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ABSTRACT 

The amphibolites associated with southern extremities of Chotanagpur Granite 
Gneiss Complex (CGGC) of Singhbhum region of eastern Indian Peninsular shield still 
form a gray area of research. The present study revealed various aspects regarding their 
mode of occurrence, petromineralogical characteristics as well as chemistry that may 
eventually throw light on various petrogenic aspects as well as intricate geological 
problems of the region such as delineation of their protolith, P-T conditions of 
metamorphism and also the petrotectonic framework of evolution. These are dominantly 
represented in the field by foliated and non-foliated suites of mafic rocks showing sill-flow 
morphology that generally occur as linear strips, bands, concordant lenses in the form of 
oval shaped hills and mounds of variable sizes simultaneously deformed and co-folded 
with the intercalated metasediments like mica schists, phyllites and quartzites. 
Petrographically, amphibolites show dominant hornblende-plagioclase mineralogy with 
traces of relict ophitic to sub-ophitic igneous textures belonging to amphibolite facies 
rocks. The major and trace including REE data also suggest the ortho- nature of these 
rocks ranging in composition from basalt to basaltic andesite with mafic to ultramafic 
character of tholeiitic affinity suggesting their limited range of fractional crystallization. The 
MORB- and Chondrite- normalized trace element patterns are more or less distinctly spiky 
showing -ve Nb-Ta-Ti anomaly as well as enrichment of LILEs against HFSEs, all 
suggesting their island arc set-up of evolution which is also substantiated on 
tectonomagmatic discrimination plot. The Primitive mantle normalized REE patterns, 
(La/Sm)N as well as (La/Ce)N ratios > 1 reveal their source related LREE enriched nature. 
A narrow variation of (Ce/Nd)N ratios (1.38-2.06) along with major element attributes such 
as Fe2O3/FeO (0.24-0.31), FeO0/MgO (0.79-2.25) as well as Mg number (50-74), too, 
indicate their comagmatic and uncontaminated nature. Conspicuous absence of volcanic 
ejectas in the area is of high genetic significance. 
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INTRODUCTION 

The Chotanagpur Granite Gneiss Complex (CGGC), belonging to eastern Indian 
Peninsular shield, is a vast terrane of high grade metamorphic rocks flanked in the north by 
the well known Koderma Mica Belt as well as Indogangetic Plain and in the south by North 
Singhbhum Mobile Belt (NSMB) separated by South Purulia Shear Zone (SPSZ), also known 
as Tamar Khatra Fault (TKF). It primarily consists of granite-gneiss-migmatite assemblage 
with numerous enclaves of older supracrustal rocks of variable shapes and sizes that include 
pelitic schists, phyllites and quartzites often intercalated with amphibolites, hornblende schists 
and other metabasic rocks. They are invariably invaded with quartz and pegmatite veins. The 
CGGC marks the end phase of Singhbhum orogeny (c.850 ± 20 Ma) with ENE-WSW to E-W 
regional trend which is regarded as the eastern extension of Satpura orogeny of the Central 
India Tectonic Zone (CITZ) (Roy et al., 2002; Acharyya, 2003). The amphibolites associated 
with CGGC in its southern part around Purulia have so far remained a gray area of 
investigation. These rocks are part of the Singhbhum Group, the petromineralogical and 
geochemical characterization of which constitute the subject matter of the present study that 
aims at deciphering their protolith, P-T conditions of metamorphism as well as petrotectonic 
framework of their evolution that may eventually throw light on the better understanding of the 
regional geodynamic situation of the concerned Singhbhum / Satpura orogeny which has still 
remained a matter of continuing discussion. 

The area covered under Lat. 230 5` to 230 15` N and Long. 860 0` to 860 30` E falling 
in the Survey of India toposheet nos. 73I / 4 & 8 around Balrampur on the Asansol-Jamshedpur 
section of the South-Eastern Railway in Purulia district, West Bengal has been selected for 
field mapping and collection of representative samples on 1:125000 scale.  

GEOLOGICAL SET-UP OF THE AREA 

The stratigraphic set-up of the area is as follows: 

          Recent    Alluvium & Soil 

 

                 Granite Gneiss & Migmatites 

                 Non-foliated amphibolites  

        Chotanagpur Granite Gneiss             (calc-silicate rocks)  

      Complex (CGGC)                        Foliated amphibolites 

                 Schistose Quartzites 

                            Mica Schists 

 

            Singhbhum Group                       Dhalbhum Formation 

                       (NSMB)              Chaibasa Formation 

      

                      Basement                                          Archaean  

Topographically, the area is an undulating rugged terrane, lying about 300 metres 
above sea level with general slope towards south and southeast characterized by low mounds, 
hills and hillocks of more resistant rocks like quartzites, amphibolites and granites whereas 
valleys are carved out in relatively less resistant mica schists and gneisses. The overall 
topography of the area has resulted out of the combined effects of the geologic, lithologic, 
structure as well as the processes of differential erosion over a long period of time. The 
granites in the north-western and north-eastern parts show evidences of spheroidal 
weathering that formed the typical dome shaped hills such as Ayodhaya (2200 ft), Matha and 
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Baghmundi etc. The schistose rocks are covered under thick soil mantle concealing thereby 
the major part of hard rock geology of the area. 

The general mode of occurrence of amphibolitic rocks have been shown on the 
geological map of the area (Fig. 1). The amphibolites of the area are both foliated and non-
foliated types constituting mafic and ultramafic complexes that generally occur as linear bands, 
strips, concordant lenses, oval shaped hills and mounds of variable sizes scattered all through 
the Chotanagpur gneissic terrane. They have been simultaneously deformed, co-folded and 
metamorphosed with the metasediments such as mica schist, schistose quartzites and 
quartzites with which they are intercalated. Some discordant dykes of younger dolerites/ 
metadolerites are also found. The mafic and ultramafic intrusives preceded the major granitic 
activities around 1600 Ma (Pandey et al., 1986). At some places they occur as xenoliths within 
granites and, at others, the supracrustal enclaves are intruded by non-foliated varieties which 
are coarse grained, massive and typically gabbroic in their physical appearance. There is 
complete absence of pyroclastics in the area covered by CGGC. 

 

  

Some large outcrops of the amphibolitic rocks are observed in the north western as 
well as central part of the area around Baghmundi and Ghatbera besides a few relatively 
smaller exposures found scattered in the north eastern part on both sides of the National 
Highway 32 around Chakaltor. The rocks around Baghmundi in Kudlung nallah section east 
of the State Highway 4 (W.B.) are typically medium grained, schistose and also show lineation 
because of parallel alignment of amphiboles. They also show gneissic structure which are 
often traversed by thin quartz veins of variable thickness parallel to the plane of schistosity 
that sometimes show ptygmatic folding. These foliated amphibolites strike NE-SW and dip 
towards NW at high angle of 60-700. The most prominent joint pattern is almost vertical marked 
by NNW-SSE trend. About 8.5 Km north of Baghmundi, a conspicuous linear band of foliated 
amphibiolite occurs at the base of a granite hill together with some doleritic boulders absolutely 
free from any gneissose or schistose character. Around Ghatbera, in the foothill section near 
a dam on Kumari river, coarse grained gneissic as well as schistose amphibolites are found 
in association with the massive non-foliated amphibolites with typical gabbroic appearance. 
Besides these, small patches of gneissic amphibolites concordantly disposed with 
Chotanagpur granite gneisses in the northern part of the area near Phatepur and Chakaltor 
show variable trends between E-W dipping towards south to NE-SW dipping towards NW at 
50-600 (Fig. 2a). Gneisses present here also show trend consistent with the regional trend i.e. 
ENE-WSW that dip towards south at high angles. 

Fig. 1: Geological map of the study area. 
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PETROGRAPHY 

The petromineralogical studies of high grade foliated and non-foliated amphibolites of 
the area show the following mineral assemblages. 

Non-foliated amphibolites: Hbl + calcic plag ± cpx ± opx 

Foliated amphibolites:    (i) Hbl + calcic plag ± qtz ± cpx ± epidote/zoisite ± calcite + iron ore  
                                       (ii) Hbl + opx + cpx (diopsidic augite) + calcic plag ± calcite ± qtz ± 
                                            chlorite + iron ore 

 

Fig. 2: (a) Field photograph of the granite gneiss showing ptygmatic folding and forced injection at the 
nose of the anticlinal fold bounded by the bands of schistose amphibolites in Juriah nallah 
section, 2 km WSW of village Phatepur (b) Photomicrograph showing typical foliated amphibolite 
with relicts of pyroxene in the core of the amphiboles (hbl); pol. light (10x4) (c) In foliated 
amphibolite, porphyroblast of hbl  containing small laths of plagioclase (twinned) as inclusion 
indicating relicts of ophitic texture and poikiloblastic texture; x- nicol (10x4) (d) Photomicrograph 
showing both zoning and twinning in plagioclase in the foliated amphibolite; x- nicol (10x4). 

Foliated amphibolites, in thin sections, invariably indicate xenoblastic to sub-idioblastic 
texture, sometimes containing porphyroblasts of hornblende and plagioclase exhibiting 
evidences of relict ophitic to sub-ophitic texture. The foliation is defined with reference to 
parallel to sub-parallel orientation of coarse grained prismatic laths of hornblende alternating 
with mosaics of calcic plagioclase and quartz. The alternating dark folia contain nematoblastic 
mafic minerals rich in hornblende and relict pyroxene whereas the light coloured quartzo-
feldspathic folia are generally rich in plagioclase feldspar (Fig. 2b). These rocks usually contain 
pale green hornblende as the most dominant constituent (> 50-60%) followed by calcic 
plagioclase. The hornblende laths are invariably strongly to feebly pleochroic following the 
scheme X (pale green) < Y (green) < Z (dark bluish green). They usually show one set perfect 
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cleavage with oblique extinction (Z^C = 12-200) and also exhibit two sets of amphibole 
cleavage. The birefringence is moderate showing middle 2nd order interference colour which 
at times is masked by the deep body colour. Few grains also contain inclusions of plagioclase 
feldspar, both twinned and untwinned, besides colourless anhedral grains of quartz that impart 
them a poikilitic sieve like appearance and also relict ophitic texture (Fig. 2c). The alteration 
of hornblende into chlorite is often marked with the release of specks of opaque magnetite. 
On the other hand, calcic plagioclase grains commonly occur as xenoblastic to sub-idioblastic 
crystals varying in composition An25-55. These grains are mostly twinned on albite as well as 
carlsbad laws or the combination of the two. Normal compositional zoning (Fig. 2d) is also 
observed in some cases. They are sometimes kaolinised and saussuritised marked by 
development of minute needles of sericite, zoisite and fresh untwinned albite grains. The early 
formed plagioclase porphyroblasts contain inclusions of hornblende, chlorite, magnetite and 
some anhedral grains of quartz which have been formed at the cost of pyroxene enclosed 
within them. Some kaolinised feldspar grains having turbid appearance are often surrounded 
by dark border (Fig. 2b). Occasionally relict pyroxene identified as augite or diopside is found 
enclosed within hornblende. Some of these grains are seen altering to hornblende. Epidote 
and clinozoisite commonly occur as subordinate accessories and are dispersed as granules 
or aggregate of granules recognised by high relief, parallel extinction and middle second order 
anomalous interference colour. Opaque magnetite and skeletal ilmenite as well as red or 
reddish brown rutile and wedge shaped sphene are common accessories. A few well 
developed cleavageless biotite sometimes surrounded by hornblende along with colourless 
and mottled apatite are present as minor accessories. The secondary minerals include 

colourless, anhedral grains of quartz as well as calcite with 3rd and 4th order polarization 
colours which are the product of saussuritisation of plagioclase. 

In mineral assemblage of category (ii), in addition to the above minerals, 
porphyroblasts of relict orthopyroxene, somewhat pleochroic from pale green to pinkish green 
often showing two sets of pyroxene cleavage nearly at right angles, parallel extinction and 2nd 
order polarization colour have been identified as hypersthenes. A few of the porphyroblasts of 
hypersthenes clouded with inclusions of iron ore have yielded schiller like structure. At times, 
they are found altering to hornblende and sometimes to chlorite with release of magnetite and 
quartz. 

Non-foliated amphibolites in all petrographic details are similar to foliated amphibolites 
except the fabric that lacks foliation. They are invariably medium to coarse grained and 
massive having a typical gabbroic look and are commonly characterised by relict ophitic to 
sub-ophitic textures and also the presence of relict pyroxene grains suggesting their magmatic 
character. They typically exhibit decussate granoblastic to porphyritic texture. In some of the 
sections, they show typical heteroblastic texture in which large prismatic laths of hornblende 
are found within the granoblastic aggregate of plagioclase, quartz and finer grains of 
amphiboles. Some of the calcic plagioclase grains indicate compositional zoning which are 
often indicated by selective saussuritization and oscillatory extinction while others provide the 
evidence of relict ophitic texture. The composition of the plagioclase range from An35 to An60 
i.e. andesine to labradorite. In addition to these, some partly altered relict grains of pyroxene, 
both Cpx (diopsidic augite) and Opx (hypersthenes), are also present. Small xenoblastic to 
sub-idioblastic grains of light yellow pistacite having mottled appearance, columnar habit and 
feeble pleochroism as well as granules of colourless zoisite with high relief and anomalous 2nd 
order interference colours have also been identified. Common accessories include deep red-
brown rutile, opaque magnetite as well as wedge shaped sphene with high relief and rhombic 
parting. Anhedral colourless quartz and colloidal turbid calcite are found as secondary 
minerals. 
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GEOCHEMISTRY 

Out of about twenty five representative field samples of amphibolites collected from 
the study area, eight were selected for major element analysis on XRF (Philips MagiX PRO 
Model PW 2440) based on their petrographic details and five of them for trace including REE 

analysis on HR-ICP-MS (Nu Instruments Attom, UK) at the geochemical labs of  National 
Geophysical Research Institute (NGRI), Hyderabad. Reference material BHVO-1 was used 
for analysis of major or minor elements, while BHVO-1 and JB-2 were used for determining 
trace including REE values. 

The major oxides data so obtained are well within the limits of reproducibility.  Precision 
of the data is better than 3% RSD with comparable accuracy for most trace elements. FeO 
was determined by titration method in the geochemical lab of Patna University following the 
method suggested by Shapiro and Brannock (1962). 

The whole rock composition of the analysed rocks in terms of major oxides (wt %) 
together with CIPW norms as well as trace including REE data have been presented in Table- 
1. 

The igneous character and tholeiitic nature of these rocks are evident from a binary 
classification diagram SiO2 vs. Na2O+K2O (wt %) also known as TAS diagram with modified 
fields of the common igneous rocks after Le Maitre (2002) and a dividing line between alkalic 
and sub-alkalic magma series after Miyashiro (1978), as shown in Fig. 3, wherein they plot in 
the field of sub-alkalic magma (tholeiitic) series and fall mostly in the field of basalt and basaltic 
andesite. This is further supported on variation of FeO0 against FeO0/MgO plot (Fig. 4). 
However, few samples fall on the CA side of the divide. Since in these cases FeO0/MgO ratio 
is less than 2, this relationship according to Miyashiro (op cit) does not hold good. Therefore, 
they also have tholeiitic affinity. The variation of the weight percent of all the oxides against 
SiO2 (wt %), which is a very useful indicator of the magma evolution in many co-genetic suites, 
indicates mafic to somewhat ultramafic character of the amphibolitic rocks of the area within 
a narrow compositional range suggesting limited fractionation. The rocks of the area, when 
plotted on the AFM diagram (Fig. 5), fall close to the early stage of fractionation trend of the 
Skaergaard as well as the Palisades tholeiitic suites indicating their igneous character.  

As far as normative composition is concerned, the amphibolites are characterized by 
higher values of An, Di, Hy, Il and Mt; moderate values of Ab, Ol and low values of Q, Or and 
Ap. The normative composition showing congruency with the chemical composition 
characteristically conform to the mafic to somewhat ultramafic character (An>Ab) as well as 
tholeiitic nature of these rocks. Based on Al2O3 / Na2O+K2O+CaO ratio (molar basis) the 
metabasic rocks of the area are metaluminous. This is also supported by the normative and 
the modal composition of these rocks. The excess of Al2O3 over Na2O+K2O is distributed 
among hornblende, epidote and biotite in the mode and An, Di and Hy in the norm.  

SiO2 (wt.%) vs. Nb/Y plot, after Winchester and Floyd (1977), has also clearly indicated 
that the amphibolites fall within the field of thoeiitic basalts (Fig. 6). Like major oxides, the trace 
elements also support fractional crystallization model of differentiation.  

Cr, V, Ni, Co as well as Zr and Hf exhibit decreasing trend and Rb, Ba,Y, Nb, Ta and 
U reveal an increasing trend with differentiation. However, Zn, Cu, Sr reveal no specific trend. 

The MORB- normalized trace element patterns (Fig. 7) of the foliated and non-foliated 
amphibolites are strikingly similar. These are more or less distinctly spiky, parallel and closely 
spaced and are mostly negatively sloping showing conspicuous similarity in trends. They run 
closely for the part Sm-Yb almost parallel to the MORB line and are marked by negative spikes 
at Nb and Ti. It can also be observed that both foliated and non- foliated amphibolites are 
variably enriched in the whole range of LILEs like Sr, K, Rb, Ba & Th. However, the foliated 
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amphibolites are selectively enriched in HFSEs such as Ce, P, Sm, Y, Yb ± Nb ± Zr ± Hf ± Ti 
relative to MORB. As against these, the non-foliated amphibolite (C5) is depleted in the whole 
range of HFSEs except Ta and Ce as compared to MORB.    
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Fig. 3: TAS diagram for the rocks of the area after Le Maitre, 2002. 
 
 

 

Fig. 4: FeO0 vs. FeO0/MgO diagram for the amphibolites of the area. 
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Fig. 5: AFM diagram for the rocks of the area.  I:  Tholeiitic trend, Skaergaard intrusion, after McBirney 
(1996); II:  Tholeiitic trend, the Palisades sills, after Shirley (1987); III: Calc-alkaline trend, the 
Medicine Lake after Grover and Baker (1984)  

 

Fig. 6:  Nb/Y vs. SiO2 classification plot for the amphibolitic rocks of the area after Winchester and    
Flyod (1977). 
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The non-foliated amphibolite is distinguished from the foliated ones in Sm-Yb part of 
the patterns where its trend, although parallel, is wide apart and more depleted. This may 
perhaps be due to low content of accessory minerals like sphene, rutile, magnetite and garnet 
relative to the foliated amphibolites as well as MORB as these HFSEs have strong tendency 
to concentrate in such minerals. HFSEs are also sequestered in residual hornblende in the 
source (Drummond and Defant, 1990). In totality, these rocks are enriched in LILEs as 
compared to the HFSEs as has been evidenced from the negative slope. A positive spike at 
Nb (C-7) and inverted Zr-Hf trough in few samples indicate departure from the normal trend. 
This may be because of presence of high content of hornblende with which these HFSEs are 
compatible. 

 

Fig. 7: MORB- normalized trace element patterns representing the rocks of the area. Normalizing    
constants after Pearce (1983). 

 

The chondrite- normalized patterns for these rocks (Fig. 8) also exhibit a general 
enrichment of incompatible LILEs as well as HFSEs with variation within a narrow range. 
Almost parallel and closely running part of the patterns from Ti – Yb  suggest identical  but 
higher concentration of less incompatible elements in foliated types and a comparatively lower 
concentration in non-foliated types but all exhibit variable enrichment of more incompatible 
LILEs (Ba, Rb, Th, K, La, Sr) like MORB- normalized patterns. These patterns also show spiky 
and irregular habit. The non-foliated amphibolite here also is negatively sloping with 
conspicuous decline for the similar reason as stated in the case of MORB- normalized pattern, 
indicating thereby more enrichment in LILEs than HFSEs as compared to the foliated rocks of 
the area. These trends are consistent with MORB- normalized patterns. Thus, chondrite- 
normalized patterns, too, bear an overall similarity in results.  

The primitive mantle normalized- REE patterns of the rocks of the area as shown in 
Fig. 9 are broadly similar and negatively sloping. They show enrichment in LREE (av. 62.77 
ppm) about three times the HREE (av. 21.18 ppm) and the latter are markedly depleted in 
non-foliated amphibolite (C-5). Garnet which readily accommodate HREE and strongly 
fractionate LREE (Green, 1980) could have stayed in the residual mantle during partial melting 
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resulting into the depletion of source magma in HREE. Therefore, a steep negative slope is 
expected in REE and HREE because of complete absence or very low content of garnet in C-
5 and this fact is petrographically supported as well. 

 

 

Fig. 8:  Chondrite-normalized multielement spiderdiagrams for the rocks of the area. Normalizing 
constants after Thompson et al. (1984). 

There is apparently a good correlation between LREE and LILEs-enrichment as well 
as between HREE and HFSEs depletion. A higher and largely varied normalized value of 
(La/Sm)N > 1 in amphibolites (1.24 – 2.99) suggests a source related LREE-enriched nature 
of these rocks. La/Sm ratio is an index of the degree of incompatible trace element enrichment 
(Hart & Blusztajn, 2006). (La/Yb)N ratios, which are simply the ratio of light REE to heavy REE, 
vary from 1.74 to 2.34 in foliated amphibolites and 6.88 in non-foliated amphibolites that 
manifest negative slope of the pattern suggesting moderate to higher degree of LREE-
enrichment in these rocks of the area. A ratio of the most incompatible very light REE 
expressed as (La/Ce)N is important of all as it may help depict the source composition and it 
is greater than 1 (1.08-1.16) for most of the rocks. It is also important to note the behaviour of 
europium (Eu) which forms a very small and less prominent trough to almost flat trend in the 
REE patterns of amphibolites (Fig. 9) causing a small negative Eu-anomaly to no remarkable 
anomaly that may be suggestive of retention of very small content of plagioclase in the 
residuum during partial melting of the shallow mantle leading to the presence of optimum 
content of plagioclase in these rocks as Eu is preferentially partitioned into plagioclase. This 
is also supported by Eu/Eu* values which are remarkably <1 (0.87-0.97) for rocks with –ve 
Eu-anomaly. 
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Fig. 9:  Primitive mantle- normalized REE patterns of the rocks of the area. Normalizing constants   after 
McDonough and Sun (1995). 

DISCUSSION 

The critical evaluation of the data accruing out of the field, petrographic and chemical 
studies of the amphibolites associated with the southern extremities of the CGGC around 
Balrampur in Purulia district, West Bengal forms the basis of the present discussion to 
understand the overall geological conditions under which these rocks were formed. 

The amphibolites, both foliated and non-foliated types, occur as mafic to ultramafic 
enclaves within the CGGC in the area showing dominant sill-flow morphology in the form of 
linear bands, strips, lenses etc. These were deformed, co-folded and metamorphosed along 
with the enclosing metasediments such as mica schists, schistose quartzites and quartzites 
of the Singhbhum Group under amphibolite facies conditions. Some intrusive dyke phases 
with fresh bouldery outcrop often characterised by spheroidal weathering also occur. They 
have the imprints of more than one phase of deformation and metamorphism. The one that 
coincides with the main phase of deformation (D1) has given rise to tight isoclinal folding with 
most pervasive axial plane of schistosity having ENE-WSW regional trend. The second phase 
of deformation (D2) has yielded the complex microfolds, puckers, drag folds and ptygmatic 
folding and lineation especially in incompetent lithology followed by retrogration. Conspicuous 
absence of pyroclastics is noted which is significant from petrogenic point of view. 

A detailed petrographic investigation of these rocks has highlighted some valuable 
mineralogical and textural features that may throw light on their genesis as well as subsequent 
changes during metamorphism. They essentially consist of hbl + calcic plagioclase ± relict 
pyroxene together constituting >90% by volume. Foliated amphibolites exhibit pervasive 
foliation with preferred orientation of hbl laths and the segregation of mafic and felsic 
constituents into alternate bands imparting their characteristic gneissic character. They show 
relicts of ophitic to sub-ophitic texture, sometimes twinning and zoning in megacrysts of 
plagioclase laths (An55-An65) as well as relicts of cpx and opx, all indicating their magmatic 
character. 



Geochemistry of amphibolites associated with southern Chotanagpur Granite Gneiss Complex around 
Balrampur, Purulia district, West Bengal: Bhagat and Kumar 

 

 

184 

 

Based on the relict texture and mineralogy, the investigated amphibolites exclusively 
show signs of igneous origin and they belong to basalt-basaltic andesite association which is 
typical of the present day volcanic suites found in subduction related island arc set-up. 

A synthesis of the various variation plots of genetic significance has well established 
the igneous character for these amphibolitic rocks despite the fact that the chemical distinction 
between the ortho- and para- amphibolites in high grade metamorphic terranes has always 
remained a matter of debate and their chemical behaviour are found to be in good correlation 
with their petrographic details. This is further supported by the chemical criteria where the 
variation of TiO2 was taken into consideration against MgO/MgO+FeO by Leake (1964). A -ve 
correlation on the plot TiO2 vs. MgO/MgO+FeO (Fig. 10) is expected in basalts which are 
derived by partial melting of upper mantle source for the reason that TiO2 behaves as an 
incompatible element and therefore the protoliths of these amphibolites are basaltic in nature. 
A cumulative picture of the geochemical behaviour, mentioned earlier, supports a tholeiitic or 
sub-alkalic nature as well as a differentiation trend consistent with the fractional crystallization 
model within a restricted compositional range varying somewhat ultrabasic to mafic types for 
these high grade amphibolites. Besides these, the values of K2O (0.19–1.12 wt. %), Na2O (av. 
1.47 wt. %) as well as Na2O/K2O (1.57–6.05) and Fe2O3/FeO (0.24–0.31) ratios of these rocks 
suggest that they are comparable to the arc tholeiites. The amphibolites are generally quartz-
hypersthene normative. Some contain ol in their norms indicating their Mg-rich basaltic nature. 
Furthermore, a narrow range in Fe2O3/FeO (0.24-0.31), FeO0/MgO (0.79-2.25) and 
FeO0/(FeO0+MgO) (0.44-0.69) ratios as well as Mg number (50-74) characterizes limited 
differentiation and co-magmatic nature.  

 

 

Fig. 10: TiO2 vs. MgO/(MgO+FeO) plot of the area indicating ortho-nature of the amphibolites of the 
area after Leake (1976). 
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Fig. 11: Ce/Yb vs Ta/Y tectonomagmatic discrimination diagram for the rocks of the area. 

The trace element variations also support the fractional crystallization model like the 
one suggested by major elements. The MORB- and Chondrite- normalized trace element 
patterns are distinctly spiky and irregular, negatively sloping as LILEs > HFSEs, coupled with 
a -ve Nb-Ta-Ti anomaly all characteristic of subduction related island arc setting. Differential 
solubility of incompatible elements in slab generated hydrous fluids is supposed to provide 
typical spiky arc signature in normalized trace element patterns. The occurrence of –ve Nb-
Ta-Ti anomaly which may be probably indicating either their depletion in the source or 
retention in the refractory phases in the mantle source to which these elements are highly 
compatible during partial melting. LILEs having low ionic potential are readily dissolved and 
transported in aqueous fluid at high P&T condition with respect to HFSEs (Tatsumi and 
Eggins, 1995). 

The Primitive mantle- normalized REE patterns together with total LREE (54-89 ppm), 
total HREE (21-31ppm) and (La/Yb)N ratios (1.74-2.34) for the dominant foliated amphibolites 
of the area suggest a moderate REE fractionation supporting limited fractional crystallization 
within a narrow range. LREE- enrichment and HREE- depletion pattern could also result from 
lower degree of partial melting of a normal / depleted mantle (Best, 2006) or a moderate 
degree of melting of an enriched mantle (Rathna and others, 2000). The estimated melting in 
the present case varies from 10-15 % as evident from the variation of Ba against Y plot (Fig. 
13) after Dasgupta et al. (2005). Comparison of REE parameters, such as LREE, HREE, 
∑REE along with ∑LREE/HREE, (La/Yb)N, (Ce/Yb)N, Eu/Eu* ratios, of the tholeiitic rocks of 
different tectonic settings after Shao Cong Lai (2007) with that of the amphibolites of the area 
(Table-2) also suggests island arc set-up for them which is further substantiated by 
tectonomagmatic discrimination diagram (Fig. 11) 
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Fig. 12: Al-Fe+Ti-Mg cation plot for the rocks of the area after Jensen (1976). 

The composition of the primary magma type is discerned from Jensen’s diagram (Fig. 
12) which clearly suggests that the amphibolites fall within the field of Mg-rich tholeiite that 
followed differentiation towards Fe-rich tholeiitic basalt. A relatively low MgO (av. 8.08 wt. %), 
Ni (38-84 ppm), Cr (60-79 ppm) and low mg-number (av. 60) have supported the significance 
of crystal fractionation from the MgO- rich varieties with early Olivine + Opx fractionation 
followed dominantly by Cpx + Plagioclase fractionation at lower temperature from the residual 
melt derived from olivine fractionated magma in the formation of more evolved rock types 
having restricted compositional range from tholeiitic basalt to basaltic andesite (olivine-
hypersthene as well as quartz-hypersthene rich) that serve as the protolith of the foliated and 
non-foliated amphibolites of the area. Some REE ratios such as (La/Sm)N, (La/Yb)N and 
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(La/Ce)N are particularly significant from petrogenetic point of view because they reflect the 
ratios in the mantle source rock of the magma provided partial melting is fairly large (>10 %) 
in which case REE fractionation could not have taken place (Wilson, 1989). In the present 
case partial melting varies from 10-15% (Fig.13). A limited variation in the ratios, Ce/Nd 
(foliated amphibolites: 1.38-1.55; non-foliated amphibolite: 2.06) and Th/Yb (foliated 
amphibolites: 0.37- 0.57; non-foliated amphibolite: 2.34), usually used to assess the crustal 
contamination of mantle derived magma, indicates their uncontaminated nature. The former 
also reflect the source rock characteristic suggesting thereby the comagmatic nature of these 
rocks.  

 

Fig. 13: Ba vs. Y plot showing covariance in compatible – incompatible element pairs in liquid fraction 
produced by partial batch melting of mantle at 5, 10, 15, 20, 25% melt fraction after Dasgupta 
et al. (2005). 

 

The problem of spatial situation of the volcanic basaltic magmas within the island arc 
system was taken up by Sugimura (1968) and he used the index (θ) that ranges from 44 - 41 
for basalts situated near the ocean side limit of volcanic belt whereas it varies from 38 - 35 in 
volcanoes in the continental side zone of the same volcanic belt i.e. back-arc basin or 
continental marginal basin. Since the Sugimura Index for the amphibolitic rocks of the area 
varies from 41.5 to 30, its situation intermediate within the island arc zone i.e. intraarc marginal 
position is well indicated. 

To demarcate between the intrusive and extrusive nature of the rocks on chemical 
basis using the oxidation ratio of Chinner (1960), it has been suggested that extrusive and 
intrusive rocks have this ratio of 26.8 and 16.5 respectively. The oxidation ratio for the 
amphibolitic rocks of the area under investigation ranges from 18.4 to 23.53 suggesting a sill-
flow mode of emplacement for these rocks. 

The major and trace element signatures clearly depict tholeiitic protolith for the 
amphibolites of the area that shows strong affinity with the island (oceanic) arc set-up. 
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On the basis of the experimental and thermodynamic results pertaining to the stability 
fields of coexisting mineral phases and other petrographic features, the peak of regional 
metamorphism in the amphibolite facies condition is marked by the temperature range from 
6400 ± 200C and water pressure around 4-5 Kb. The characteristic mineral assemblage 
present in the investigated amphibolites includes hbl + plag. ± pyr + il + qtz, which is typically 
identical to the mineral assemblage resulting out of the upper amphibolite facies 
metamorphism in mafic rocks. Hence, the rocks under consideration can be assignable to a 
thermal gradient with temperature ranging from 6400 ± 200C and water pressure around 4-5 
Kb accompanied by synkinematic plutonism and migmatisation.  

              

 

Fig. 14: Sketch showing tectonic setting of Singhbhum marginal basin and associate morphostructural 
units (Modified after Bose, 1994) in liquid fraction produced by partial batch melting of mantle 
at 5, 10, 15, 20, 25% melt fraction after Dasgupta et al. (2005). 

To explain the inter se relationship between the three major tectonic units of 
Singhbhum region i.e. Singhbhum-Orissa craton, Singhbhum Group and the Chotanagpur 
Granite Gneissic Complex, a number of different tectonic models have been suggested so far. 
However, none of these models is supported by data. The outcome of the present 
geochemical work well supports the Back-arc marginal setting model for Singhbhum Group of 
rocks (Bose and Chakraborti, 1981; Bose et al., 1989; Bose, 1994; Kumar, 2014) according 
to which a major subducting northern plate supporting CGGC had marginal back arc basin 
situated over it in which the Dalmavolcano-sedimentary sequence of the mid-basinal North 
Singhbhum Mobile Belt was laid down (Fig.14). 

CONCLUSION 

The major and trace element signatures along with the petrographic details clearly 
depict tholeiitic protolith for the amphibolites associated with the southern extremities of CGGC 
that has undergone limited fractional crystallization of dominant mafic types spanning in 
composition from basalt to basaltic andesite under island arc set-up. Further, the dominance 
of tholeiite in this set-up is indicative of the main arc domain erupted during the initial and 
immature stage of the development of the island arc system with no sign of violent eruption 
indicated by the absence of the pyroclastics. They are generally characterized by sill-flow 
mode of occurrence and are assigned to the embryonic intraarc basins that generally come 
into existence because of the diapiric rise of magma beneath the arc creating a zone of rifting 
and subsidence like those found in Tonga - Lao and Philipines - Mariana basins (Karig, 1971; 
Crawford et al., 1981). The present observations evidently support the views of Kumar (2014) 
which were tacitly assumed earlier in the case of amphibolites associated with the northern 
part of CGGC and the same stand well substantiated.  
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