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Abstract 
The charnockites of Marandahalli, Dharmapuri District, Tamil Nadu India, 
form a part of the southern granulitic terrain in the Salem Block (SB). The 
charnockites are medium to coarse grained, inequigranular, with porphy-
roblastic and granophyric textures. They are composed of plagioclase feldspars 
(49 - 66 vol.%), K-feldspar (1 - 5 vol.%) and quartz (21 - 34 vol.%). The mafic 
minerals include pyroxene (2 - 7 vol.%) and biotite (1 - 12 vol.%). The acces-
sory minerals include magnetite and apatite. Orthopyroxene compositions 
(MgO 16 - 22 wt.%) fall within the hypersthene series (En55.03Fs43.57Wo1.4) and 
yield peak metamorphic temperatures of 800˚C - 1000˚C. Biotites show K2O, 
MgO, FeO, TiO2, and Al2O3 concentrations consistent with magmatic for-
mation, and Ti-in-biotite thermometry suggests temperatures of ~740˚C - 
800˚C. Plagioclase compositions (An26-33) plot in the oligoclase field, while K-
feldspar (Or93-99) plots in the orthoclase/microcline field. A ternary feldspar 
geothermometer indicates a retrograde temperature of <700˚C for the rocks. 
The rocks are originated from the Mg rich amphibolite source and garnet free. 
The rocks are calc-alkaline with high SiO2 (65 - 68 wt.%), Na2O > K2O, high 
CaO (3 - 5 wt.%), MgO (2.5 - 4 wt.%) and Fe2O3 (2 - 6 wt.%). The concentra-
tion of V, Rb and Ni, and LREE-rich and HREE-depleted patterns of the rocks 
indicate low degree of partial melting. 
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1. Introduction 

The earliest identification of a rock containing hypersthene as charnockite [1] 
paved the way for recognizing genetically related metamorphic rocks like adakites, 
charnockites, enderbites, and orthopyroxene-quartz syenites collectively as the 
“charnockite suite” [2]. The charnockites of southern India (Figure 1(a)) in the 
form of crustal blocks of the Southern Granulite Terrain (SGT) are distributed 
extensively around Coorg, Salem, Biligirirangan Hills, Nilgiri, Madras, Madurai, 
Trivandrum, and Nagercoil and have been studied in detail [3]-[18]. The char-
nockitic suite of rocks effectively preserves the record of deep crustal processes 
and is known to mark the regions of high-pressure and high-temperature meta-
morphic regimes [8] [10] and is known to occur in various tectonic settings. The 
charnockites of southern granulite terrain in the Precambrian terranes are related 
to convergent margin and post-collisional extension settings during Mesoarchean 
to Paleoproterozoic periods [16] [19]-[25]. 

Charnockites have been classified into two types [4] [26]: 1) magmatic type, 
which comprises orthopyroxenes crystallised straight from charnockitic magma, 
and 2) metamorphic type, formed under low-H2O fluid activity conditions, which 
give rise to the progress of dehydration reactions such as the breakdown of horn-
blende or biotite to develop orthopyroxene. In southern India, amphibolite-facies 
gneiss frequently substitutes amphibole-biotite gneiss which is typically found in 
highly foliated rocks/lithological units. Charnockitic rocks are also designated as 
orthopyroxene-bearing granites [27]-[30]. It is evident that the production of pro-
tolith of charnockites can result from the partial melting of a melt-depleted gran-
ulite source or dehydrating and partial melting of a mantle-derived underplated 
magma similar to that of a continental flood basalt [31] [32]. While the ferroan 
and transitional group of charnockites were most likely generated in extensional 
and continent-continent collisional tectonic settings respectively; the magnesian 
group charnockites are developed in magmatic arcs [26] [33] [34]. This study fo-
cuses on the mineral chemistry and geochemical characteristics of the Maran-
dahalli charnockites to investigate their emplacement processes and tectonic set-
ting. 

2. Geology of the Study Area 

The area around Marandahalli (Figure 1(b)) forms a part of the Krishnagiri-
Kollegal terrain of the Salem Block and it is dominated by huge charnockitic mas-
sifs. These rocks often occur in elevated terrain and are bordered by granitic or-
thogneisses and paragneisses that have undergone amphibolite to granulite grade 
metamorphism [8] [35]. The Salem Block’s charnockitization and metamorphism 
took place at around 2.50 Ga [35]. 

The study area is situated west of Dharmapuri Suture Rift Zone (DSRZ) [36] 
which is in close to the Paleoproterozoic nepheline-syenite of Pikkili and ultra-
mafic alkaline carbonatite rock Complex of Hogenakkal. The Marandahalli char-
nockite contains enclaves of meta-basic rocks, granite, and pegmatites and is 
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traversed by dolerite. The charnockites are fresh, medium- to coarse-grained, grey 
in colour and exhibit gneissosity. The transformation of tonalitic gneisses to char-
nockite is evident from the diffuse boundaries of charnockite running gneissic 
foliation and banding, thereby suggesting that the charnockitic imprint on the 
early migmatitic fabric. The incipient charnockitization of coarse migmatitic 
gneisses (tonalitic gneisses) is seen at its contact with pink granite and along peg-
matite veins. 

Plagioclase, orthopyroxene clots, K-feldspar, quartz and biotite occur within 
the charnockite. These charnockitic rocks exhibit minor foliation in NNE-SSW 
foliation trend with easterly dips ranging from 50˚ to 70˚. Based on Sr, Nd and Pb 
isotope studies the tonalitic gneisses and charnockites of Krishnagiri (which are 
45 km NE of the present area) were assigned a 2.5 Ga age, and the time interval 
between the emplacement of tonalitic precursors and granulite facies metamor-
phism was few tens of million years [37]. Given the similarity between the Maran-
dahalli rocks and Krishnagiri area, it is reasonable to presume a similar age to the 
former. 
 

 
Figure 1. (a) Major shear zones of the southern India. Fermor Line: divide line between 
Dharwar craton and Southern Granulite Terrane (SGT) [35] [38] [39]. Major shear zones 
include: Moyar Shear Zone (MSZ), Bhavani Shear Zone (BSZ), Mettur Shear Zone (MeSZ), 
Attur Shear Zone (AtSZ), Kollegala Shear Zone (KoSZ), Palghat-Cauvery Shear Zone 
(PCSZ), Karur-Kambam-Painavu-Trichur Shear Zone (KKPTSZ), and Achankovil Shear 
Zone (AcSZ). The red colour star marks the location for this study. (b) Generalized geo-
logical map of the Marandahalli (present study). 

3. Materials and Analytical Techniques 

Detailed geological mapping in and around Marandahalli area was carried out to 
discover new locations and to collect field data as well as representative rock 
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samples. The laboratory studies include the preparation of polished thin sections 
and their detailed petrological studies to identify the mineral assemblages, tex-
tures and mineral reactions. The polished thin sections were prepared by CSIR-
National Geophysical Research Institute, Hyderabad and petrography was done 
by the Department of Geology, University College of Science, Saifabad, Osmania 
University, Hyderabad. Mineralogical studies based on Electron Probe Micro 
Analysis was done from GSI, Hyderabad, India. Determination of major element, 
trace element and REE geochemistry of representative samples were carried out 
in the CSIR-National Geophysical Research Institute, Hyderabad. For petro-
graphic studies, representative charnockites samples of ~6 kg weight 40 samples 
were collected from each location. Unaltered chip samples are collected for the 
preparation of thin sections. CSIR-National Geophysical Research Institute, Hy-
derabad was provided facilities for the preparation of representative chip samples 
of charnockites for thin section analysis.  

The rock slices were polished on one side by using a different mess of carbo-
rundum powder (80, 200 and 400 mesh) and mounted with Araldite on a glass 
plate. Care was taken to remove the air bubbles by heating on a hot plate followed 
by pressing it from the top at an angle. Then the other side was polished using 
various abrasives and finally, the polishing was done using fine abrasive materials. 
Each type of rock was examined in terms of petrography, mineral assemblages, 
textural relationships, photomicrographs and modal analyses were documented. 

Thin sections of selected samples were used for microprobe analysis in the pre-
sent study. These thin sections (~30 µm) thick were very well polished and coated 
with carbon to maintain uniform electrical conductivity as well as to avoid charge 
built up at the spot of analysis. Each carbon coated thin section was fixed in the 
sample holder and silver nitrate paints were applied at the edge to connect the 
coated thin section and the sample holder for measuring the sample current. The 
areas of interest were marked, and photomicrographs were taken before each thin 
section was introduced into EPMA for analysis. Each area of interest was brought 
into the field of view and the different silicate and opaque minerals were bom-
barded by an electron beam for estimating their major element compositions. This 
was carried out at GSI, Hyderabad on EPMA (Cameca, Model: SX-100), adopting 
a non-destructive micron beam analytical method. The source of the beam is a 
Tungsten filament producing the electron beam. The beam diameter is 1 - 3 µm, 
under an accelerating voltage of 15 kV, beam current of 15 nA and a vacuum con-
dition of 10 - 6 Torr. 

The charnockite samples were squashed and pulverized using an agate mill and 
a 200-mesh pulverizer. Philips Magi PRO model (PW 2440) wavelength dispersive 
X-ray fluorescence spectrometer combined with an automatic sample changer 
(PW 2540) at CSIR-National Geophysical Research Institute, Hyderabad was used 
to determine the major element concentrations using pressed pellets [40] and 
samples were not analysed for loss on ignition (LOI). Following the closed diges-
tion method, the materials were dissolved for trace element and RE element 
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analysis with the aid of Perkin Elmer Scitex ELAN DRC II ICP-MS available at the 
same institute. 50 mg of representative sample powders were dissolved in Saville 
containers containing 10 ml acid mixture of 7:3 hydrofluoric acid (HF)- nitric acid 
(HNO3) combination and maintained 150˚C for 48 hours. After digestion, 2 - 3 
drops of perchloric acid (HClO4) were mixed, and the whole blend was evaporated 
to complete dryness. 20 ml of freshly prepared (1:1) HNO3 and Milli Q H2O was 
added and heated at 80˚C for 10-15 minutes on a hot plate. After getting a trans-
parent solution, 5 ml of Rh (1ppm concentration) was added as an internal stand-
ard and the solution was adjusted to a volume of 250 ml using Milli-Q deionized 
water. It was then carefully stored in high-density polyethylene (HDPE) bottles, 
each with a capacity of 60 ml. From each HDPE bottle, 5 ml of the sample solution 
was extracted and further diluted to 50 ml, achieving a dilution level of 50,000 
times. Analysis of trace elements, including Rare Earth Elements (REEs), was con-
ducted using High Resolution 28ctively Coupled Plasma Mass Spectrometry (HR-
ICP-MS). 

4. Discussion and Results 
4.1. Petrography 

Under the microscope, the charnockites exhibit medium to coarse-grained grano-
blastic texture. The grains have well-defined boundaries and occasionally large 
grains of orthopyroxene are noticed in some sections (Figure 2). Plagioclase and 
quartz are the dominant minerals with appreciable amounts of pyroxene. Biotite, 
magnetite and apatite occur as accessory minerals and the rocks are garnet-free. 

Plagioclase occurs are fresh with albite, pericline and occasional carlsbad twin-
ning. It shows characteristic antiperthitic texture with coarse blebs of K-feldspar 
elongated parallel to the twin lamellae and rarely cutting across them. It contains 
inclusions of quartz and apatite and shows an alter to sericite. Anhedral grains of 
quartz show undulate extinction. Orthopyroxene (hypersthene) occurs as sub-id-
iomorphic grains showing characteristic pleochroism from light green to pale yel-
low. It encloses hornblende and biotite suggesting a reaction relationship between 
them (Figures 2(a)-(f)). 

This relation and the orthopyroxene grains closely mimicking the shape and 
mineral fabric orientation of the biotite and hornblende indicate the prograde 
transformation of hornblende and biotite to orthopyroxene. However, some py-
roxene grains show hornblende rims around them in which case it appears that 
hornblende is later than pyroxene suggesting local retrograde metamorphism. 
The retrogression might probably have resulted due to local fluctuation in physi-
cal conditions or during shearing. The modal compositions of the rocks of Ma-
randahalli fall in the charnockite (tonalitic) field of the QAP diagram [4] [41]-[43] 
(Figure 3(a)). 

4.2. Mineral Chemistry 

Mineral chemistry plots (EPMA) of various minerals, such as orthopyroxene,  
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Figure 2. Photomicrographs of the charnockites from Marandahalli, Dharmapuri District, 
Tamil Nadu. (a) & (b) Phenocryst of pyroxene associated with plagioclase, biotite, quartz 
and magnetite. (c)-(e) Photomicrograph showing the pyroxene(hypersthene) phenocrysts 
associated with biotite, magnetite, apatite and plagioclase minerals. (f) Photomicrograph 
showing the twinned plagioclase and biotite. 

 
biotite, K-feldspar and plagioclase and their respective SGT charnockitic areas like 
Marandahalli, Madurai, Coorg and Nagercoil (Table 1). The orthopyroxene of 
charnockites of Maranadahalli has MgO ranging from 16 - 22 wt.% (Table 2), and 
falls in the hypersthene composition of (En55.03 Fs43.57 Wo1.4) enstatite-ferrosilite 
solid solution series [44] (Figure 3(b)). It exhibits varying Mg# (0.50 to 0.71), and 
plot in the igneous pyroxenes field in the XMg Vs Al diagram (Figure 3(c)) similar 
to the pyroxenes of charnockites from Coorg [45], on the contrary the charnock-
ites of the Madurai Block [46] and the Nagercoil [47] that plot in metamorphic 
pyroxene field (Figure 3(c)). 

The biotites have abundant K2O 8 - 10 wt.%, MgO 10 - 16 wt.%, FeO 13 - 20 
wt.%, TiO2 4 - 6 wt.%, and Al2O3 13 - 15 wt.% (Table 2) respectively. The Fe/(Fe 
+ Mg) ratio in biotite is 0.38 - 0.50 with an average of 0.58 and the Si vs. Fe/Fe + 
Mg diagram is plotted in the biotite field (Figure 3(d)) [48]. These biotites appear 
to be formed in the last phase of magmatism. The analyzed biotites (Table 2) plot 
in the primary biotite field in the 10TiO2-(FeO + MnO)-MgO diagram (Figure 
4(a)) [49]. For composition, the biotites from the charnockites of Madurai [46], 
Nagercoil [47] and Coorg [45] are also shown in Figure 3(d) and Figure 4(a). 

Plagioclase exhibit consisting of anorthite (An26-33) content along with the 
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plagioclase from charnockits of Madurai [46] and Nagercoil [47] also get plotted 
in the anorthite field (Figure 4(b) and Table 3). However, the plagioclase from 
charnockites of Coorg [45] gets plotted in the albite to andesine fields (Figure 
3(f)). K-feldspar being in the composition of Marandahalli varying in range Or93-

99 and plotted in the orthoclase/microcline field (Table 3; Figure 4(b)) and other 
charnockite plutons are also getting in similar fields. 
 

 
Figure 3. (a) QAP diagram showing the plots of Marandahalli charnockites [4] [41]-[43]. 
(b) Compositions of pyroxene are shown in the diagram of wollastonite, enstatite, and fer-
rosilite [44]. Pyroxene thermometry at 5 kbar, the polythermal orthopyroxene-augite-pi-
geonite relations are also depicted in the plotting [50]. (c) XMg = (Mg/(Fe + Mg)) vs XAl 
= (Al/2) diagram illustrating the chemistry of orthopyroxenes. According to [47], the arrow 
in the plot depicts the compositional trend of orthopyroxene in the igneous rock. (d) Com-
position of mica in the charnockites of Marandahalli in Si vs Fe/(Fe + Mg) end member 
classification diagrams for mica [48]. 

4.3. Geochemistry 

The whole rock composition of Marandahalli charnockites (major, trace and RE 
elements) are provided in Table 4 & Table 5) and are marked by a high SiO2 
concentration (~65 - 69 wt.%) and a reasonably high Al2O3 (~12 - 15 wt.%). They 
exhibit the metaluminous nature in terms of the Alumina Saturation Index (ASI) 
(Figure 5(a)), along with those from Coorg, Madurai and Nagercoil. However, 
some of the Nagercoil charnockites [47] displaying a slightly peraluminous nature 
[52]. The Modified Alkali-Lime Indices (MALI) [53] of Marandahalli indicates a 
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Figure 4. (a) Ternary diagram showing domains of primary magmatic, re-equilibrated and 
Neo-formed biotites [49]. (b) An-Ab-Or system [51] showing the plots of the feldspar com-
positions in charnockite. Note the restricted range of compositions of K-feldspar and pla-
gioclase, for explanation see the text. 

 
Table 1. Mineral chemistry plots of various minerals and their respective SGT charnockitic 
areas. 

Area Pyroxene Mica K-feldspar Plagioclase 

 
Marandahalli  

(Present Study) 
Opx Biotite Microcline Oligoclase-Andesine 

 Madurai [46] Opx Biotite Microcline Oligoclase-Andesine 

 Coorg [45] Opx Biotite Microcline Albite-Andesine 

 Nagercoil [47] Opx - - - 

 
Table 2. Electron Probe Micro Analysis (EPMA) of pyroxene and biotite mineral chemistry from charnockites of Marandahalli and 
adjoining charnockite plutons. 

Area 1 (16) 2 (1) 3 (6) 4 (14) 5 (43) 6 (5) 7 (1) 

Mineral in Wt.%    Orthopyroxene      Biotite   

No. oxygen 6   6  6  11  11  11 

 Range Average  Range Average Range Average Range Average Range Average  

SiO2 49.81 - 53.19 51.67 49.63 47.92 - 48.70 48.14 49.92 - 52.96 52.15 34.64 - 38.08 36.56 35.64 - 37.44 36.64 37.22 

TiO2 0.02 - 0.11 0.06 0.14 0.02 - 0.07 0.05 0.70 - 3.65 1.32 4.12 - 5.55 4.81 3.56 - 5.01 4.04 5.01 

Al2O3 0.71 - 0.94 0.83 3.22 1.51 - 2.94 2.25 0.01 - 0.11 0.05 13.22 - 14.83 14.04 14.42 - 17.34 15.57 14.84 

FeO 23.11 - 30.35 26.46 27.02 36.20 - 37.60 36.78 22.70 - 27.07 25.07 13.16 - 19.67 16.53 13.84 - 16.93 15.88 13.84 

MnO 0.41 - 0.97 0.68 1.21 0.05 - 0.25 0.16 0.23 - 1.38 0.8 0 - 0.22 0.08 0.01 - 0.13 0.08 0.13 

MgO 16.59 - 21.79 19.25 17.64 11.02 - 12.15 11.67 19.38 - 21.82 20.34 10.61 - 15.30 12.62 12.24 - 14.68 13 14.68 

CaO 0.49 - 1.25 0.68 0.15 0.27 - 0.41 0.33 0.13 - 0.74 0.47 0 - 0.47 0.06 0 - 0.02 0.01 0.02 

Na2O 0.01 - 0.06 0.02 0.01 0.02 - 0.40 0.24 0 - 0.06 0.02 0 - 0.17 0.06 0.02 - 0.15 0.09 0.02 

K2O nd nd nd nd nd nd nd 8 - 9.82 9.3 nd nd nd 

Si 1.96 - 1.99 1.97 1.92 1.92 - 1.95 1.94 1.91 - 1.99 1.97 5.44 - 5.89 5.59 5.4 - 5.57 5.58 5.53 

Al 0.03 - 0.04 0.04 0.1 0.07 - 0.14 0.1 0 0 2.39 - 2.65 2.53 2.53 - 3.19 2.81 2.6 
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Continued 

Ti 0 0 0 0 0 0 0 0.47-0.65 0.55 0.42-0.57 0.5 0.56 

Fe(ii) 0.68 - 0.97 0.85 0.87 1.12 - 1.21 1.23 0.71 - 0.86 0.79 1.71 - 2.51 2.12 1.71 - 2.11 2.04 1.72 

Mn 0.01 - 0.03 0.02 0.04 0 - 0.02 0.01 0.01 - 0.04 0.03 0 - 0.03 0.01 0 - 0.3 0.01 0.02 

Mg 1.22 - 0.96 1.09 1.02 0.66 - 0.72 0.7 1.10 - 1.22 1.14 2.46 - 3.40 2.87 2.74 - 3.24 2.9 3.25 

Ca 0.02 - 0.05 0.03 0.01 0.01 - 0.02 0.01 0.01 - 0.03 0.02 0 - 0.08 0.01 0 - 0.03 0 0 

Na 0 0 0 0.01 - 0.03 0.02 nd nd 0 - 0.05 0.02 0.01 - 0.05 0.03 0 

K nd nd nd nd nd nd nd 1.58 - 1.94 1.81 1.81 - 1.9 1.88 1.86 

Wo 1 - 2.60 1.4 0.32 0.59 - 0.91 0.72 1.0 - 2.0 0.93 - - - - - 

En 48.59 - 60.62 55.03 52.54 34.19 - 37.19 35.86 56 - 62 58.5 - - - - - 

Fs 38.29 - 49.90 43.57 47.13 62.22 - 64.91 63.42 36 - 44 40.57 - - - - - 

XMg 0.50 - 0.71 0.42 0.39 0.38 - 0.34 0.24 0.56 - 0.63 0.45 0.52 - 0.67 5.58 0.58 - 0.60 0.59 0.51 

XFe 0.38 - 0.50 0.58 0.61 0.62 - 0.66 0.76 0.37 - 0.44 0.55 0.33 - 0.50 0.42 0.40 - 0.42 0.41 0.49 

XAl 0 - 0.02 0.02 0.05 0.04 - 0.07 0.05 - - - - - - - 

FeO + MnO - - - - - - - 13.30 - 19.69 16.61 15.35 - 17.15 15.96 13.97 

10TiO2 - - - - - - - 41.18 - 55.51 48.08 35.60 - 44.50 40.36 50.1 

1, 5 [Present work work]; 2, 7 Madurai—Indu et al. 2021; 3 Nagarcoil—Rajesh et al. 2011; 4, 6 Coorg—Dev et al. 2023; nd = not 
determined; (*) Number of mineral grains. 

 
Table 3. Electron Probe Micro Analysis (EPMA) of feldspars mineral chemistry from charnockites of Marandahalli and adjoining 
charnockite plutons. 

Area 1 (21) 2 (27) 3 (1) 4 (6) 5 (2) 

Mineral in wt.%   Plagioclase     K-feldspar  

No. oxygen 08   08  08  08  

 Range Average Range Average  Range Average Range Average 

SiO2 60.05 - 63.42 61.27 59.53 - 68.4 63.17 60.49 62.20 - 63.91 63.11 63.85 - 64.90 64.375 

TiO2 0 - 0.07 0.01 0 - 0.05 0.01 0.04 0 0 0 - 0.01 0.005 

Al2O3 22.61 - 24.46 23.52 19.74 - 25.60 23.28 24.81 17.25 - 18.34 17.8 18.69 - 18.77 18.73 

FeO 0 - 0.19 0.05 0 - 0.09 0.03 0.09 0 - 0.06 0.02 0.01 - 0.03 0.02 

MnO 0 - 0.05 0.01 0 - 0.05 0.01 0.02 0 - 0.02 0 0 - 0.02 0.01 

MgO 0 - 0.02 0 0 - 0.03 0.01 nd 0 - 0.03 0.01 nd nd 

CaO 5.47 - 6.84 6.15 1.47 - 7.53 4.69 6.47 0 0 0.12 - 0.24 0.18 

Na2O 6.95 - 8.60 7.91 7.16 - 11.31 9.01 7.56 0.19 - 0.63 0.39 1.01 - 1.91 1.46 

K2O 0.12 - 0.46 0.26 0.14 - 0.71 0.27 0.43 14.80 - 1626 15.6 13.4 - 14.88 14.14 

Si 10.83 - 11.19 10.98 10.61 - 11.76 11.74 10.78 11.93 - 12.12 12.02 11.92 - 11.96 11.94 

Ti 0 - 0.01 0 0 - 0.01 0 0.01 0 0 0 0 

Al 4.77 - 5.12 4.97 4.18 - 5.38 4.84 5.21 3.85 - 4.09 3.99 4.08 - 4.11 4.095 
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Continued 

Fe(ii) 0 - 0.03 0.01 0 - 0.01 0 0.01 0 - 0.01 0 0 0 

Ca 1.04 - 1.31 1.18 0.28 - 1.44 0.89 1.24 0 0 0.02 - 0.05 0.035 

Na 2.38 - 2.98 2.75 2.47 - 3.88 3.08 2.61 0.07 - 0.24 0.14 0.37 - 0.68 0.525 

K 0.03 - 0.11 0.06 0.03 - 0.16 0.06 0.1 3.63 - 3.93 3.79 3.15 - 3.54 3.345 

An 25.90 - 32.79 29.62 7.0 - 36.0 21.99 31.31 0 0 0.8 - 1.04 0.92 

Ab 65.05 - 73.31 68.91 63 - 92 76.49 66.21 1.80 - 6.11 3.66 12.62 - 14.26 13.44 

Or 0.71 - 2.71 1.47 1.0 - 2.0 1.52 2.48 93.89 - 98.20 96.34 83.87 - 87.41 85.64 

1, 4 [Present work work]; 2 Coorg—Dev et al. 2023; 3, 5 Madurai—Indu et al. 2021; nd = not determined; (*) Number of mineral 
grains. 

 
distinct calcic signature, while the Nagercoil charnockites [47] show calcic to calc-
alkalic nature (Figure 5(b)). Even based on their Fe number [53], the Maran-
dahalli charnockites along with the charnockite of other plutons [45]-[47] [54] 
depicts in magnesian rich nature (Figure 5(c)). In the TAS diagram, the char-
nockite samples show granodiorite to granite composition and display a distinc-
tive sub-alkali trend (Figure 5(d)). The result in the samples plotting in high Sr + 
Ba granite field (Figure 6) on the Sr-Rb-Ba ternary diagram [55] [56] is resulted 
of the low Rb and high Sr and Ba of the charnockites from the study area. Fur-
thermore, the high Sr + Ba content of these rocks may be a result of mafic and 
felsic melt mixing and mingling from the lower crust and enriched mantle [57]. 

The charnockites of Marandahalli are derived from (meta-igneous) amphibo-
lite source indicated by the low ratios of (Na2O + K2O)/(FeOt + MgO + TiO2) and 
(Na2O + K2O + FeOt + MgO + TiO2) [58] (Figure 7(a)), which is also reflected in 
the Al2O3/(FeO + MgO + TiO2) vs. (Al2O3 + FeO + MgO + TiO2) plot (Figure 
7(b)) and when the charnockites from the Marandahalli along with charnockite 
rocks of other areas of SGT. The Mg# vs. SiO2 binary plot of charnockites (Figure 
7(c)) suggests the origin of charnockites be related to the melting of pre-existing 
continental crust with dehydration within the mantle. Even, the +veEu anomalies 
strengthen the observation that these rocks may have been formed by the re-melt-
ing of (metamorphic rocks) TTGs, supra-crustals or amphibolites. The lithologi-
cal variations in the continental crust (ultramafic to felsic) to much diversified 
charnockites could be a consequence of re-melting of crust and possibly the inter-
action with mantle may be promoted by the diversity in charnockites aided by 
mantle dynamics and plate tectonics [59]. Against this scenario, given the limita-
tions, it is thus surmised that the protoliths of Marandahalli formations have been 
initiated by the melting of amphibolite, followed by intra-crustal re-melting of 
protoliths of Marandahalli within the plagioclase stability and removal of potassic 
melt. Thus, the primary source of protolith is mantle melt, with a little amount of 
crustal contribution.  

Mafic granulites are found in the charnockites as enclaves, and even the geo-
chemical data is suggestive of an amphibolitic source (Figure 7(d)) for the 
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charnockites parent magma. The usual Archean TTG nature of these rocks is re-
vealed together with high Sr/Y ratios (Figure 7(d)), perhaps TTGs underwent 
charnockite transformation. However, the Kollaimalai and Pachaimalai [54], the 
Nagercoil charnockite [47] and Coorg charnockites [45] exhibit a spread over the 
Archaen TTG to arc magma fields. The overall petrological and geochemical sim-
ilarity of the Marandahalli charnockites and the Archean TTG suites suggests that 
these rocks were derived from amphibolite. The Marandahalli charnockites ex-
hibit lower Sr/Y values in contrast with melts derived from garnet-bearing 
ecologitic sources (that contain high Sr/Y and low Y values) due to the partition-
ing of Y into residual garnet [60] and are broadly similar to melts yielded by garnet 
free amphibolitic sources. It can be stated that enrichment of amphibole and pla-
gioclase in the residue, along with an LILE-enrichment is noticed in the Maran-
dahalli charnockites. 
 

 
Figure 5. Marandahalli charnockites exhibit a distinct geochemical signature. (a) The Alumina Saturation 
Index diagram from [52] illustrates the charnockite are metaluminous character. (b) Alkali-lime index dia-
gram shows calcic to calc-alkalic nature [53]. (c) The magnesian character is demonstrated in FeOtot/(FeOtot 
+ MgO) vs. SiO2 discrimination [53]. (d) The charnockite of Marandahalli is classified as granodiorite in 
plots of SiO2 vs. Na2O + K2O (TAS) [61]. 
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Figure 6. The Sr-Rb-Ba ternary plot for the charnockites in the Marandahalli 
area. The sources for the fields for high- and Low-Ba-Sr granitoids [55] [56]. 

 

 
Figure 7. (a) (b) Binary plots relating the compositions of experimental melts generated by 
the partial melting of felsic pelites, metagreywackes, and amphibolite/metabasalt-metato-
nalites with compositional fields of the sources for the development of charnockites [57]. 
The values are all expressed in wt%. (c) Mg number (Mg#) vs. SiO2 (wt%) plot with in the 
mantle melts interacting with crustal source source [59]. (d) Sr/Y vs. Y (ppm) plot; fields 
depicting Archean source [62]. 
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Table 4. Major Oxide (wt%) analyses of Marandahalli charnockites. 

 Major oxides in wt.% 

Area 1 2 3 4 5 SY-3* Range Average 

SiO2 67.22 65.98 66.28 68.86 67.89 59.67 65.98 - 68.86 67.25 

Al2O3 13.77 13.45 14.25 12.56 14.75 11.75 12.56 - 14.75 13.76 

Fe2O3t 4.73 5.58 5.56 4.37 2.08 6.48 2.08 - 5.58 4.46 

MnO 0.03 0.02 0.01 0.05 0.02 0.31 0.01 - 0.05 0.03 

MgO 3.38 3.89 3.12 2.51 3.17 2.65 2.51 - 3.89 3.21 

CaO 3.22 4.31 4.34 4.95 4.48 8.24 3.22 - 4.95 4.26 

Na2O 3.28 4.30 3.19 3.02 3.16 4.13 3.02 - 4.30 3.39 

K2O 2.43 0.56 2.58 2.71 2.41 4.22 0.56 - 2.71 2.14 

TiO2 0.30 0.27 0.01 0.60 0.27 0.15 0.01 - 0.60 0.29 

P2O5 0.18 0.10 0.03 0.16 0.12 0.53 0.03 - 0.18 0.12 

Total 98.54 98.46 99.37 99.79 98.35 98.13 98.35 - 99.79 98.92 

Ratios         

XFe 0.56 0.56 0.62 0.61 0.37  0.37 - 0.62 0.54 

XMg 41.68 41.08 35.94 36.48 54.42  35.94 - 54.42 41.92 

Na2O + K2O + t
2 3Fe O  + MgO + TiO2 14.12 14.60 14.46 13.21 11.09  11.09 - 14.60 13.50 

(Na2O + K2O)/( t
2 3Fe O  + MgO + TiO2) 1.13 0.83 1.03 1.14 1.01  0.83 - 1.14 1.03 

Al2O3 + t
2 3Fe O  + MgO + TiO2 22.18 23.19 22.94 20.04 20.27  20.04 - 23.19 21.72 

Al2O3/( t
2 3Fe O  + MgO + TiO2) 1.64 1.38 1.64 1.68 2.67  1.38 - 2.67 1.80 

K2O/Al2O3 0.18 0.04 0.18 0.22 0.16  0.04 - 0.22 0.16 

Na2O/Al2O3 0.24 0.32 0.22 0.24 0.21  0.21 - 0.32 0.25 

(Na2O + K2O)-CaO 2.49 0.55 1.43 0.78 1.09  0.55 - 2.49 1.27 

Na2O + K2O 5.71 4.86 5.77 5.73 5.57  4.86 - 5.77 5.53 

*Standard analysis. 

 
Table 5. Trace and REE (ppm) analyses of Marandahalli charnockites. 

Trace elements in ppm 

Area 1 2 3 4 5 SY-2* SY-2* Range Average 

Sc 6.2 1.82 7.69 11.62 2.36 7 7.28 1.82 - 11.62 5.94 

V 50.57 24.51 90.28 69.55 28.09 50 50.92 24.51 - 90.28 52.6 

Cr 38.01 39.77 123.96 47.88 117.16 9.5 9.51 38.01 - 123.96 73.35 

Co 7.17 6.25 14.01 13.57 6.46 8.6 8.76 6.25 - 14.01 9.49 

Ni 8.2 7.77 18.74 10.73 10.88 9.9 10.07 7.77 - 18.74 11.27 

Cu 5.31 6.1 14.62 4.6 8.21 5.2 5.27 4.60 - 14.62 7.77 

Zn 55.26 38.12 240.14 51.35 168.21 248 250.99 38.12 - 240.14 110.62 

Ga 16.06 14.7 17.93 17.68 16.01 29 29.32 14.70 - 17.93 16.48 
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Rb 84 1.6 27.72 52.08 29.09 217 217.44 1.60 - 84.00 38.9 

Sr 899 662.62 470.8 528.36 375.25 271 271.56 375.25 - 899 587.2 

Y 7.52 2.15 6.6 12.78 2.65 128 128.11 2.15 - 12.78 6.34 

Zr 59.18 43.78 51.69 64.86 59.16 280 280.91 43.78 - 64.86 55.74 

Nb 5.21 2 4.28 6.54 2.93 29 29.31 2 - 6.54 4.19 

Cs 0.15 0.05 0.09 0.24 0.14 2.4 2.45 0.05 - 0.24 0.13 

Ba 2010.17 388.17 624.61 700.29 411.03 460 468.11 411.03 - 2010.17 826.85 

Hf 1.45 1.11 1.33 1.78 1.47 7.7 7.69 1.11 - 1.78 1.43 

Ta 1.27 0.18 0.41 0.65 0.16 2.01 2 0.16 - 1.27 0.53 

Pb 31.85 21.69 28.8 28.31 26.15 85 85.83 21.69 - 31.85 27.36 

Th 1.44 0.59 0.88 4.18 2.06 379 388.44 0.59 - 4.18 1.83 

U 0.21 0.18 0.2 0.31 0.43 284 288.76 0.18 - 0.43 0.27 

Sr/Y 119.48 308.62 71.31 41.33 141.49 7 7.28 41.33 - 308.62 136.45 

La/Nb 7.15 7.09 9.03 5.27 8.23 50 50.92 5.27 - 9.03 7.35 

Th/Nb 0.28 0.3 0.21 0.64 0.7 9.5 9.51 0.21 - 0.70 0.42 

U/Nb 0.04 0.09 0.05 0.05 0.15 8.6 8.76 0.04 - 0.15 0.07 

Rare Earth Elements in ppm 

La 37.27 14.2 38.62 34.5 24.09 75 76.388 14.20 - 37.27 29.74 
Ce 61.06 22.07 65.72 64.95 38.9 175 177.159 22.07 - 65.72 50.54 
Pr 6.17 2.07 5.95 6.83 3.22 18.8 18.991 2.07 - 6.83 4.85 
Nd 22.38 7.17 20.9 26.55 10.38 73 73.416 7.17 - 26.55 17.48 
Sm 3.52 0.96 3.27 4.91 1.4 16.1 16.118 0.96 - 4.91 2.81 
Eu 1.79 0.82 1.29 1.28 0.73 2.42 2.416 0.73 - 1.79 1.18 
Gd 2.63 0.81 2.54 3.95 1.11 17 16.962 0.81 - 3.95 2.21 
Tb 0.25 0.07 0.23 0.41 0.09 2.5 2.498 0.07 - 0.41 0.21 
Dy 1.3 0.37 1.21 2.24 0.47 18 17.94 0.37 - 2.24 1.12 
Ho 0.22 0.06 0.21 0.37 0.08 3.8 3.818 0.06 - 0.37 0.19 
Er 0.59 0.16 0.56 0.99 0.21 12.4 12.421 0.16 - 0.99 0.5 

Tm 0.08 0.02 0.08 0.14 0.03 2.1 2.105 0.02 - 0.14 0.07 
Yb 0.54 0.17 0.53 0.95 0.21 17 16.845 0.17 - 0.95 0.48 
Lu 0.08 0.03 0.08 0.14 0.03 2.7 2.706 0.03 - 0.14 0.07 

*Standard analysis. 

4.4. Pressure and Temperature 

The Ca-Fe-Mg-pyroxene phase relations at 500˚C - 1200˚C and 1 bar to 15 kbar, 
for estimating geo-thermometry of Marandahalli charnockites by utilizing ortho-
pyroxene assemblage [50]. The resulting curve in the pyroxene quadrilateral (Fig-
ure 3(b)) yields temperatures ranging from 1000˚C - 1100˚C and pointing to the 
peak metamorphism or the crystallisation stage of pyroxene. The crystallization 
temperatures of charnockites can be deduced from binary plots like SiO2 vs. TiO2 
and SiO2 vs. P2O5. The charnockites plots between the isotherms of 700 ˚C - 800˚C 
(isotherms of Coorg charnockites are marginally higher) on SiO2 vs. TiO2 plot 
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(Figure 8(a)) and temperature between 750˚C - 850˚C in the SiO2 vs. P2O5 plot 
(Figure 8(b)). Table 4 demonstrates a lower TiO2 content in the charnockites of 
Marandahalli mostly confined in an average 0.30 wt.% (ranges: 0.01 - 0.6 wt.%). 
Figure 8(a) and b show the Fe-Ti [63] and apatite saturation temperatures [64] 
for the Marandahalli charnockites stand at 7.5 kbar. Charnockitic rocks and the 
consistent decrease in temperature with increasing SiO2 contents could be a result 
of fractionating charnockite intrusion [65]. 

Ilmenite is present in the samples under study and biotite falls within the req-
uisite compositional ranges for Ti (0.47 - 0.65) and XMg (0.50 - 0.67), the Ti in 
biotite thermometer is used in this particular study. The Ti in biotite thermometer 
and pressure values have an estimated uncertainty of (P = 400 - 600 MPa) used in 
their calibration [66]. The metamorphic temperatures obtained by Ti thermome-
try for all charnockite samples are ~740˚C - 800˚C (Figure 8(c)). The ternary feld-
spar geo-thermometer diagram is using plagioclase composition on An-Ab-Or 
[67] less than 700˚C is shown for the rocks under study show (Figure 4(b)), that 
may correspond to a late retrograde temperature of magnesian charnockite. 
 

 
Figure 8. (a) TiO2 versus SiO2 and (b) P2O5 versus SiO2 plots of the Marandahalli char-
nockite samples. The isotherms in (a) show Fe-Ti oxide saturation temperatures at 7.5 kbar 
[63], while those in (b) illustrate apatite saturation temperatures at 7.5 kbar [64]. (c) Biotite 
composition for the Marandahalli charnockite with temperature contours [66]. The dashed 
curves represent the intermediate 50˚C interval isotherms. Symbols in the diagram show 
the Ti (a.p.f.u.) vs. Mg/(Mg + Fe) of biotites from different samples in this study. 
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4.5. Tectonic Setting 

The systematics of trace elements are used to understand the tectonic evolution of 
the charnockite rocks of Marandahalli, which display a significantly higher La/Nb 
ratio, and as made evident in the Nb versus La/Nb variation diagram (Figure 9(a)) 
[68] characterize the charnockites to be subduction-related magma plots. Even, 
La/Nb vs. Th/Nb (Figure 9(b)) and La/Nb vs. U/Nb (Figure 9(c)) demonstrate 
the charnockites have subduction-related magma source, and that these rocks ex-
hibit substantially higher LILE/HFSE elemental ratios (Figure 9) [68]. The tec-
tonic descrimnation diagrams i.e. Zr vs. Nb/Zr diagram (Figure 9(d)) [69], also 
hint a subduction field setting. Charnockites are plotted in the volcanic arc granite 
plot (VAG) [70]. Immobile elemental systematics also support the subduction-
derived magmatism in the volcanic arc granites (VAG) field in the tectonic dis-
crimination diagram (Figure 10(a)). 

 

 

Figure 9. (a) The charnockite Nb against La/Nb variation diagram clearly indicates a higher 
La/Nb ratio, which is the typical sign of subduction-related magmas. (b) La/Nb vs. Th/Nb. 
(c) The La/Nb vs. U/Nb variation diagram indicates a subduction-related magma source 
for the charncokites. Note that the charnockite samples are found in the mafic magma zone 
associated with subduction [68]. (d) The tectonic setting diagram shows the relationship 
between Nb/Zr and Zr. Similar to the majority of the charnockites in southern India, all of 
the charnockites are restricted to the subduction field [69]. 

 
The Cr (38 - 124 ppm) and Ni (7 - 19 ppm) contents in charnockites are ex-

tremely varied but relate to SiO2. The plots like Ni and V vs. Rb and Ni vs. Ba plots 
can be effectively used to illustrate the corresponding importance of fractional 
crystallisation (FC) and partial melting (PM). While, partial melting produces 
sub-horizontal patterns in differentiated magmas, fractional crystallisation pro-
duces almost vertical trends [71] [72]. It is observed that the PM process domi-
nants the other processes, Ni vs. Rb (Figure 10(b)) as reflected by preventing one 
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from favouring either mechanism. However, on V vs. Rb (Figure 10(c)) and Ni 
vs. Ba plots (Figure 10(d)), the Marandahalli follow flat coherent trends suggest-
ing the role of partial melting in their petrogenitic evolution. 

 

 
Figure 10. (a) The charnockites are restricted to the volcanic arc granite (VAG) in discrim-
inating diagram for granite [70]. Partial melting patterns were seen for the Marandahalli 
charnockite samples on the log-log distribution plots of compatible vs. incompatible trace 
elements [71] [72]. Three examples are (b) Ni vs. Rb, (c) V vs. Rb, and (d) Ni vs. Ba. The 
evolutionary patterns via partial melting and fractional crystallisation are shown, respec-
tively, by the classifications PM (sub-horizontal arrows) and FC (sub-vertical arrows). 

 
Charnockites from the study area marked by the enrichment of large ion litho-

phile elements (LILE). The multi-element spider diagrams [73] (Figure 11(a)) 
display prominent troughs of Nb, P, and Ti indicating mineral phases like mag-
netite, apatite and sphene are retained in the subduction source, and peaks at Ba 
and Pb indicate that they go into melt phase. The positive anomalies Th and Sr 
indicate they have entered into feldspars. The normalised REE chondrite patterns 
display [74] enrichment of the LREE and depletion of HREE in these rocks indi-
cate a low degree of partial melting in the source, a feature that is common to the 
charnockites/granites that formed in the continental arc setting; and the subtle 
positive Eu anomaly is due to the incorporation of plagioclase (fractionation/sep-
aration) in the rock (Figure 11(b)).  

Though the charnockites have an igneous parentage [37] [75], however, [76] 
advocate a sedimentary parentage to these rocks. They suggested a sedimentary 
(psammite and pelite-dominated greywacke-type) genesis for the charnockites us-
ing major element discrimination (ASI > 1.1; negative values of discriminant fac-
tor (DF) and oxygen isotope data [77]. However, they may also form by the melt-
ing of biotite-bearing metaluminous felsic rocks [78] or even by water-excess 
melting of mafic rocks [79]. Further, igneous enclaves present within Maran-
dahalli charnockite strongly hints that more mafic magmas and/or other igneous 
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sources may have been involved in the origin of igneous types of magma [80] [81] 
(Figure 11(c) & Figure 11(d)). 
 

 
Figure 11. (a) Multi-element diagrams of primitive mantle normalisation and, (b) chondrite normalised REE 
patterns for the Marandahalli charnockites. Primitive and chondrite mantle-normalization factors were ob-
tained from [73] and [74]. (c) & (d) Plots illustrating the igneous affinity of charnockites from Marandahalli. 
The igneous-sedimentary separation lines in the TiO2-SiO2 and Na2O/Al2O3-K2O/Al2O3 classification dia-
grams [80] [81]. 

5. Conclusions 

 The Marandahalli charnockites are silica oversaturated and metaluminous, 
with calcic signatures and a tonalitic composition. 

 The orthopyroxene in the rocks is of igneous nature. Mg pyroxene phases sug-
gest formation temperatures in the range of 700˚C - 850˚C, while feldspar 
formed at temperatures less than 700˚C. 

 The apatite saturation temperatures for the Marandahalli charnockites are at 
7.5 kbar. 

 A convergent setting is considered more favourable for the development of 
these arc-related rocks. The rocks are meta-igneous, characterized by an am-
phibolite garnet-free nature, indicating a metamorphic modification of igne-
ous rocks. 
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 The protolithic source rocks are inferred to be Archean TTG suites (Tonalite 
–Trondhjemite-Granodiorite). 

 The evolution of the Marandahalli charnockites involved the mixing and min-
gling of mafic and felsic melts derived from an enriched mantle and lower 
crust. 
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