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ABSTRACT 

Sub-surface Kallankurichi gryphaea limestone formation is observed between Archaean 

and Quaternary outcrops.  Petrographic observation reveals that mega fossils are absent and it 

contains abundant skeletal fragments of pelecypods, gastropods, foraminifera, bryozoa, and 

symbiotic algae. X-ray diffraction (XRD) analyses reveal the mineralogical components of both 

carbonate and clay minerals. Carbonate minerals include calcite, siderite, witherite, malachite, 

smithsonite, and rhodochrosite. Clay minerals detected are kaolin, montmorillonite, and 

palygorskite. Major element composition represents predominance of CaO, SiO2, Al2O3, and Fe2O3 

oxides, while MgO, MnO, Na2O, K2O, TiO2, and P2O5 oxides are depleted. Statistical analyses of 

correlation coefficient, principal component analysis, and cluster analysis represent the 

geochemical affinities and aerial distribution similarities among major elements. Palaeoclimate 

inferred through biotic proxies, major element geochemistry, and clay minerals represents arid and 

semi-arid climate. 

 

KEYWORD: Kallankuruchi, Petrography, Major elements, XRD, Statistical analysis, 
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INTRODUCTION 

Marine transgressions of the Indo-Pacific 

Sea during the Upper Cretaceous period have 

occupied the continental area centered on Ariyalur 

town, Tamil Nadu, India. These transgressions and 

regressions have caused for the formation of 

Uttatur, Trichinopoly, Ariyalur, and Niniyur groups 

of various sedimentary rocks and the preservation 

of many marine invertebrate groups of fossils 

(Krishnan, 1982). Hence, this area has been 

reported as a Cretaceous fossil heritage site with a 

field museum or Cretaceous Park of Tamil Nadu 

(Udayanapillai et al., 2020). Numerous authors 

have focused their research on the Upper 

Cretaceous Formation of Trichinopoly in various 

aspects (Blanford, 1862; Krishnan, 1982; 

Ramasamy et al, 1991; Ayyasamy et al, 1992; 

Banerji, 1996; Govindan et al, 1996; Madhavaraju 

etal,1999, 2021; Sundaram Reddy A, N. et al,2013; 

Goswamy et al, 2013; Babu, 2017; Nagendra and 

Nallappareddy, 2017; Nagendra et al., 2011,2018; 

Ramkumar et al, 2018; Udayananpillai et al, 2020). 

Due to the widespread occurrence of Cretaceous 

limestone outcrops, many cement companies, like 

Dalmia, Chettinadu, Ramco, India cement, Gracim, 

Ultratech, Tancem, etc., have established their 

mining activities in and around the Ariyalur area. 

Kallankurichi is one of the important 

limestone formations in the Ariyalur stage or 

group. It occurs as a S-type outcrop that extends 

from Periakuruchi village in the north and 

Pudupalayam village in the south. The northern 

band of the Kallankurichi limestone formation 

occurs as a surface outcrop, whereas the southern 

band occurs as a subsurface outcrop. A faulted 

structure can be observed in the ‘S’ type band of 

Kallankurichi limestone formation from the 

Pudupalayam mine area. There are several 

limestone mines in the Kallankurichi formation. 

Figure 1. Location map of the study area 
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But still now no research has been carried out on 

the gryphaea limestone bed of the Pudupalayam 

Chettinadu mine, located in the terminal part of the 

Kallankurichi ‘S’ band limestone outcrop. In order 

to fulfil this gap, an attempt has been made to study 

the field observation, petrological observation, 

distribution of major elements, depositional 

environment and palaeoclimate 

 

STUDY AREA 

The area under investigation Pudupalayam 

Chettinadu limestone mine is located at 7 km from 

Ariyalur town, near the Ariyalur-Tiruchirappalli 

state highway. Proposed mine area lies at the 

latitude 11.10072° N and longitude 79.15059° E. 

The area has been well connected with Tanjore, 

Trichy, and Ariyalur town by state highway road 

networks. Physiography of the area is almost flat 

with an elevation range of 62 m above M.S.L. 

Coleroon and Maruthaiyar rivers are running from 

the southern side to the study area (Fig. 1) 

 

GEOLOGICAL SETTING 

The geological outcrop map of Ariyalur 

district (Nagendra et al., 2011) is shown in (Fig. 2). 

Post-Archaean/Archaean hard basement rocks 

consist of granite, granitic gneiss, and charnockite. 

The basement rocks are unconformably overlain 

either by the Upper Gondwana Formation or 

directly rest on Upper Cretaceous group of rocks 

which consist of Uttatur, Trichinopoly, Ariyalur, 

and Niniyur stages (Krishnan, 1982). Later, over all 

established entire sequential stratigraphy of Upper 

Cretaceous rocks of Trichinopoly have been 

published (Sundaram et al., 2001; Nagendra et al., 

2002; Udayanapillai et al., 2020) (Table 1). 

Ariyalur stage consists of several formations. The 

lowermost formation is Sillakudi sandstone. It is 

overlain by the Kallankurichi limestone formation 

with an unconformity and is followed by  

Table 1. Litho-stratigraphy of the Ariyalur Group (Sastry et al., 
1972) 

Era Stage Formation Lithology 

Tertiary  Cuddalore  Red Sandstone 

 
U

p
p

er
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re
ta

ce
o

u
s 

Niniyur 
Nanniyur 

Arenaceous 
Limestone 

Athanakuruchi Limestone 

Ariyalur 

Sendurai 
Arenaceous 
Limestone 

Ottakovil 
Arenaceous 
Limestone 

Kallamedu Sandstone 

Kallankurichi 

Arenaceous 
Limestone 

Gryphaea 
Limestone 

Arenaceous 
Limestone 

Ferruginous 
Gryphaea 
Limestone 

Conglomerate 

Sillakudi  Sandstone 

 
Trichinopoly 

Kunnam Shale 

Paravai 
Arenaceous 
limestone 

Sathanur Shale 

Kollakanattham 
Clay, 

Arenaceous 
Sandstone 

Anaipadi Red Sandstone 

Garudamangalam 
Argillaceous 
limestone 

 
Uttatur  

Maruvathur  Clay and shale 

Karai  Shale 

Dalmiapuram 
formation 

Marl bedded 
argillaceous 

l.stone 

Bedded 
limestone 

Coralline algal 
limestone 

Shale 
Calcareous 
Grey Shale 

Conglomerate_unconformity 

Upper 
Gondwana 

 Therani  

Variegated 
clay 

Purple 
sandstone 

Conglomerate-Unconformity 

Archean  Charnockite and granitic gneiss 

Figure 2. The Geological map of the Ariyalur 

district (modified after Nagendra et al., 2011). 
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Kallamedu, Ottakovil, and Sendurai 

calcareous sandstone formations (Table 2). 

Kallankurichi limestone outcrop is bordered by the 

formation of the Sillakudi sandstone outcrop in the 

west, Kallamedu, Ottakovil and Sendurai outcrops 

in the eastern side, and Archaean outcrop in the 

south. The study area Pudupalayam Chettinadu 

mine is located at the southern terminal part of the 

‘S, band’ type Kallankurichi limestone outcrop.   

 

METHODOLOGY 

Intensive fieldwork was 

undertaken in January 2020 to 

investigate the nature of the 

Pudupalayam Chettinadu mines. 

Nature of the Gryphaea limestone 

outcrop and its other lithological 

associations were carefully studied 

with available literatures concerning 

the geology and geochemistry of 

gryphaea limestone. Gryphaea 

limestone is the typical characteristic 

bed in the Kallankurichi formation 

(Ramasamy et al., 2012; Nagendra et 

al., 2018; Ramkumar et al., 2020). Ten 

gryphaea limestone samples were 

collected at the interval of 1 foot 

between the occurrence of limestone 

profile (5-10 m) in the vertical mine 

profile section. Thickness of beds and 

intervals were measured. Then, the 

collected samples were properly 

packed and labelled with GPS co-

ordination. While collecting samples, 

megascopic characters of limestone 

samples were also observed in the 

field. Then limestones thin sections 

were prepared at Suchitra polishing unit, in 

Chennai. In addition, limestone samples were 

analysed for major oxides through an XRF 

instrument (X-Ray Fluorescence spectroscopy) at 

the laboratory of the National Centre for Earth 

Science Studies (NCESS), Thiruvananthapuram. 

Three representative samples were selected for clay 

mineral analysis by an X-ray Diffraction (XRD) 

method at University Scientific Instrumentation 

Centre (USIC), Department of Physics, Alagappa 

University, Karaikudi. Photomicrographs of thin 

sections were taken from the laboratory at 

Department of Geology, University of Madras, 

Chennai. 

 

FIELD OBSERVATION 

Entire mine section shows Archaean, 

Upper Cretaceous, Sub-Recent and Recent outcrops 

from the bottom to the top of the mine. Lower-most 

Archaean granitic gneiss outcrop can be observed 

at the depth of 30 m in the mine area. Kallankurichi 

limestone of Ariyalur stage un-conformably rest on 

same stage Cretaceous bed of the Sillakudi 

sandstone formation which occurs at a depth from 

11m to 26 m. A conglomerate bed of 0.5m 

thickness separates the Sillakudi sandstone 

formation and Kallankurichi limestone formation 

(Table2). Gryphaea limestone bed occurs between 

4.5 metres and 9.5 metres depth with a thickness of 

5 m. Gryphaea limestone bed is followed by marl, 

chert, calcrete and black soil of Quaternary age. 

Gryphaea limestone collected from the 

Pudupalayam mine show grey, pale yellow and 

ferruginous colour without mega fossils. It is highly 

compacted and indurated. Compaction and 

indurations are mainly made by CaCO3 mineral 

grains with a very few detrital grains. Entire litho-

profile section of the Pudupalayam Chettinadu 

mine section is shown in the field photographs and 

table (Fig. 3; Table 2).  

PETROLOGICAL OBSERVATION 

Table 2.  Stratigraphy of the Ariyalur stage at Pudupalayam Chettinadu 
mine 

Age  Stage Formation 
Lithology 

 

Depth    
from 

Top in 
metres 

Thickness 
in metres 

Recent   Top soil/ Red 
soil/ Black soil 

0 to 
0.5 

0.5 

Holocene – 
Pleistocene 

(or) Sub - 
Recent 

  

Calcrete 
0.5 to 

1.5 
1 
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K
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i 

Arenaceous 
Limestone 

1.5 to 
4.5 

3 

Gryphaea 
Limestone 

4.5 to 
9.5 

5 (study 
area) 

Arenaceous 
Limestone 

9.5 to  
12.5 

3 

Ferruginous 
Gryphaea 
Limestone 

12.5 to 
22.5 

10 

Conglomerate 
- 

Unconformity 

22.5 to 
23 

0.5 

Sillakudi Sillakudi 
sandstone 
formation 

Below 
23 

∞
 

Figure 3. Field photograph of Pudupalayam mine 

section 
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 Petrographically Maastrichtian limestones 

were classified as packstone/grainstone facies or as 

wackestone and mudstone facies (Nagendra et al., 

2011). Classification of limestone has been 

proposed by Dunham (1962) and Folk (1968). 

Dunham has classified the limestone as mudstone, 

wackestone, and packstone, based on the fabric of 

the rock. Folk (1968) has classified the limestone 

as autochthonous and allochthonous limestones, 

based on grain and cement types. A revised 

classification was proposed by Wright (1997), 

based on the diagenetic pattern. Gryphaea 

limestone beds of Pudupalayam is a mud based 

biogenic limestone, as per the classification of 

Wright (1997). Despite large mega-fossils are 

being absent in the limestone, it contains numerous 

desmodont gryphaea group shell fragments of 

pelecypods, gastropods, micro-faunal distribution 

of foraminifera, bryozoa and algal mats. These 

biogenic materials are preserved in the 

ferruginous or calcified micritic or micro-

sparitic calcite matrix.  Rich iron content 

in the biogenic limestone indicates shallow 

and high energy conditions of the sea 

(Nagendra et al., 2011). Such similar 

condition may be existed in the study area.  

Shell fragments and algal mats have 

caused for the formation of ferruginous 

micritic calcite matrix, during diagenesis 

and lithification. The uniserial foraminifera 

Nodosaria with lime mud clast 

preservation was also observed in the 

ferruginous micritic calcite matrix. Some 

thin section photomicrograph shows 

parallel algal mats preservation with 

micritic calcite and lime mud clast. In 

general, carbonate microfacies of 

Pudupalayam gryphaea limestone indicates 

that these limestones were formed in a 

continental marginal platform. Such 

similar reports have already been reported 

in the other areas of the Kallankurichi 

formation (Nagendra et al., 2011). 

Photomicrographs of gryphaea limestone 

samples of the Pudupalayam mine are given in 

(Fig. 4 a-f). 

 

X-RAY DIFFRACTION ANALYSIS 

Numerous researchers have applied 

XRD technique for the identification of 

minerals in sediments and sedimentary rocks 

(Carrol 1970; Deer et al., 1979; Mitra 1989; 

Kile and Dennis, 2000; Jimenez-Espinosa and 

Jimenoz-Millan, 2003; Udayanapillai et al., 

2015; Perumal and Udayanapillai, 2020; 

Armstrong-Altrin et al., 2021, 2022; Ramos-

Vázquez et al., 2022; Udayanapillai et al., 

2022). Based on high angle XRD mineral 

analysis (2 theta 0-80 degree), d spacing values 

and their relative intensities of powdered 

gryphaea limestone samples reveals the presence of 

minerals of calcite, siderite, witherite, malachite, 

smithsonite, azurite and rhodochrosite. Low angle 

XRD Clay mineralogy (2 theta 0-30 degree) 

Figure 4 (a-f). Photomicrographs of gryphaea limestone of 

pudupalayam Chettinadu mine. a) Photomicrograph shows equal 

preservation of Bryozoa and more white lime mud clast in the 

ferruginous micritic calcite matrix. b) Photomicrograph shows 

preservation of uniserial chambered foraminifera Nodosaria with 

algal mats, gryphaea group shell fragments and also possesses 

more white lime mud clast preservation in the ferruginous 

micritic calcite matrix. c) Photomicrograph shows parallel algal 

mats preservation with micritic calcite and lime mud clast. d) 

Photomicrograph shows full of bryozoan colony within 

ferruginous micritic calcite matrix. e) Photomicrograph shows 

pelecypod shell fragments, Polyphora-Bryozoa and lime mud 

clast preservation in the micritic calcite matrix. f) 

Photomicrograph shows a large Polyphora-Bryozoa with zooecia 

rimmed by micritic calcite and lime mud clast in the ferruginous 

micritic calcite matrix. 

Figure 5a. XRD diffractogram pattern of the 

gryphaea limestone samples (all minerals) of 

Pudupalayam Chettinadu mine 
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analysis of powdered gryphaea limestone samples 

indicates the presence of clay minerals of kaolin, 

montmorillonite, and palygorskite. Mineralogy of 

gryphaea limestone with d spacing values and their 

intensities are given in Figure 5 a-b and Table 3.  

 

GEOCHEMICAL OBSERVATION 

Major element concentrations of gryphaea 

limestones from the Pudupalayam mine, shows a 

more or less similar distribution trend (Table 4; 

Fig. 6). Distribution of CaO, SiO2, Al2O3, Fe2O3, 

and LOI shows higher concentration, which is 

above 1%, whereas other major oxides, viz.  MgO, 

MnO, Na2O, K2O, TiO2, and P2O5 are below 1%. 

Average distributions of major element 

concentrations of samples are taken into 

consideration for geochemical discussion, as they 

show similar distribution trend. 

Average SiO2 concentration of gryphaea 

limestone is 6.56, whereas the average 

concentration of Al2O3 is 2.05. Al2O3 concentration 

may generally be attributed to a good mixture of 

transported flux and limited SiO2 may be due to 

less concentration of detrital unaltered quartz and 

feldspar contents (Ramasamy et al., 2007; Cox et 

al., 1995; Udayanapillai and Ganesamurthy, 

2013; Ekoa Bessa et al., 2021a,b; Madhavaraju et 

al., 2021; Sopie et al., 2023). Gryphaea limestone 

represents less SiO2/Al2O3 ratio (3.22), which 

indicates that the detrital concentration of quartz 

and feldspar is limited in the samples. Al2O3 is 

used as a proxy for clay content in limestone. 

K2O/Al2O3 ratio of sediment can be used as an 

indicator of the original composition 

(Udayanapillai and Ganesamurthy, 2013; Anaya-

Gregorio et al., 2018; Tawfik et al., 2018). 

K2O/Al2O3 ratio of clay minerals and feldspar are 

different (0.00 to 0.3; 0.3 to 0.9) respectively 

(Cox et al., 1995;). Average K2O/Al2O3 ratio in 

limestones is 0.16, which is close to the limit of 

the clay mineral range. It indicates that kaolinite, 

montmorillonite, and illite may be the dominant 

clay minerals in the limestone samples (Fig. 7a). 

Average CaO contents shows 55.58%, 

whereas MgO content represents 0.54%. Lesser  

Table 3.  The clay and general mineralogy of Limestone samples of 
Chettinadu mine 

S. 
no. 

Minerals D-
Space 
values  

A° 

Name of the 
mineral 

Chemical Composition 

1 Clay 
minerals 

3.95 Kaolinite Al₄[Si₄O₁₀] (OH)₃ 

2  15.26 Montmorillonite Al₂ [Si₄O₁₀] (OH)₂ .nH₂O 

3  3.42 Kaolinite Al₄[Si₄O₁₀] (OH)₃ 

4  4.31 Palygorskite Mg₃H₂Si₈O₂₂(H₂O).2H₂O 

     

5 Other 
minerals 

3.09 Calcite CaCO₃ 

6  2.53 Azurite Cu₃(CO₃)₂ (OH)₂ 

7  2.12 Siderite FeCO₃ 

8  1.89 Calcite CaCO₃ 

9  1.93 Calcite CaCO₃ 

10  1.62 Calcite CaCO₃ 

11  1.53 Rhodochrosite MnCO₃ 

12  1.45 Smithsonite ZnCO₃ 

13  1.43 Smithsonite ZnCO₃ 

14  3.95 Witherite BaCO₃ 

15  2.31 Siderite FeCO₃ 

16  3.43 Calcite CaCO₃ 

17  1.93 Calcite CaCO₃ 

18  1.54 Malachite Cu₂CO₃ (OH)₂ 

Figure 6. Comparison of Major elements distribution 

of Gryphaea Limestone samples of Chettinadu 

Pudupalayam mine 

Figure 7(a). Bivariate plot K2O vs Al2O3 in the 

gryphaea limestone samples (after Mc Queen 2006, 

modified with the standard analytical result of 

minerals analysis from Deer et al., 1978 and 

Udayanapillai et al., 2014), (b). Bivariate plot of 

CaO Vs MgO (after Queen, 2006, modified with 

the standard analytical result of minerals analysis 

from Deer et al., 1978 and Udayanapillai et al., 

2014) 
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Table 5.  Multiple correlation of major element concentrations 

Oxides SiO2 Al2O3 Fe2O3 CaO MgO MnO Na2O K2O TiO2   P2 O5 LOI 

SiO2 0.00                     

Al2O3 0.90 0.00                   

Fe2O3 0.93 0.98 0.00                 

CaO -0.71 -0.74 -0.78 0.00               

MgO 0.40 0.28 0.29 -0.63 0.00             

MnO -0.04 -0.02 0.01 -0.26 0.03 0.00           

Na2O -0.01 0.09 -0.01 -0.04 0.13 -0.58 0.00         

K2O 0.50 0.61 0.57 -0.52 0.41 -0.27 0.34 0.00       

TiO2   0.55 0.53 0.53 -0.68 0.81 0.33 -0.07 0.42 0.00     

P2 O5 0.09 0.07 0.16 0.08 -0.38 0.40 -0.89 -0.34 -0.11 0.00   

LOI -0.50 -0.63 -0.55 0.07 -0.02 0.20 0.04 -0.39 -0.39 -0.19 0.00 

 

concentration of MgO content indicates the absence 

of dolomite mineral content in the limestone 

samples. In general, CaO/MgO ratio in dolomite 

mineral 40:20 (Deer et al., 1978).  Average 

CaO/MgO ratio in limestones of this study is 

102.93. A higher value of the above ratio indicates 

that the samples are high-grade limestone and 

possess more percentage of calcite mineral than the 

other carbonate minerals (Fig. 7b). Bulk rock 

containing more calcite mineral may derived from 

shell fragments of pelecypod, gastropod, 

foraminifera, bryozoa, etc. CaO shows negative 

correlation with SiO2 and Al2O3, which indicates 

the effect of clastic input and detrital dilution of 

carbonate, during deposition (Ali and Wagreich, 

2017). Fe2O3/Al2O3 ratio of limestones show a high 

ratio (4.16), which may be due to the preservation 

of sesquioxide (Fe2O3Al2O3), clay mineral derived 

either from lithogenic sources or from the source of 

burial digenesis of Cretaceous marine invertebrate 

shells, due to marine transgression and regression. 

MnO and Na2O in limestones are low, due to less 

amount of lithogenic concentration. 

 

Titanium oxide is mainly concentrated 

from phyllosilicates (Ramasamy et al., 2007; 

Udayanapillai and Ganesamoorthy, 2013). 

Titanium is relatively immobile (McLennan et al., 

1993; Ramasamy et al., 2007). The samples of the 

area show lower TiO2 (0.16%), which indicates 

lesser concentration of Titanium bearing minerals 

in limestones. P2O5 content shows an average 

concentration of 0.44%. Low P2O5 may be due to 

the presence of a lesser amount of accessory 

mineral phases, such as apatite and monazite 

minerals (Armstrong-Altrin et al., 2018; Chougong 

et al., 2021). 

 

GEO-STATISTICAL EVALUATION 

Advanced statistics of Multiple 

correlations, Principal Component Analysis, and 

Cluster Analysis are carried out for the major 

element concentrations of the gryphaea limestone 

of the Pudupalayam Chettinadu mine.  

Geostatistical software “PAST” is used for the 

statistical analysis. 

 

Table 4:  Data of major element concentrations (in wt. %) of Chettinadu Gryphaea limestones, Puthupalayam   
LOI = Loss of Ignition 

Major element S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8 S-9 S-10 Average  

SiO2 5.13 5.76 8.4 5.6 6.7 5.12 7.3 8.2 5.15 8.3 6.56 

Al2O3 1.5 1.89 2.51 1.76 2.46 1.48 2.7 2.5 1.39 2.4 2.05 

Fe2O3 3.37 6.19 14.1 5.41 13.9 3.74 14.12 13.8 3.72 13.7 9.2 

CaO 60.3 57.4 46.5 56.7 48.4 60.21 56.3 55.4 60.34 54.3 55.58 

MgO 0.47 0.54 0.76 0.6 0.54 0.53 0.44 0.62 0.46 0.46 0.54 

MnO 0.13 0.1 0.13 0.11 0.12 0.11 0.12 0.1 0.12 0.11 0.11 

Na2O 0.01 1.26 0.27 0.26 0.23 0.21 0.25 0.26 0.02 0.26 0.3 

K2O 0.16 0.37 0.42 0.38 0.36 0.35 0.43 0.35 0.3 0.34 0.34 

TiO2 0.16 0.16 0.2 0.16 0.17 0.16 0.17 0.18 0.16 0.15 0.16 

P2 O5 0.56 0.11 0.36 0.38 0.53 0.52 0.53 0.49 0.48 0.53 0.44 

LOI 27.44 26.9 25.99 26.9 26.84 27.32 18.42 18.9 27.3 27.3 25.33 
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MULTIPLE CORRELATIONS 

It is a measure of the degree of 

dependency between the variable with one. Many 

researchers have utilized this technique in various 

studies (Srinivasamoorthy et al., 2010; Kaliammal 

and Udayanapillai, 2018; Udayanapillai et al., 

2022). There are very limited reports have been 

published on applying these techniques in shell 

limestones. Multiple correlations of major elements 

of gryphaea limestone samples of Pudupalayam 

mine are given in Table 5. Multiple diagonally 

symmetrical linear correlation coefficient factor 

numbers of eleven parameters are given in bold 

letters. Correlation matrix represents that CaO 

makes negative relations with SiO2, Al2O3, Fe2O3, 

MgO, MnO, Na2O, K2O, and TiO2 and positive 

relations with P2O5. Further, this relation indicates 

that CaO may be derived from the burial diagenetic 

process of Cretaceous marine invertebrates of 

pelecypods, gastropods, foraminifera, bryozoa, 

coralline algae, and brachiopod, etc. Other oxides 

might have been derived from continental 

lithogenic sources. CaO and P2O5 show positive 

correlations, which indicates both elements were 

derived from a similar source. 

 

PRINCIPAL COMPONENT ANALYSIS 

It is a statistical procedure in which larger 

data can be changed into visualized one and 

analysed by a set of summary indices. It finds the 

direction of the maximal variance of data. It 

examines the magnitude and direction of 

coefficients for the original variables. Many 

researchers have applied Principal Component 

Analysis (PCA) in various geological studies 

(Srivastava et al., 1998; Sridhar et al., 2014; Usman 

et al., 2014; Udayananpillai and Kaliammal, 2016; 

Kuttalingam et al., 2018; Armstrong-Altrin, 2020; 

Ramos Vázquez and Armstrong-Altrin, 2019, 

2021; Udayanapillai et al., 2022; Botello et al., 

2023). PCA is regulated by linearity, the 

significance of mean, covariance, and orthogonal 

axis fitting of data of 

components 

(Udayanapillai et al., 

2022). PCA data reveal 

its Eigen value, 

Percentage of Variance, 

Cumulative Variance, and 

the selected PCA 

components. Eigen value 

1 is considered for the 

selection of PCA 

components (Table 6a 

and b). The canonical 

representation diagrams 

of the PCA components 

are given in Figure 8.  
 Four PCA 

components reveal 90.17% of Cumulative 

Variance. Each PCA component is associated with 

certain major oxides and is provided as follows. 

I  Component - SiO2 + Al2O3 + Fe2O3 + CaO + 

K2O + TiO2   -- 45.25% Variance 

II  Component - MnO+Na2O+P2O5 -- 22.61% 

Variance 

III  Component – MgO +TiO2 --15.20% 

Variance 

IV  Component – LOI -- 7.12% of Variance. 

 First component keeps the position of the 

highest amount of variation in the sample, whereas 

the fourth component has a lesser significance of 

variation. PCA component loading variations are 

Table 6b. Component loading Scores 
LOI = Loss of Ignition 

0 
Axis 

1 
Axis 

2 
Axis 

3 
Axis 

4 
Axis 

5 
Axis 

6 
Axis 

7 
Axis 

8 
Axis 

9 
Axis 
10 

Axis 
11 

SiO2 0.90 0.13 -0.18 0.14 -0.18 -0.18 0.25 0.03 0.00 0.00 0.00 

Al2O3 0.93 0.10 -0.29 0.16 0.10 -0.07 -0.05 -0.06 0.05 0.00 0.00 

Fe2O3 0.92 0.18 -0.25 0.22 0.00 -0.06 -0.03 0.02 -0.03 0.00 0.00 

CaO -0.84 -0.07 -0.36 -0.34 0.03 -0.03 0.16 0.03 0.04 0.00 0.00 

MgO 0.60 -0.24 0.64 -0.28 -0.30 -0.02 0.00 -0.06 0.07 0.00 0.00 

MnO 0.01 0.69 0.55 0.10 0.45 0.00 0.09 -0.02 0.04 0.00 0.00 

Na2O 0.10 -0.93 -0.08 0.15 0.21 -0.18 -0.06 0.07 0.07 0.00 0.00 

K2O 0.71 -0.38 -0.11 -0.04 0.09 0.57 0.07 0.02 0.01 0.00 0.00 

TiO2 0.76 0.10 0.47 -0.39 0.09 -0.09 -0.04 0.11 -0.04 0.00 0.00 

P2O5 -0.08 0.93 -0.26 0.00 -0.18 0.10 -0.10 0.08 0.08 0.00 0.00 

LOI -0.54 -0.13 0.59 0.55 -0.19 0.09 0.04 0.06 0.00 0.00 0.00 

Table 6a.  Principal Component Analysis of geochemical 
data, LOI = Loss of Ignition 

PC Eigenvalue 
% 

variance 
Cumulative 

variance 
Components 

1 4.97798 45.254 45.254 
SiO2+ Al2O3+ 

Fe2O3+ 
CaO+K2O 

2 2.48738 22.613 67.87 
MnO+ 

Na2O+ P2O5 

3 1.67184 15.199 83.06 MgO+ TiO2 

4 0.783383 7.1217 90.19 LOI 

5 0.46488 4.2262 
  

6 0.430687 3.9153 
  

7 0.121338 1.1031 
  

8 0.037837 0.34397 
  

9 0.024683 0.22439 
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Figure 8. Canonical representation diagram of 

the PCA analysis. 
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gradually reduced from the first component to the 

fourth component. 

 

CLUSTER ANALYSIS 

 It is a statistical method that is used to 

group similar objects into respective categories. It 

can also be referred to as segmentation analysis. It 

confirms homogeneous and heterogeneous groups 

on a definite set of variables. Relative distance or 

proximity is taken into consideration for groups 

and these groups are called clusters. Cluster 

analysis represents a direct relationship between the 

variables, which function based on correlation 

matrices and the arithmetic average of the 

correlation coefficient (Davis, 1973, Harper, 1999). 

Numerous researchers have applied cluster analysis 

for various geological studies (Srivastava et al, 

1998; Praus, 2007; Udayanapillai and Kaliammal, 

2016; Kuttalingam et al., 2018; Udayanapillai et 

al., 2022). 

 

Cluster analysis is applied here for two 

purposes, such as  

a)  To interpret the ionic similarity between 

major element oxide parameters in the 

samples. 

b)  Similar aerial grouping similarity 

concentration of cluster of the profile 

samples. Dendrogram of Paired group 

cluster method and Wards minimum 

variable cluster methods are used for finding 

out ionic similarity identification and 

finding out the relative distance of similarity 

of the profile samples (Fig. 9 a and b). 

There are two paired groups of ionic clusters of 

major oxide are interpreted, which are as follows. 

S.No Cluster Component 

Similarity 
of 
Correlation 
Coefficient 

1 LOI+P2O5-SiO2 50 

2 TiO2+MnO+Na2O+P2O5+K2O+MgO+Al2O3 10 

The above two ionic clusters represent an average 

relative similarity value of 170. 

 There are two aerial grouping clusters by 

the Wards method or Euclidean method. They 

represent as follows: 

I  Cluster – S8 - S7 + S10 + S5 - S3 -- Relative 

distance --11.2 

II  Cluster – S4 - S2 + S1 + S9 - S6 -- Relative 

distance -- 4.0 

 Above two aerial groups form an average 

relative distance of 13.6. 

 Thus, the relativity of major oxide 

parameters and the profile samples inter-

relationship quality is interpreted by advanced 

geostatistical techniques, such as Multiple 

Correlations, Principal component analysis, and 

Cluster analysis. 

 

PALAEOCLIMATE 

Changes in climate through geological 

time are termed as palaeoclimate. A proxy or many 

numbers of proxies establish the palaeoclimate of 

an area. Stable isotope geochemical characters, tree 

rings analysis, pollen analysis, lake varves, biota or 

fossil evidence, ice cores, geological setting, 

historical documents, geochemical elements, clay 

minerals, etc. are some of the important proxies 

which represent palaeoclimate. Despite many 

proxies being used in the palaeoclimate studies, the 

palaeoclimate of the gryphaea limestone deposit of 

the Pudupalayam Chettinadu mine has been mainly 

interpreted by the proxies of biota, major element 

geochemistry, and clay minerals. 

 

BIOTA PROXIES 

Thin section photomicrograph reveals the 

presence of microfossil bryozoa, foraminifera, algal 

mats, pelecypod, and gastropod shell fragments. 

Bryozoans are chiefly identified by using skeletal 

characteristics, like spines, surface structure, pores, 

and shape and size of the colonies. Bryozoa occur 

both in shallow and moderately deep-water 

deposits (Shrock and Twenhofel, 2005). 

Cheilostomata, Cyclostomata, Ctenostomata 

Bryozoans were almost equally numerous in the 

late Cretaceous (David Jablonski et al., 1997; 

Lidgard et al., 2016).  Bryozoa are dominant 

contributor of CaO in temperate water in marine 

carbonate deposits (Clark and Ligards, 2000). The 

presence of algal mats indicates that symbiotic 

algae live in shallow tropical water. Pelecypod and 

gastropod shell fragments along with microfossils, 

Figure 9(a). Ward method cluster analysis for 

aerial grouping of samples, (b). Paired group 

cluster methods of ionic similarities in the study 

area. 
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foraminifera and bryozoa are preserved in the 

shallow continental shelf marine platform of 

limestone deposits in the tropical climate. Since 

these limestone deposits are subjected to tectonic 

disturbances, mega fossils are damaged into small 

shell fragments. 

 

GEOCHEMICAL PROXIES 

 Geomorphological, sedimentological, and 

biological factors reflect climate changes. 

Evaporite mineral and major element geochemistry 

are the two important proxies used for 

palaeoclimate investigation in the evaporite deposit 

of Tunisia and Rajasthan (Sinha et al., 2006; 

Smykatzkloss and Roy, 2010) and the Pandalkudi 

calcrete profile (Udayanapillai et al., 2021). 

Calcite, dolomite, halite, anhydrite, and gypsum are 

important evaporite minerals that represent proxies 

for the arid environment. Calcite and other 

carbonate minerals in the study area represent 

proxies for arid environment. Despite climate has 

interpreted through geomorphic landforms; 

mineralogical factors are mostly used as proxies to 

establish humid, semi-arid and arid palaeoclimatic 

investigations. 

  

 

Highly soluble major oxides Na2O, MgO, 

K2O, and un-soluble hydrolysate TiO2, Al2O3 and 

Fe2O3 are used as proxies to interpret the 

palaeoclimate studies of the Gryphaea limestone 

profile of the study area. The ratio of 

alkaline/hydrolysate is generally low in the humid 

climate and high in the arid climate (Sinha et al., 

2006; Udayanapillai et al., 2021). Ratio value of 

Na2O/Al2O3 (0.15), Na2O/Fe2O3 (0.03), Na2O/K2O 

(0.88), Na2O/TiO2 (1.8), and CaO/MgO (102.9) of 

the gryphaea limestone profile samples of the study 

area are given in (Table 4) and its ratio plot for 

climate model diagram related to depth are given in 

the diagram (after Udayanapillai et al., 2015, 2021; 

Fig 10). The ratio value of < 0.1, 0.1 to 1, and >1 

are treated as humid, semi-arid, and arid climates 

respectively, Geochemical ratio plots of gryphaea 

limestone samples collected from the study area 

fall on the semi-arid and arid climate prevailing 

during the depositional environment. 

 Aridity is established by Salinization. 

Salinization factor is established by the 

geochemical ratio of Na2O/K2O. When the above 

ratio is greater than 0.01, it represents a semi-arid 

and arid climate (Udayanapillai et al., 2015, 2021). 

The averageNa2O/K2O ratio of the limestones is 

0.88. This range in the profile represents the semi-

aridity or aridity of the depositional environment. 

Calcification character is another factor in 

establishing palaeoclimate. It is established by the 

average geochemical ratio of CaO/MgO. Average 

calcification ratio of the gryphaea limestone profile 

is 102.93. Calcification is generally high in the 

study area which represents an arid environment. 

 Na2O/K2O, Na2O/Al2O3, and Na2O/TiO2 

ratios are high in an arid environment and vice 

versa in a humid environment in limestone deposits 

(Sinha et al., 2006; Udayanapillai et al., 2021). 

Similarly, high ratio values in limestones represent 

an arid and semi-arid climate conditions.  

 

CLAY MINERAL PROXIES 

Limestone possesses regolith clay 

minerals and neo-formed clay minerals which 

represent climate history. Hydrolysis of weathered 

silicate minerals causes for the origin of clay. 

Meteoritic precipitation and the formation of clay 

minerals in the sediments help to interpret the 

palaeoclimate of sediments (Udayanapillai et al., 

2015, 2022). Size, composition of parent material, 

temperature, seasonal rainfall, and time of 

formation of sediments are prime criteria for clay 

mineral composition (Udayanapillai et al., 2015, 

2022). Some of the clay minerals represent the 

climate. Palygorskite and Sepiolite are indicating 

the arid climate. XRD analysis of gryphaea 

limestone shows the presence of clay minerals, 

such as kaolin, montmorillonite, and palygorskite 

which indicates arid and semi-arid climate 

conditions. Palygorskite is a neo-formed clay 

mineral in limestone formation that indicates an 

arid climate (Udayanapillai et al., 2015, 2022). 

Kaolin indicates a semi-arid climate (Udayanapillai 

et al., 2022). Gryphaea limestone of the study area 

represents semi-arid and arid climate conditions, 

during deposition. 

 

CONCLUSION 

Pudupalayam Chettinadu limestone mine 

is located in the southern terminal part of the 

Kallankurichi formation of the Upper Cretaceous 

Ariyalur stage, Tamil Nadu, India. Petrological 

observation represents that the limestone does not 

Figure 10. Ratio plot diagram of limestone 

samples of profile-1 (average) plotted on the 

climate model diagram related to depth proposed 

by (after Smykatz-Kloss and Roy 2010; 

UdayanaPillai et al., 2015). 1) CaO/MgO, 2) 

Na2O/Al2O3, 3) Na2O/K2O, 4) Na2O/TiO2, and 5) 

Na2O/Fe2O3 
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have mega fossils and generally a mud based 

biogenic limestone. However, it contains 

pelecypod, gastropod, shell fragments, microfossil 

groups of foraminifera, bryozoa, and algal mats. 

XRD result indicates the presence of many 

carbonate minerals and a few clay minerals. 

Geochemical results indicate elevated CaO 

concentration, due to the presence of more calcite 

minerals in the samples.  Geostatistical analysis of   

multiple correlations, PCA, and Cluster analysis 

illustrates the geochemical affinities and inter-

relationship between the geochemical elements. 

Palaeoclimate established through proxies of biota, 

geochemical ratio, and clay minerals indicate that 

the gryphaea limestone is formed under arid and 

semi-arid climates. 
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