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The newer dolerite dykes around Keonjhar within the Singbhum Granite occur in NE–SW, NW–SE
and NNE–SSW trends. The mafic dykes of the present study exhibit several mineralogical changes like
clouding of plagioclase feldspars, bastitisation of orthopyroxene, and development of fibrous amphibole
(tremolite–actinolite) from clinopyroxene, which are all considered products of hydrothermal alterations.
This alteration involves addition and subtraction of certain elements. Graphical analyses with alteration
index and elemental abundances show that elements like Rb, Ba, Th, La and K have been added during
the alteration process, whereas elements like Sc, Cr, Co, Ni, Si, Al, Fe, Mg and Ca have been removed.
It is observed that in spite of such chemical alteration, correlation between major and trace elements,
characteristic of petrogenetic process, is still preserved. This might reflect systematic alteration (addition
or subtraction) of elements without disturbing the original element to element correlation. It has also
been established by earlier workers that the evolution of newer dolerite had occurred in an arc-back
arc setting which may also be true for newer dolerites of the present study. This is evident from plots
of pyroxene composition and whole rock composition of newer dolerite samples in different tectonic
discrimination diagrams using immobile elements. The newer dolerite dykes of the Keonjhar area may
thus be considered to represent an example of hydrothermal activity on mafic rocks in an arc setting.

1. Introduction

Proterozoic mafic dyke swarms are fairly common
in the shield areas all over the world. In India, Pro-
terozoic mafic dykes are widespread in the cratonic
areas of Bundelkhand, Dharwar, Singhbhum (Saha
1994; Halls et al. 2007; Pati et al. 2008). These
dykes are disposed in NE–SW, NW–SE direc-
tion and they have tholeiitic composition. Many
of them bear the signature of low grade meta-
morphic alteration (Mallikharjuna Rao et al. 2005;
Bose 2008).
The mafic dyke swarm, popularly known as the

newer dolerite suite, traverses the Precambrian

Singbhum granitic complex in the districts of
Singbhum, Keonjhar and Mayurbhanj in eastern
India (Dunn 1929; Jones 1934; Krishnan 1936;
Dunn and Dey 1942; Saha 1948, 1952; Saha et al.
1972, 1973). The reticulate dyke system defines
two broad populations trending NW–SE and NE–
SW in the Singbhum craton (Dunn 1929; Dunn
and Dey 1942; Saha et al. 1973; Bose 2008). These
orientations of the dykes apparently imply a prin-
cipal axis of stress from the north resulting in
brittle deformation of the rigid Singbhum pluton
(Dunn and Dey 1942). The dykes in the north-
ern domain of the Singbhum pluton appear to be
emplaced along planes of conjugate shear fractures
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(Dunn and Dey 1942; Saha 1994; Mukhopadhyay
2001). It has been proposed that hybrid fractur-
ing of the rigid granitic mass evolved through both
extension and shear embracing nucleation, prop-
agation and coalescence at varying relative rates
(Mandal et al. 2006). Few radiometric age data are
available for these mafic dykes using K–Ar, Rb–Sr,
Sm–Nd system of dating (Saha 1994; Mallick and
Sarkar 1994) which broadly assign a Proterozoic
status to these mafic dykes. It appears from pre-
vious works that the newer dolerites were evolved
in arc-back arc setting (Bose 2008; Mir et al.
2010, 2013).
The present research comprises field, petro-

graphical and geochemical study of the newer
dolerite dykes around Keonjhar of Orissa situated
in the western marginal parts of the Singbhum

craton respectively (figure 1). The newer dolerite
dykes occur as distinct long ridges, hillocks and also
as stony wastes dominantly showing a NE–SW,
NW–SE and NNE–SSW trend within the Singb-
hum Granite around Keonjhar (figure 1). In all
the exposures, rocks are very hard, compact and
massive. The widths of the dykes vary from a few
meters to over 1 km. The mafic dykes of the present
study show the effect of hydrothermal alteration
which imparts a green colour to these rocks causing
significant mineralogical changes.
The aim of the present research is to char-

acterize and document the mineralogical changes
of the newer dolerite dykes due to hydrother-
mal activity and to understand the mecha-
nism of such alteration processes which involve
addition and subtraction of certain elements,

Figure 1. Geological map of Singhbhum region (modified after Saha 1994) indicating study areas denoted by solid blocks A
and B around Keonjhar. The two blocks have been blown up to show occurrences of newer dolerite dykes within Singhbhum
granite around Keonjhar. Important towns and villages in and around the study areas have also been marked.
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especially trace elements during such hydrothermal
activity.

2. General geology

The Sinbhum craton is one of the oldest cratonic
nuclei of the Indian landmass (Basu et al. 1981;
Goswami et al. 1995; Misra et al. 1999; Mandal
et al. 2006; Mukherjee et al. 2008). It preserves
a complex geological association involved in sev-
eral episodes of magmatism, sedimentation and
orogenies over a protracted period of time in the
Archaean (Goswami et al. 1995; Misra et al. 1999;
Mukhopadhyay 2001; Roy and Bhattacharya 2012).
The Singbhum Granite batholithic complex within
Singhbhum craton comprises at least 12 granitic
units, which are considered to have been emplaced
in three successive but closely related phases:
Phase I, Phase II and Phase III (Saha 1994). The
Singhbhum granite pluton is invaded by a group of
dykes, the ‘Newer Dolerites’ as reported by Dunn
and Dey (1942) marking the stabilisation of the
craton as a whole. The chronostratigraphic succes-
sion of rocks of Singhbhum craton (Misra 2006)
indicate that the newer dolerite dykes are the
youngest mafic magmatic unit.

3. Petrography and mineralogy

Petrographic studies were carried out with Nikon
Polarizing microscope (Model no. 064333) at the
Department of Geology, Presidency University,
Kolkata and composition of constituent minerals
were determined from diamond polished thin sec-
tion with carbon coating by Electron Probe Micro
Analyses (EPMA) in the laboratory of Geological
Survey of India, Kolkata using CAMECA SX 100
with accelerating voltage 15 kV, 12 nA current and
a beam size of 1 micron. All natural standards are
used for analyses of Ca, Fe, Si, Al, Na, Mg, Cr,
K, Ni, P elements. For analyses of Mn and Ti,
synthetic mineral standard has been used.
Mafic dykes of the study area are repre-

sented by both fine-grained porphyritic variety and
medium to coarse-grained nonporphyritic variety.
Porphyritic varieties are characterized by occur-
rence of phenocrysts of clinopyroxene and plagio-
clase. Clinopyroxenes show a faint pink to green
colour and occur as single prismatic grains and
as clusters. Compositionally they show a wide
range of variations from Wo43.9 En44.3 Fs11.8 to
Wo13.9 En27.7 Fs58.4 (table 1) forming augite, sub-
calcic augite, ferroaugite to pigeonite (figure 2).
Zoning is observed in some large clinopyroxene
grains commonly showing iron enrichment trend
from core to rim. In few cases, the augite core
of a grain is surrounded by a pigeonite rim. In

some dykes, clinopyroxenes are replaced by chlo-
rite, tremolite and actinolitic amphibole (figure 3).
In the terminology of Leake et al. (1997), all
the studied amphiboles are of calcic type, namely
ferro actinolite, actinolite, actinolytic hornblende
(figure 4). Orthopyroxene occurs as a major min-
eral in some dykes but is mostly replaced by bastite
leaving a few relict grains (figure 5) (table 1).
Dykes with orthopyroxenes are sometimes asso-
ciated with anorthitic plagioclase (An86.7). These
orthopyroxene bearing dykes may be classified as
norite or noritic gabbro. Fresh plagioclase grains
are very rare in the dolerites of the present study
area. They are mostly clouded showing dark to
light grey coloured dusty appearance (figure 6) and
are nearly isotropic between crossed polars. Wide
variation of composition (from An95.3 to Ab99.5;
table 2) is observed in different parts of unzoned
clouded plagioclase grains. Alterations like saus-
suritization and sericitization are also observed in
some plagioclase grains. Unclouded small grains of
plagioclase show extreme albitic (Ab97.4) compo-
sitions with some intermediate ones (Ab48 An51.8)
(table 2). Figure 7 shows the variable compo-
sitions of both clouded and unclouded plagio-
clase grains covering a wide range of compositions
from albite to anorthite. The common accessory
minerals are magnetite, occasionally associated
with ilmenite, biotite and sphene. Interstitial
quartz and high modal abundance of granophyric
intergrowth are commonly developed and often
constitute a significant proportion of the rock.

4. Geochemistry

In order to get an idea about petrogenetic process
and subsequent alteration, chemica composition
of mafic rocks appear to be important. For this
purpose 37 samples of newer dolerite of the
present study have been analyzed to determine
major element abundances by XRF method from
Wadia Institute of Himalayan Geology, Dehradun,
India. Trace elements including rare earth element
abundances of 13 samples were determined by
inductively coupled plasma mass spectrometry
techniques using Perkin Elmer, Sciex ELAN
DRC II system at National Geophysical Research
Institute, Hyderabad, India. International rock
standards like BHVO-1, BR (major elements) and
JB2 (trace and REE) were run along with the
samples to check the precision and accuracy of
measurement. The analyzed and certified values
of BHVO-1 and JB2 are given in tables 3 and 4.
The major oxides of these 37 samples show a
wide range of compositional varaiation; SiO2

content (46.77–56.99%), TiO2 (0.39–2.65%),
Al2O3 (7.48–14.04%), FeO (7.51–13.04%), Fe2O3
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Table 1. Representative EPMA data of pyroxene grains in newer dolerite dykes of Keonjhar.

Sl. no. 1 2 3 4 5 6 7 8 9 10 11 13 14 16

Des Cpx Cpx Cpx Cpx Cpx Cpx core rim Relict opx Pig Cpx Cpx Cpx Cpx Relict opx

SiO2 49.96 51.9 50.89 51.31 49.41 50.43 51.34 54.62 51.17 49.76 52.16 50.29 49.33 54.68

TiO2 1.1 0.22 0.22 0.04 0.73 0.56 0.24 0.06 2.88 0.67 0.39 0.38 0.56 0.11

Al2O3 2.79 1.62 2.94 1.89 2.04 1.8 1.29 1.14 0.82 1.7 2.08 2.18 0.93 1.49

FeO 12.35 9.65 7.01 20.02 16.5 12.37 18.45 13.21 26.12 19.63 8.6 14.57 28.62 12.1

Cr2O3 0 0.04 0.85 0.1 0.08 0 0.13 0.4 0 0 0 0.19 0 0.5

MnO 0.23 0.24 0.27 0.18 0.4 0.21 0.43 0.21 0.29 0.42 0.21 0.27 0.51 0.2

MgO 13.9 16.49 15.36 11.41 12.83 15.93 21.19 28.15 7.04 11.25 16.68 15.91 12.05 28.08

CaO 19.17 18.55 21.2 12.68 17.55 17.77 5.84 2.34 4.89 16.29 19.25 15.07 7.63 2.37

Na2O 0.33 0.19 0.35 0.29 0.28 0.31 0.12 0.02 3.62 0.23 0.22 0.24 0.11 0.01

K2O 0.02 0 0 0.07 0 0 0.02 0.06 0.95 0 0.02 0 0 0.01

Number of ions on the basis of 6 oxygen

Si 1.876 1.938 1.892 2.016 1.882 1.887 1.919 1.948 2.04 1.919 1.928 1.897 1.943 1.959

Al 0.053 0.062 0.128 0.087 0.819 0.079 0.057 0.048 0.038 0.077 0.098 0.097 0.043 0.0625

Fe3+ 0.087 0.052 0.074 0 0.122 0.136 0.099 0.045 0.038 0.063 0.048 0.099 0.046 0

Ti 0.031 0.006 0.006 0.001 0.021 0.016 0.007 0.002 0.086 0.019 0.011 0.011 0.017 0.003

Fe2+ 0.3 0.249 0.144 0.658 0.404 0.25 0.478 0.349 0.833 0.571 0.217 0.361 0.897 0.363

Cr 0 0.001 0.025 0.003 0.002 0 0.004 0.011 0 0 0 0.006 0 0.014

Mg 0.778 0.918 0.851 0.668 0.728 0.889 1.181 1.497 0.418 0.647 0.919 0.895 0.707 1.5

Mn 0.007 0.008 0.009 0.006 0.013 0.007 0.014 0.006 0.01 0.014 0.007 0.009 0.017 0.006

Ca 0.771 0.742 0.845 0.534 0.716 0.713 0.234 0.089 0.209 0.673 0.762 0.609 0.322 0.091

Na 0.024 0.014 0.025 0.022 0.021 0.022 0.009 0.001 0.28 0.017 0.016 0.018 0.008 0.001

K 0.001 0 0 0.004 0 0 0.001 0.003 0.048 0 0.001 0 0 0

Wo 39.66 37.69 43.93 28.61 36.11 35.71 11.67 4.50 13.85 34.23 39.02 30.89 16.19 4.64

En 40.02 46.62 44.29 35.82 36.73 44.55 58.89 75.35 27.75 32.89 47.04 45.37 35.57 76.54

Fs 20.32 15.69 11.78 35.58 27.15 19.74 29.44 20.15 58.40 32.89 13.94 23.75 48.25 18.81

Des: description, Cpx: Clinopyroxene, Opx: orthopyroxene, Pig: pigeonite.

Figure 2. Representative compositions of pyroxenes in
newer dolerite dykes of Keonjhar area.

(1.46–2.53%), MgO (3.19–14.07%), MnO (0.14–
0.23%), Na2O (1.11–4.34%), K2O (0.43–1.72%),
and P2O5 (0.06–0.58%). The dolerites are basalt
to basaltic andesite in composition (figure 8). A
prominent iron-enrichment trend is observed in
the AFM diagram (figure 9).

Figure 3. Photomicrograph showing replacement of clinopy-
roxene grain by tremolite–actinolite needles between crossed
polars.

In a majority of bivariate diagrams with mg
number against TiO2, FeO, Na2O + K2O, P2O5

(figure 10), a distinct linear differentiation trend
is observed supporting the co-genetic nature of
the dolerite dykes. Inter element correlation and
variation is an important aspect to portray mag-
matic differentiation mechanism. It is observed
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Figure 4. Representative compositions of amphiboles in
newer dolerite dykes of Keonjhar area.

Figure 5. Photomicrograph showing bastitised orthopyrox-
ene grain with some relict parts in plane polarized light.

that TiO2, FeO, (Na2O + K2O), P2O5 show a
good negative correlation with mg number whereas
oxides such as TiO2, FeO, P2O5 show a positive
correlation. K2O/TiO2 ratio shows a positive cor-
relation with mg number. Absence of good correla-
tion is observed in CaO vs. MgO and SiO2 vs. MgO.
Binary variation diagrams constructed with

some important trace elements like Ba,Y, Ni, Th,
Zr, Nb, La, etc., clearly demonstrate the co-genetic
nature of the dolerite dykes (figure 11). In all the
plots, the different dykes show a distinct trend
of evolution except Rb–Y. Rb is highly sensitive
to alteration and as a result does not show any
correlation with Y. A good positive correlation is
observed between Ba–Y, Th–Y, Zr–Nb, La–Zr
while a negative correlation is found in case of
Ni–Zr.
REE abundances of mafic dykes of the present

study are plotted in a chondrite-normalized dia-
gram (figure 12). The plots of the newer dolerite

suite show a fractionated REE pattern with LREE
enrichment. All the dykes show a similar pattern
but their overall abundances vary from 50 to 100
times higher compared to chondrite. Similar REE
pattern of the dolerite dykes also supports their
co-genetic nature.

5. Signatures of alteration from
petrographic and geochemical studies

5.1 Petrographical features

We will discuss some of the typical alteration fea-
tures of some minerals which may throw light on
the possible alteration processes which operated
during the formation of these rocks.

5.1.1 Clouding in feldspar

Detailed observation of thin sections revealed that
plagioclase feldspar laths under plane polarized
light, commonly show grey to black turbid patchy
discolouration or clouding (figure 6). This clouding
occurs due to presence of ultramicroscopic dust
like inclusions (MacGregor 1931; Poldervanrt and
Gilkey 1954; Pichamuthu 1959; Zhang 1988; Halls
et al. 1994). Previous works on clouded plagioclase
(Knopf and Jonas 1929) show that these dusty
inclusions are mostly magnetite, i.e., much of the
iron in clouded feldspar is in the divalent state.
Spatial distribution of clouding is variable

among different grains in a specimen and among
different specimens in the study area. But an over-
all account shows that many of the rocks show
intense clouding in plagioclase while others show
medium to weak clouding effects. The optical
density varies across a grain. The outer margin
is sometimes clearer than the interior because it
contains no inclusions. Feldspar clouding is eas-
ily distinguishable from feldspar saussuritization.
Feldspar clouding forms a brown to dark grey stain
in plane polarized light, formed by the presence of
sub-microscopic magnetite. Between crossed polars
these clouded grains appear opaque. Saussurite
forms a dusty grey amalgamation of visible min-
erals in plane polarized light, with a speckled
appearance between cross nicols.
Previous observation revealed that clouded

feldspar is very common in mafic dykes that
transect Proterozoic shield areas such as satellite
dykes of the Great Dyke in Zimbabwe (Robertson
and Van Breeman 1970), Matachewan dykes of
the Canadian shield (Halls and Palmer 1990),
dykes on Wyoming shield, USA (Armbrustmacher
and Banks 1974), Dharwar craton in India
(Pichamuthu 1959) and many others. It has been
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Figure 6. Photomicrograph showing clouded plagioclase
grain in plane polarized light.

shown that cloudiness is a product of ther-
mal metamorphism caused by regional heating
or by the heat of neighbouring igneous magma
(MacGregor 1931). We prefer the regional heat-
ing model of thermal metamorphism as the pos-
sible cause for feldspar clouding in our study
area as there is no evidence of intrusive rocks in
the vicinity. It is also evident from petrographic
studies that the dolerite dykes of the present
study area have suffered hydrothermal alteration.

Among many hypotheses, we consider the model of
Poldervanrt and Gilkey (1954) suitable to explain
the clouding of feldspar of the study area. Accord-
ing to the hypothesis, weak clouding may result
from exsolution of iron incorporated into the
feldspar during growth, but intense clouding is pro-
duced by diffusion of material into the feldspar
after growth by means of channels produced by
unmixing of plagioclase into regions of albite
and anorthite. The clouded feldspar of the newer
dolerites around Keonjhar shows extreme com-
positional variation (Ab4.7 to Ab99.5; table 2)
within a single grain. This variation is consid-
ered the result of unmixing of plagioclase of inter-
mediate composition. Such unmixing might have
occurred when the plagioclase was held at high
temperatures for a long time in the presence of
water. Such conditions occur during metamor-
phism of basic rocks of high iron content and from
entrance of Fe-rich solutions along the zones of
unmixing precipitating submicroscopic grains of
iron mineral (Poldervanrt and Gilkey 1954).

5.1.2 Large bastitised orthopyroxene grain

Some of the dykes contain numerous large basti-
tised orthopyroxene (figure 5) grains leaving relict

Table 2. Representative EPMA data of plagioclase grains in newer dolerite dykes of Keonjhar.

Sl. no. 1 2 3 4 5 6 7 8

Des. Plag Plag Plag Plag Relict plag Plag core Cloudy plag Cloudy plag

SiO2 60.9 64.56 58.87 56.45 58.37 65.85 68.36 48.87

TiO2 0.11 0.07 0.04 0.16 0 0.12 0 0

Al2O3 23.11 20.89 23.75 25.37 25.07 17.73 19.29 25.57

FeO 0.53 0.26 0.56 0.59 1.06 1.7 0.14 4.13

MnO 0.05 0.04 0 0.03 0 0.04 0 0.05

MgO 0.01 0 0.05 0.03 0.39 1.08 0.04 0.36

CaO 5.14 2.59 7.35 8.92 5.16 1.26 0.08 13.04

Na2O 8.1 9.64 7 6.12 6.99 10.57 11.61 4.07

Cr2O3 0 0.03 0.06 0 0.02 0 0.05 0

K2O 0.78 0.62 0.73 0.55 2.11 0.23 0.08 1.72

Cations on the basis of 16 oxygen

Si 5.529 5.792 5.423 5.231 5.313 6.074 6.005 4.95

Al 2.471 2.207 2.577 2.769 2.687 1.926 1.995 3.05

Ti 0 0.01 0 0 0 0.008 0 0

Fe2 0.01 0.056 0.065 0.022 0.106 0.04 1.008 0.07

Mg 0.004 0.008 0.006 0.001 0.18 0.001 0.004 0.016

Ca 0.047 1.02 1.43 0.479 1.24 0.5 2.917 0

Na 1.923 1.029 0.668 1.438 1.15 1.426 0.145 1.88

K 0.005 0.051 0.018 0.041 0.004 0.09 0 0.009

Ab 97.4 49.0 31.6 73.4 48.0 70.7 4.7 99.5

An 2.4 48.6 67.5 24.5 51.8 24.8 95.3 0.0

Or 0.2 2.4 0.9 2.1 0.2 4.5 0.0 0.5

Plag: Plagioclase feldspar, Des: description.
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Figure 7. Composition of both clouded and unclouded
plagioclase grains in Ab–An–Or diagram.

parts of unaltered orthopyroxenes. The compo-
sition of these orthopyroxene grains varies from
Wo4.3 En72.5 Fs23.2 to Wo4.2 En80.4 Fs15.4. The
grains are associated with rare augite and plagio-
clase grains. Bose (2008) has reported presence of
partly bastitised orthopyroxene in a norite sam-
ple within newer dolerite dykes from Parsola but
due to the absence of an interlocking boundary of
orthopyroxene grains, Bose (2008) suggested that
the rock could be a cumulate. In our study, as
the orthopyroxene grains in some of the dykes
show interlocking texture with associated plagio-
clase and clinopyroxenes, it is more likely that
they might have been formed by the contamination
of the upcoming magma with the granitic coun-
try rock (Deer et al. 1997). Similar orthopyrox-
ene bearing dolerite dyke has been reported from
Chaibasa area of Singhbhum region (Sengupta
and Ray 2012) where co-existence of bastitised
orthopyroxenes, anorthitic plagioclase and clinopy-
roxene has been explained as product of contam-
ination of granitic country rock and mafic melt.
In the present study, coexistence of orthopyrox-
ene (Wo3.5 En82 Fs14.5) and anorthitic plagio-
clase (An93.1) possibly suggest similar assimilation
and transformation of clinopyroxene to orthopy-
roxene coupled with migration of Ca ion into pla-
gioclase during petrogenesis. Formation of bastite
in orthopyroxene indicates hydrothermal activity
during greenschist facies metamorphism (Johnson
et al. 2004; Plumper et al. 2012).

5.1.3 Actinolite-tremolite assemblage

In many dykes, fine needles of tremolite and
actinolite are observed along marginal parts of

clinopyroxene grains (figure 3). In some cases, the
clinopyroxene has been altered to fine tremolite
and actinolite needles. The presence of a few
discrete primary amphibole grains and frequent
hydrothermal alteration of clinopyroxene to chlo-
rite and actinolitic amphibole suggest influence of
water during late magmatic stage and metamor-
phic alteration (Devaraju et al. 2008). According to
Devaraju et al. (2008), the mafic dyke of Western
Dharwar craton has widespread evidence of deu-
teric alteration. Minerals such as uralite, chlorite,
epidote are considered products of the interaction
of deuteric liquid with ferromagnesian minerals,
pyroxene. The composition of deuteric liquids has
been assessed by them as one with high silica,
alumina, alkali, Ti, P and REE. The actinolite-
tremolite assemblage of newer dolerite dykes
around Keonjhar may be considered products
of interaction of late magmatic hydrous fluid and
early magmatic clinopyroxene where the reac-
tion involves migration of volatile phases along
with dissolved silica, alkali, REE from hydrother-
mal fluid to the clinopyroxene grains. Similar
alterations of clinopyroxene grains to actino-
lite, tremolite needles have been recorded from
low grade metamorphosed mafic volcanic rocks
of the Mira terrane of Avalonia, southeastern
Cape Breton Island, Nova Scotia (Mc Mullin
et al. 2010).

6. Changes in chemical composition
of the mafic dykes due to alteration

Ocean floor rocks show a range of consistent
mineralogical alterations during low temperature
hydrothermal processes (Frey et al. 1974; Mottl
1983). Newer dolerite rocks of the present area also
exhibit several mineralogical changes like alter-
ation of clinopyroxenes to tremolite–actinolite nee-
dles,bastitization of orthopyroxenes, clouding in
feldspars which have been discussed in detail in
previous sections. It is obvious that changes of
these mineralogical compositions should also be
reflected in the chemical composition of the rock;
i.e., the altered rocks would show some changes
in major and trace element abundances from their
fresh counterparts.
Several studies on altered mafic rocks have

shown that most, if not all, elements can be added
or subtracted from a rock during low temperature
ocean floor metamorphism (Mottl and Holland
1978; Seyfried et al. 1988) and the extent of the
effect of alteration varies from one member to
the other within a group although they show
overall similar mineralogical changes. These rocks
are particularly effective for such a geochemi-
cal study as they show a range of mineralogical
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Figure 8. Total alkali silica classification diagram (TAS) for mafic dykes (after Le Bas 2000) showing the plots of newer
dolerite dykes of Keonjhar in the field of basalt and basaltic andesite.

Figure 9. Plots of the newer dolerite dykes of Keonjhar in
the AFM diagram (after Irvine and Baragar 1971). The iron
enrichment trend can be clearly noted.

alterations. It has been observed that mobile ele-
ments like Ba, Rb, Th, etc., and even some immo-
bile elements as Nb and Zr can be affected under
specific conditions (Hellman et al. 1979; Hynes
1980). Behaviour of a particular element is depen-
dent on the element concentration in the rock, on
its concentration in solutions entering the rock,
and on partitioning between the fluid phase and
the low-temperature secondary minerals that are
stable in the rock (Frey et al. 1974; Mottl 1983).
In order to document quantitatively the effects of

alteration on newer dolerites of the study area, we

are following the methods adopted by Greenough
et al. (1990). In this process, to assess chemi-
cal changes caused by alteration, we have com-
pared the least altered dolerite sample of the area
with altered samples that had initial compositions
similar to those of unaltered rocks. It has been
observed, that in case of low temperature alter-
ation of mafic rocks, one of the most obvious effects
of alteration is highly variable Rb values within a
group of rocks (Backman et al. 1988). The dolerite
rocks of the study area show large variations in
concentration of Rb (19–73.42 ppm) which can-
not be accounted for only in terms of differentia-
tion. So, alteration must have played an important
role in creating large variations in Rb content
among different dolerite samples. Therefore, we
assume that Rb is an alteration sensitive element
and the sample with lowest Rb value represents
the least altered dolerite dyke of the area. Among
several established immobile elements like Zr, Nb,
Y, etc., we observe that Y concentration values
show least variation (table 4) among the newer
dolerite dykes of our study area. Therefore, to
quantify the geochemical effects of alteration of
the mafic dykes, we assume that Y was immobile
and use it to evaluate the mobility of all other
elements as described below. To assess the mobil-
ity of different elements we are using a param-
eter ‘alteration index’ of elements which calcu-
lates the percentage change between element/Y
ratios in altered rocks as compared to least altered
rock or fresh rock (i.e., sample with lowest Rb
concentration).

Alteration Index =
Element/Y (altered rock)− ElementY (least altered rock)

Element/Y (least altered rock)
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Figure 10. Bivariate diagrams using mg number against major element oxide composition (first five diagrams) and TiO2

vs. FeO (sixth diagram) of newer dolerite dykes of Keonjhar.

Figure 13(a, b) shows plots of alteration index
of different elements (Y axis) vs. absolute Rb con-
centrations of different altered rocks arranged in
ascending order (X axis) denoting samples showing
a gradual increase in degree of alteration. For a par-
ticular Rb concentration, i.e., a particular altered
rock we calculate the alteration index of differ-
ent elements. Positive values on the Y axis indi-
cate that an element was added to the rock during
alteration process but negative values suggest that
the element was removed. The lines denote suc-
cessive changes of Alteration Index of an ele-
ment with gradual increase of degree of alteration
from least altered sample (i.e., lowest Rb concen-
tration) to the most altered sample (highest Rb
concentration).
From figure 13(a), it is observed that elements

like Rb, Ba, Th, La, K show positive values on the
Y axis suggesting that these elements have been
added during the alteration process whereas ele-
ments like Sc, Cr, Co, Ni, Si, Al, Fe, Mg, Ca show
negative values on the Y axis (figure 13b) imply-
ing removal of these elements. The least altered

sample of newer dolerite dyke (Rb–19 ppm) occurs
in the northern part of the study area and is con-
sidered to have localized in the distal part. The
degree of alteration increases more or less along
southward direction and the most altered sample
(Rb–73.42 ppm) might represent proximal zone of
alteration front (figure 1).

7. Possible paleotectonic setting

To get an idea about the tectonic setting of the
dolerites we consider several mineralogical and
geochemical aspects. As the dolerites show strong
effects of hydrothermal alterations as discussed
under petrography, it is quite reasonable to rule
out the possibility of their emplacement in a conti-
nental setting where such alterations are very rare.
Formation under an oceanic setting is more likely
for the dolerite rocks showing albitisation, basti-
tisation and other features of hydrothermal alter-
ation. Several workers have suggested a subduction
zone related origin of these newer dolerite dykes
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Figure 11. Binary variation diagrams constructed with some important trace element abundances of newer dolerite dykes
of Keonjhar.

Figure 12. Chondrite normalized REE plot (Sun and
McDonough 1989) for the newer dolerite dykes of the study
area.

of Singhbhum region (Bose 2008; Mir et al. 2010,
2011, 2013). On the basis of detailed geochemical
studies of newer dolerite dykes of Singhbhum cra-
ton, Mir et al. (2010) suggested that these dykes
were derived from a mantle source which has been-
metasomatized by a subduction component (e.g.,
fluids derived by dehydration of the subducting
slab). It has also been demonstrated that newer

dolerites show geochemical signatures similar to
those of back-arc basaltic rocks (Mir et al. 2011,
2013). With a backdrop of this knowledge we made
an attempt to understand the tectonic settings of
the newer dolerite dykes of our study area in terms
of a few discrimination diagrams using relatively
immobile major and trace elements. In tectonic dis-
crimination diagrams of TiO2–MnO*10–P2O5 *10
(after Mullen 1983), Cr–Y (Pearce 1982), Ti–V
(Shervais 1982) and 3Zr–Nb–Y (Meschede 1986)
the plots (figure 14) of the dolerite rocks of study
area mostly fall in the fields of ocean floor, oceanic
ridge, and volcanic arc basalt suggesting a possible
arc–back arc setting for newer dolerites of present
study.
Chemical composition of constituent minerals is

also important to understand tectonic setting. Par-
tition of elements like Al, Si, Ti into clinopyroxene
structure may also provide evidences for tectonic
environment (Leterrier et al. 1982; Burns 1985;
Loucks 1990; Koksal 2003). In some covariation
plots with Ti, Na, Al(t), Al(IV) contents of clinopy-
roxenes (pfu), plots of clinopyroxene composition
of newer dolerite dyke of our study area occupy the
‘Arc’ fields and the field for ‘Boninite’ (figure 15a,
b, c). This possibly suggests crystallization of
clinopyroxene and evolution of newer dolerite of
Keonjhar area in an arc setting.
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Figure 13. Graph showing the effects of increasing alterations on element concentrations in newer dolerite rocks. Y axis
denotes alteration index of different elements while X axis represents absolute Rb concentrations of different altered
samples.

8. Discussion

Mafic dykes are important components of the Pro-
terozoic rock record and act as significant time
markers within stabilized Archean cratons (Ernst
and Buchan 2001; Bleeker 2004). In India, the
Proterozoic mafic dykes are found in the major
cratonic blocks of Aravalli craton, Bundelkhand
craton, Dharwar craton, and Singhbhum cratons
under different extensional and compressional tec-
tonic regimes (Murthy 1987, 1995; Saha 1994;
Halls et al. 2007; Pati et al. 2008). In Singbhum
region, newer dolerite dykes exhibit mineralogical

and chemical compositions which point towards
emplacement in an arc setting in which hydrother-
mal activity and alteration are common fea-
tures during emplacement (Sengupta and Ray
2012). Albitisation of plagioclase, bastitisation of
orthopyroxene, and development of fibrous amphi-
bole (tremolite–actinolite) from clinopyroxene are
all considered products of hydrothermal activity
in oceanic conditions (Mottl and Holland 1978).
Geochemical signatures of subduction related pro-
cesses in a back arc setting in newer dolerite dykes
of Singbhum pluton have been reported by several
workers (Bose 2008; Mir et al. 2010; Sengupta and
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Figure 14. Tectonioc discrimination diagrams of newer dolerite dykes of Keonjhar area using major and trace element
abundances.

Ray 2012). Similar features of mineralogical alter-
ation have also been reported from other Protero-
zoic mafic rocks of India. The Proterozoic mafic
dykes within Bundelkhand Granite Massif (BGM)
show clouded feldspar, chloritized or amphiboli-
tized clinopyroxenes as a result of hydrothermal
alteration (Mallikharjuna Rao et al. 2005). One
of the first detailed studies on the clouded
feldspar in dykes on regional scale was carried
out by Pichamuthu (1959) from Dharwar cra-
ton. Subsequently, it has been realized that such
feldspar clouding, specially in Proterozoic mafic
dyke swarms, has significant tectonic implications
(e.g., Zhang and Halls 1995). Early Proterozoic
mafic dykes of Kalyadi area of western Dhar-
war craton also exhibit tea coloured feldspar,
i.e., clouded feldspar and secondary amphiboles
around clinopyroxenes (Chandrasekharam et al.
2008).
Although reports on mineralogical alteration in

Proterozoic mafic dykes of India are fairly com-
mon (Mallikharjuna Rao et al. 2005; Sengupta
and Ray 2012), detailed studies on behaviour of
major trace elements during such alterations have
hardly been attempted. In the present research
we have identified the alteration features of some
important minerals like plagioclase, clinopyroxene,
orthopyroxene, etc., and have made an attempt
to find out chemical changes associated with such

mineralogical alterations of the mafic dykes. Study-
ing the major and trace element abundances of
the altered newer dolerite dykes, we have observed
that elements like Rb, Ba, Th, La, K have been
added whereas elements like Sc, Cr, Co, Ni, Si,
Al, Fe, Mg, Ca have suffered removal from the
rock during the alteration process. It has also been
established that the evolution and emplacement of
newer dolerite dykes had occurred in an arc–back
arc setting as evidenced from different tectonic
diagrams (figures 14 and 15). In general, it has
been observed that alteration processes of mafic
rocks in an oceanic setting yield somewhat con-
sistent chemical changes (Frey et al. 1974; Mottl
1983). Greenough et al. (1990) have documented
quantitatively, the effects of alteration on hotspot
basalts from sunken oceanic island in the Indian
Ocean. They have shown that the mineralogical
changes involve chemical additions of K, Rb, Cs, Li,
Si, Sc, Fe, etc., and removal of Ca, Mg, Mn, Ni and
others. Similar geochemical studies have also been
performed in ophiolitic basalts as well as ocean-
floor basalts (Gills and Robinson 1985, 1988). The
newer dolerite dykes of the Keonjhar area, which
have suffered several mineralogical changes due to
hydrothermal alteration along with addition and
removal of several elements, may represent a case-
study of hydrothermal activity on arc related mafic
rocks.
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Figure 15. Tectonic discrimination diagrams of newer
dolerite dykes of Keonjhar area using partition of elements
like Al, Si, Ti into clinopyroxene structure. IAT: Island
Arc Tholeiite, BON: Boninite, MORB: Mid Oceanic Ridge
Basalt.
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