the surface and its inner core. The irregularity 
in the surface morphology of the plasters is also due to 
induced varia  on of evapora  on on the surface and in-
ner core on account of ambient condi  ons. The porosity 
of the samples correlates with the par  cle size analysis 
of the plasters. 

Figure 9. Inset FTIR spectra of the lime plaster samples.

Figure 10. NMR Spectra of lime plaster samples S2 and S6 of 
Salvankuppam.
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The FTIR peaks around 2950 cm-1 and 2870 cm-1 may be 
due to the C-H stretching of the alipha  c group denot-
ing the presence of protein from the bacteria. The main 
vibra  onal peaks of phosphate, calcite, quartz and or-
thoclase were iden  fi ed from the FTIR spectrum. NMR 
spectrum confi rmed the presence of phosphate in the 
plaster. The major minerals iden  fi ed in the samples 
through X-ray diff ractogram are calcite, quartz, and or-
thoclase. As the morphology of amorphous Ca-phos-
phate was unordered and fi brous, it could not be de-
tected through the XRD analysis of the plaster. 
XRF results showed that the major components of the 
plasters are CaO and silica with K2O, P2O5 and TiO2. This 
fi nding is further supported by EDX analysis and phos-
phorus mapping of the plaster. SEM- EDX results showed 
that amorphous Ca-phosphate par  cles have clustered 
around the bacterial colony and vary in size, shape, 
and number depending on the Pseudomonas strains. 
The dried amorphous ca-phosphate exhibits spheroidal 
morphology.
Pseudomonas bacteria live in a diverse environment 
(Rainbey 1999; Molina et al. 2000) and have the abili-
ty to precipitate calcium (Fishman et al. 2018). In phos-
phate sequestering pseudomonas species, the precipi-
ta  on of calcium results in apa  te forma  on (Hammes 
et al. 2003; Connolly et al. 2013). Many pseudomonas 
species precipitate amorphous Ca-phosphate (Fishman 
et al. 2018). It has been reported that some pseudo-
monas species form brown or white halo amorphous 
Ca-phosphate on the agar adjacent to the bacterial col-
ony (Turner et al. 2017). The amorphous Ca-phosphate 
is non-structures and has diff erent morphology. The 
dried amorphous Ca-phosphate can exist in discoidal 
and specoidal forms (Eanes et al. 1973). The 16S rRNA 
sequencing of bacterial strains showed the presence of 
uncultured pseudomonal bacteria in the plaster. Prob-
ably, the bacterial popula  on precipitated amorphous 
Ca-phosphate through the process of biomineraliza  on 
(Cosmidis et al. 2015). 

The carbonate-based plaster materials contain a vari-
ety of habitats cons  tuted by the great diversity of or-
ganisms performing a variety of func  ons. The major 
category of microbes, bacteria propagate quickly and 
exist in large quan   es in many extreme environments 
that were previously believed to be unfavorable for life. 
Bacteria, along with other microorganisms are essen  al 
components of our ecosystem and play a key role in ma-
terial and energy cycling. In the present inves  ga  ons 
the microbial isolates from plaster materials may have a 
role directly or indirectly in calcium and phosphate min-
eraliza  on. These results are in line with the fi nding re-
ported in previous studies (Mpanga et al. 2018). Mpan-
ga et al. (2019) inves  gated the applica  on of Bacillus 
amyloliguefaciens towards phosphate mineraliza  on 
and showed its ac  ve role in the enhancement of phos-
phate solubiliza  on. Li et.al. (2012) studied the dynam-
ics of calcium carbonate (CaCO3) precipita  on induced 
by microbial intracellular and extracellular enzymes 
over a diff erent range of pH. The biogenic apa  te has 
applica  ons in the medical and conserva  on fi eld and 
could be used for preserva  on purposes (Koutsopoulos 
2002).

6. Conclusion 

The study of ancient lime plasters of temple which was 
submerged in the sea near Mahabalipuram yielded the 
presence of phospha  sed bacterial remains in the plas-
ter. The porosity percentage (n = 6.21-19.14%) obtained 
through MIP clearly showed that most of the plasters 
have an average porosity of 14-15% probably due to the 
hardening of the plaster by biomineraliza  on or deposi-
 on of salts within the pores. The porosity of the sam-

ples correlates with the par  cle size analysis of the plas-
ters. From the granualometric analysis it is found that 
the aggregate that has been used for the prepara  on 
of plaster is well graded. Calcite and silica are the major 
components that are found from the XRF analysis. SEM 
images confi rm the presence of amorphous Ca-phos-

Figure 11. (a) The TG-DTA analysis of the samples. (b) The heat fl ow curve during sequen  al thermal analysis; samples S1 – S6. 
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phate par  cles clustered around the bacterial colony 
and vary in size, shape, and number depending on the 
Pseudomonas strains. The existence of the lime plasters 
of the temple in this type of microclima  c condi  ons 
demonstrates the quality of ancient India lime plaster 
technology. 
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