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The Damodar valley within the Chhotanagpur Gneissic terrain at the northern-most margin of the Sing-
hbhum craton, eastern India, is perhaps the only geological domain in the entire Indian shield which
hosts the early Cretaceous Rajmahal as well as the late Cretaceous Deccan igneous activities. A number
of Cretaceous mafic dykes intrude the Gondwana sedimentary formations and are focus of the present
study. One set of these dykes strike NNE to ENE, are very fresh and mainly exposed within the Jharia,
Bokaro and Karanpura basins; whereas the other set of dykes (including the well-known Salma mega
dyke) trend NW to NNW, intrude mainly the Raniganj basin and show meagre hydrothermal alteration.
Majority of the samples from both these dyke groups display ophitic or sub-ophitic textures and are
essentially composed of augite/titan augite and plagioclase. On the basis of petrographic and geochemical
characteristics the NNE to ENE dykes are identified as high-Ti dolerite (HTD) dykes and the NW to NNW
dykes are referred to as low-Ti dolerite (LTD) dykes. Apart from the first-order distinction on their tita-
nium contents, both these groups also show conspicuous geochemical differences. The HTD dykes contain
relatively high values of iron, and high-field strength elements than those from the LTD dykes with an
overlapping MgO contents.

Although available field, paleomagnetic and limited geochronological data for most of the studied
dykes suggests their emplacement during early Cretaceous period (110–115 Ma), the Salma dyke, dated
to be of Deccan-age at �65 Ma, is an exception. Geochemically all the studied samples show an
undoubted plume-derived character but their unequivocal affinity to either the early Cretaceous Kergue-
len (Rajmahal) or the late-Cretaceous Reunion (Deccan) plume is not straightforward since they share
bulk-rock characteristics of rocks derived from both these plumes. Even though, the spatial and temporal
association of the mafic dykes of present study with the Rajmahal Traps are suggestive of their linkage to
the Kerguelen plume activity, robust geochronological and paleomagnetic constraints are clearly required
to understand the relative contributions of the two Cretaceous mantle plumes in the genesis of the mafic
igneous activity in this interesting domain.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Large Igneous Provinces (LIPs) are defined as magmatic prov-
inces with areal extents >1 Mkm2, igneous volumes >0.1 Mkm3

and maximum lifespan of �50 Ma and that have intraplate tectonic
settings or geochemical affinities, and are characterized by igneous
pulse(s) of short duration (�1–5 Ma), during which a large propor-
tion (>75%) of the total igneous volume has been emplaced (Coffin
and Eldholm, 2005; Bryan and Ernst, 2008). Continental and oce-
anic flood basalts, volcanic rifted margins, giant dolerite dyke
swarms, sill provinces and layered mafic–ultramafic intrusions
can be an integral part of any LIP. Amongst these, mafic dyke
swarms in shield areas, on account of their vertical depth and
lateral extent provide the most complete record of short-lived,
mantle-generated magmatic (LIPs) events through time and space
(Halls, 1982; Fahrig, 1987; Halls and Fahrig, 1987; Parker et al.,
1990; Baer and Heimann, 1995; Ernst and Buchan, 2001; Hanski
et al., 2006; Bleeker and Ernst, 2006; Srivastava et al., 2010;
Srivastava, 2011). In fact, record of mafic dyke swarms provides
information on ‘‘the pulse of the Earth’’ beyond that related to
mid-ocean ridge oceanic crust generation and record the rhythm
of intraplate mantle melting events (Ernst and Buchan, 1997;
Bleeker, 2004; Ernst et al., 2010). There is also an overall
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Fig. 1. (A) Major cratons and structural features of India (after Naqvi and Rogers, 1987). (B) Geological sketch map of northeastern India showing the locations of Late
Cretaceous magmatic activity in the Damodar Valley, Rajmahal and Sylhet Traps and on the Shillong Plateau (modified after Kent et al., 1997; Melluso et al., 2012).
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agreement that mantle plumes to be the source for many or all of
the LIPs (Ernst and Buchan, 2001; Foulger, 2010).

The Indian shield is broadly an assembly of dominantly Arche-
an–Paleoproterozoic cratonic blocks and predominantly Meso-
neoproterozoic mobile belts with Archean protoliths (Naqvi et al.,
1974; Naqvi and Rogers, 1987; Ramakrishnan and Vaidyanadhan,
2010). Mafic dykes and dyke swarms of variable compositions,
different structural orientations and with different emplacement
periods are very conspicuous in the entire Indian shield (Murthy,
1987; Devaraju, 1995; Srivastava et al., 2008a; Srivastava et al.,
2008b; Srivastava and Ahmad, 2008, 2009; Srivastava, 2011).
Although mafic dykes are more common in Archaean cratons,
early- and late-Cretaceous mafic and alkaline igneous activity
(represented by mafic dykes, volcanic, alkaline plugs and ultra-
mafic–carbonatite complexes of the Deccan volcanic province,
Rajmahal–Sylhet traps and Shillong plateau), is also well-recorded
from the Indian Shield (Athavale and Verma, 1970; Karkare and
Srivastava, 1990; Storey et al., 1992; Kent et al., 1996; Kent et al.,
1997; Kent et al., 1998; Kent et al., 2002; Srivastava and Sinha,
2004a,b, 2007; Paul, 2005; Srivastava et al., 2005; Srivastava
et al., 2008a; Srivastava et al., 2008b; Srivastava et al., 2009; Ray
et al., 2007; Misra, 2008; Patil and Arora, 2008; and references
therein). These early- and late-Cretaceous igneous events have
been widely attributed to plume tectonics (Foulger, 2010 and
references therein) involving either the Réunion plume in case of
late-Cretaceous Deccan Traps (Courtillot et al., 1988; White and
McKenzie, 1989; Chalapathi Rao and Lehmann, 2011; Chalapathi
Rao et al., 2011) or the Kerguelen plume in case of early-Cretaceous
Rajmahal–Sylhet Traps (Kent, 1991; Baksi, 1995; Coffin et al., 2002;
Kent et al., 1997, 2002; Srivastava and Sinha, 2007). Probably the
Damodar valley is the only domain in the Indian shield which
evidenced the early Cretaceous Rajmahal as well as the late
Cretaceous Deccan igneous activities.

This paper presents new petrological and geochemical data on
wide-spread Cretaceous mafic dykes intruding the Gondwana
sedimentary basins in the Damodar valley within the Chhotanag-
pur Gneissic Terrain (CGT) at the northern-most margin of the
Singhbhum craton (Figs. 1 and 2). There is a paucity of petrological
and geochemical information available on these dykes (Kent et al.,
1997; Paul, 2005) compared to their Precambrian counterparts
elsewhere from other Indian cratons. Likewise, palaeomagnetic
data on these dykes is also limited (Athavale and Verma, 1970
and Patil and Arora, 2008). The genetic association of these Creta-
ceous mafic dykes is debated with regard to their linkage with the
Deccan or Rajmahal–Sylhet Traps since both of these events have
been documented from the Damodar valley and the CGT domain
(Fig. 1B).

One of these mafic dykes, viz. Salma dyke, has been dated by
Ar–Ar method to be of 65.4 ± 0.3 Ma (Kent et al., 2002) which is
close to the age of the main eruption of the Deccan volcanism
(see Chenet et al., 2007). On the other hand, a number of NE trend-
ing mafic dykes, which are exposed within the Precambrian rocks
around Koderma (see Fig. 2B), have K–Ar ages �110 Ma (Agarwal
and Rama, 1976; Kent et al., 1997). Subsequently, Kent et al.
(1997, 2002) have dated one of these Koderma dolerite dykes by
Ar–Ar method which yielded a plateau age at 115.3 ± 0.4 Ma. An-
other dolerite dyke exposed around Kalidaspur area of the Raniganj
basin gave Ar–Ar plateau age at 112.5 ± 0.5 Ma (Kent et al., 2002)
(see Table 1). These ages are closer to Kerguelen plume-related
early Cretaceous igneous activities (Coffin et al., 2002; Kent et al.,
2002; Srivastava and Sinha, 2007). The main objectives of this
study are to investigate (i) whether all the studied dykes are of
co-genetic in nature or represent different episodes, related to
Deccan and/or Rajmahal–Sylhet events, and (ii) evaluate their
relationship, if any, vis-a-vis the plume tectonics.

2. Geological setting

The eastern part of the Indian shield consists mainly of Singhb-
hum craton, Chhotanagpur Gneissic Terrain (CGT) and Shillong
plateau (see Figs. 1 and 2). There is much debate over exact rela-
tionship between Singhbhum craton and Chhotanagpur Gneissic
Terrain (CGT); whilst some workers regard CGT as a mobile belt
and constitutes a distinct terrane (Ghose, 1983; Mukhopadhyay,
1988; Mahadevan, 2002; Ghose and Chatterjee, 2008 and refer-
ences therein), others regard it to be a cratonised mobile belt
(Naqvi and Rogers, 1987; Kumar and Ahmad, 2007; Sharma,
2009; Srivastava et al., 2009, 2012). Sharma (2009) discussed this
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Fig. 2. (A) Geological map of the Chhotanagpur Gneissic Terrain (CGT) and
distribution of Gondwana basins in the Damodar Valley, Eastern India (modified
after Acharyya, 2003; Srivastava et al., 2012). VB: Vindhyan basin; CHB: Chhatti-
sharh basin; EGB: Eastern Ghats Belt. (B) Simplified geological map of part of CGT
showing Damodar valley Gondwana sedimentary basins and Rajmahal basalts
(modified after Mahadevan, 2002). BMB: Bihar mica belt; Jh: Jharia; Rg: Raniganj;
Bk: Bokaro; Kp-N: North Karanpura; Kp-S: South Karanpura.
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issue at length and stated many geological reasons that questioned
its mobile belt nature. There is no explanation available in litera-
ture that can explain the absence of a crustal block that had
collided against the Singhbhum craton more than once to produce
North Singhbhum Fold Belt as well as the CGT (Sharma, 2009).
Sharma (Op. cit) also noted that the CGT has an Archaean antiquity
whose convergence with the Singhbhum craton in the south gave
rise to the Singhbhum mobile belt and medium-grade enclaves of
metasediments and basic rocks exclude its mobile belt nature. Mis-
ra (2006) has reported a number of magmatic–metamorphic
events in the CGT at �2.3 Ga, 1.6–1.5 Ga and 0.9 Ga. Besides these
features, there are other features observed in the CGT which sup-
port its cratonic nature. These includes – (i) occurrences of spinifex
textured komatiite within the CGT, near Daltonganj (Bhattacharya
et al., 2010); (ii) presence of potassic intrusives with petrological
and geochemical affinities to predominantly cratonic magmas such
as orangeites, lamproites and aillikites – (Srivastava et al., 2009)
and (iii) Mesoproterozoic metabasite rocks and amphibolites dykes
respectively exposed south and north of the Damodar valley show
their emplacement in an extensional tectonic regime of intracra-
tonic setting (Ghose et al., 2005; Kumar and Ahmad, 2007).
Five major intra-continental rift/shear zones, mostly trend in
ENE–WSW to E–W and which controlled the magmatism in the
CGT, have been identified (Ghose and Chatterjee, 2008). Therefore,
it is believed that Singhbhum craton consists of Singhbhum nu-
cleus, Chhotanagpur Gneissic Terrain and Singhbhum mobile belt;
latter separates the former two blocks (Fig. 2; cf. Naqvi and Rogers,
1987). Polyphase deformation, metamorphism and magmatism are
conspicuous features of the CGT (Ghose, 1983; Mahadevan, 2002).

Mafic dykes of different ages (Mesoproterozoic to Cretaceous)
are well exposed in the CGT. A number of ENE–WSW to E–W
trending Mesoproterozoic mafic dykes intrude the basement gneis-
ses of the CGT; but these dykes are not found in the massif
anorthosite and granite plutons (Ghose, 1983; Mahadevan, 2002;
Ghose et al., 2005; Kumar and Ahmad, 2007; Ghose and Chatterjee,
2008; Srivastava et al., 2012). On the other hand, not much petro-
logical and geochemical database is available for the Cretaceous
mafic dykes. Kent et al. (1997) have presented petrological, geo-
chemical and isotopic data for mafic dykes from the Raniganj
(including the �65 Ma Salma dyke), Jharia and Koderma areas,
whereas Paul (2005) has presented geochemical data for a
45–55 km long and 50–100 m wide, NNW trending �65 Ma Salma
dyke intruding the Raniganj coal field as well the Precambrian
basement of the CGT. These Cretaceous mafic dykes, mostly very
fresh and doleritic in nature, essentially intrude the Gondwana
sedimentary (coal) basins of the Damodar valley (Fig. 2B). A num-
ber of mafic dykes are also encountered from the Bokaro and
Karanpura areas (Fig. 2B), however most of them are extremely
altered. There are other mafic dykes with similar trend (NW to
NNW) to that of the Salma are also reported from the Raniganj ba-
sin. They vary in length between 100 and 600 m and width be-
tween 10 and 50 m. Another set of mafic dykes having an
altogether different trend (NNE to ENE) are reported to cut across
Jharia basin but not the adjacent Precambrian basement. The
biggest dyke of this group is �6 km in length and occurs near
Madhuban. Others vary in length from 50 m to 500 m and width
of 10 m to 20 m. A number of �110–115 Ma NE trending mafic
dykes are also reported to cut the Precambrian rocks around
Koderma (see Fig. 2B) (Agarwal and Rama, 1976; Kent et al.,
1997, 2002). Thus, the field observations bring out two sets of
Cretaceous mafic dykes; one trending in NW to NNW (also includes
the Salma dyke) and other in NNE to ENE direction.

Cretaceous igneous activity is also very conspicuous in north-
eastern Indian shield. This is represented by the Rajmahal and
Sylhet tholeiitic basalts (traps) and mafic dykes and a number of
ultramafic–alkaline–carbonatite igneous complexes of the Shillong
plateau (Storey et al., 1992; Srivastava and Sinha, 2004a, 2007;
Srivastava et al., 2005, 2009; Mallikharjuna Rao, 2002; Kent
et al., 1997, 1998, 2002; Srivastava et al., 2012) (see Fig. 1B). All
these magmatic activities of the region are also thought to be asso-
ciated to the Kergulen plume activity (Coffin et al., 2002; Kent
et al., 2002; Srivastava and Sinha, 2007). Likewise, N–S trending
Cretaceous mafic dykes, emplaced within the Precambrian rocks,
are also well exposed in the Swangkre-Rongmil region of the Shil-
long plateau and are show very close geochemical similarities with
the mafic rocks derived from the Kerguelen mantle plume (Srivast-
ava and Sinha, 2004b).
3. Petrography

As dyke alteration is more at contact margins, most samples
were collected from middle portion as far as possible of the dykes
with massive-homogenize characteristics and free from any vein,
alteration or pegmatitic texture to minimize any contamination.
Most of the studied mafic dyke samples, collected from different
Cretaceous mafic dykes, are medium to coarse-grained and doler-
itic in nature (Fig. 3); samples collected from close to the dyke



Table 1
Available radiometric and palaeomagnetic ages on the mafic dykes, traps, alkaline rocks and carbonatites from the eastern and north-eastern Indian shield.

Area/unit Age in Ma Method Reference Remarks

Mafic dykes from the Chhotanagpur gneissic terrain and Damodar valley basins
1. Kalidaspur, Raniganj

basin
112.5 ± 0.5 Ar–Ara Kent et al. (2002) This dyke is emplaced just adjacent

to the Salma dyke having same
trend

2. Koderma 115.3 ± 0.4 Ar–Ara Kent et al. (2002) Trends in NW direction and
emplaced within the Chhotanagpur
Gneissic Terrain

3. Asansol, Salma dyke, Raniganj 65.4 ± 0.3 Ar–Ara Kent et al. (2002)
4. Salma dyke, Salma �117 Ma Palaeomagnetic

age
Patil and Arora (2008) This samples is from the Salma

dyke but giving Rajmahal basalt age

Tholeiite basaltic traps of eastern and north-eastern India
1. Rajmahal basalt 116.2 ± 0.6 Ar–Ara Pringle et al. (1994)
2. Rajmahal basalt 117.5 ± 0.5 Ar–Ara Baksi (1995)
3. Rajmahal basalt 118.2 ± 0.3 Ar–Ara Coffin et al. (2002)
4. Dhanbad, Rajmahal basalt 117.9 ± 0.4 Ar–Ara Kent et al. (2002) Kent et al. (2002) also recorded a

number of younger ages, between
109 Ma and 102 Ma, for Rajmahal
basalts but kept them in less
reliable age category.

5. Mirza Cauki, Rajmahal basalt 117.4 ± 0.5 Ar–Ara Kent et al. (2002)
6. Galsi, Bengal basin borehole

basalt
117.1 ± 0.4 Ar–Ara Baksi (1995)

7. Jalangi, Bengal basin borehole
basalt

116.9 ± 2.3 Ar–Ara Baksi (1995)

8. Sylhet trap 110 ± 3 K–Ar Sarkar et al. (1996)

Ultramafic/ultrapotassic intrusive in the Damodar valley
1. Orangeites 113.5 ± 0.5 Ar–Ar laser

probe
Kent et al. (1998)

2. Lamprophyre from Damodar
valley

114.9 ± 0.3 Ar–Ara Coffin et al. (2002)

Alkaline-carbonatite complexes, Shillong plateau
1. Sung valley pyroxenite and

phlogopite from carbonatite
107.2 ± 0.8 Ar–Ara Ray et al. (1999)

2. Sung valley complex 106 ± 11 Rb–Sr Ray et al. (2000)
3. Sung valley: perovskite from

ijolite
115.1 ± 5.1 U–Pb Srivastava et al. (2005)

4. Jasra: zircon and baddeleyite
from gabbro

105.2 ± 0.5 U–Pb Heaman et al. (2002)

5. Swangkre lamprophyre 107 ± 4 K–Ar Sarkar et al. (1996)

a Plateau ages.
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margins are fine-grained. Mafic dykes trending in NNE to ENE
directions, and mainly exposed within the Jharia basin, are very
fresh and rarely any alteration is noticed. These mafic dykes mainly
show ophitic or sub-ophitic textures (Fig. 3A–C), however, at
places, some coarser samples also exhibit hypidiomorphic texture.
They essentially contain augite/titan augite and plagioclase as ma-
jor constituents, however most interesting feature observed in
these samples is that they contain sufficient amount of rutile (up
to 8 vol%) and ilmenite (up to 7 vol%) (Fig. 3B and C). As both rutile
(TiO2) and ilmenite (FeTiO3) are titanium rich, this variety is clas-
sified as Ti-rich dolerites. Other minerals present in minor to sub-
ordinate proportions include biotite, zircon, titanite and apatite. No
hypersthene or olivine is noticed in this type.

NW to NNW trending the Salma mafic dyke and other similar
dykes of same trend show ophitic or sub-ophitic (Fig. 3D and E)
or hypidiomorphic textures and essentially contain augite/titan
augite and plagioclase as major constituents. These are relatively
coarser than the first variety. They also contain sufficient amount
of ilmenite (up to 10 vol%), however rutile is rare. In many of these
samples plagioclase is altered and show clouding (Fig. 3D and E).
This is very likely due to saussuritization of plagioclase grains as
a result of late-hydrothermal activities. Fine-grained samples, col-
lected from margin of the samples, of both these types show por-
phyritic texture (Fig. 3F). We classify this variety as low-Ti
dolerites.
4. Analytical techniques

More than 60 samples from distinct Cretaceous mafic dykes
from the CGT were collected for detailed petrographic and geo-
chemical studies. Thirty-two fresh samples (twenty-two from
the NNE to ENE trending and ten from the NW to NNW trending
mafic dykes), devoid of any possible alterations were selected for
whole rock major and trace element chemical analyses. All
analyses were done at the Activation Laboratories Ltd., Ancaster,
Ontario, Canada. An inductively coupled plasma (ICP) spectrome-
try (Model: Agilent 735) was used to analyze major elements by
lithium metaborate/tetraborate fusion method and accuracy is
much better than 1–2%, whereas, an inductively coupled plasma
mass spectrometry (ICP-MS; Model: Perkin Elmer Sciex ELAN
9000) was used to determine trace element concentrations and
at 100� the detection limit, accuracy is better than 5%. Several
standards, such as NIST 694, SY-4, BIR-1, W-2A, and WMG-1,
were run to check accuracy and precision. The analytical proce-
dure is detailed by Gale et al. (1997) and details available in the
Activation Laboratories Ltd website (http://www.actlabs.com).
The entire chemical analyses together with CIPW normative
compositions, calculated by SINCLAS computer program (Verma
et al., 2002), of different dolerite types are presented in Tables 2
and 3.

http://www.actlabs.com
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Fig. 3. Photomicrographs of the studied dolerite samples (A–C and F from the HTD and D–E from the LTD). Ophitic/sub-ophitic textures are clearly visible in most of the
photographs except ‘F’ which shows porphyritic texture. Rutile and ilmenite are present in sufficient amount in the HTD type (see B and C). Width of each photograph is
equivalent to 5 mm.
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5. Geochemistry

Henceforth, we prefer to refer the mafic dykes trending in NNE
to ENE direction and containing higher modal proportion of tita-
nium rich minerals (rutile and ilmenite) as high-Ti dolerite (HTD)
dykes and those trending in NW to NNW and having relatively
lesser amount of titanium-rich mineral phases as low-Ti dolerite
(LTD) dykes. This division is explicitly illustrated in the MgO–TiO2

plot (see Fig. 5A) presented later in this section. From the geo-
chemical data of the studied mafic dyke samples it is observed
that all of them show very limited geochemical variation (see Ta-
bles 2 and 3, respectively). The CIPW normative compositions of
both the types are quite similar with a quartz normative charac-
ter; however normative hypersthene and ilmenite are slightly
higher in the HTD samples than the LTD samples (see Tables 2
and 3). The HTD dykes also have a comparatively lower Mg#
(average �43) than the LTD samples (average �55). The SINCLAS
computer program (Verma et al., 2002) and the TAS diagram
(Fig. 4: Irvine and Baragar, 1971; Le Maitre, 2002) classify the
HTD dyke samples as sub-alkaline basalt, whereas the LTD dyke
samples show sub-alkaline basaltic andesite characteristics. Geo-
chemical characteristics of the studied samples are further exam-
ined on a number of variation diagrams (Fig. 5A). In all these
plots, both these groups show very distinct geochemical charac-
teristics. In general, the HTD dykes show higher concentrations
of Fe2O3, TiO2, and P2O5 and lower values of SiO2, alkalis, and
Al2O3 than those from the LTD dykes. These geochemical observa-
tions very likely portray different genetic histories for both types.
Fig. 5B presents variations of Cr and selected large-ion lithophile
elements (LILEs); except for Ba, other elements mimic the same
aspects as observed from the major oxides. Scattered behavior
of Ba, a mobile element, is probably due to late hydrothermal
alterations as saussuritization in plagioclase grains is observed
in many samples.

High-field strength elements (HFSEs) are generally considered
to be the best proxies to study samples that suffered from post-
magmatic processes like low-grade metamorphism and hydrother-
mal alterations owing to their relatively immobile nature (Pearce
and Cann, 1973; Floyd and Winchester, 1978; Rollinson, 1993; Jo-
chum and Verma, 1996). Therefore, variations of some of HFSEs



Table 2
Whole rock major oxides (wt%), CIPW Normative compositions and trace elements (ppm) of Cretaceous Ti-rich mafic dykes from the Chhotanagpur Gneissic Terrain, Singhbhum
craton, eastern India.

GPS Data ; 1 2 3 4 5 6 7 8 9 10 11
JH5/18 JH5/19 JH6/14 JH6/15 JH6/17 JH6/18 JH6/21 JH6/23 JH6/25 JH6/35 JH8/4

Latitude 23�4502900 23�4505500 23�4605700 23�4700700 23�4700700 23�4500400 23�4500900 23�4405500 23�4405000 23�4402400 23�4405400

Longitude 86�1100200 86�1101200 86�1402100 86�1404400 86�1402800 86�1102000 86�1104000 86�1100500 86�1103700 86�1101800 86�1003500

Major oxides (wt%)
SiO2 48.68 48.19 48.65 48.85 48.81 48.63 48.71 48.68 48.61 49.26 48.39
TiO2 2.94 2.96 2.79 2.81 2.89 2.88 2.90 2.86 2.83 2.81 2.56
Al2O3 12.85 12.67 13.88 13.32 13.20 13.30 13.17 13.30 13.60 13.11 12.9
Fe2O3 16.38 16.21 15.81 16.12 16.68 16.48 16.81 16.56 15.74 16.21 16.35
MnO 0.23 0.23 0.22 0.22 0.23 0.22 0.23 0.23 0.21 0.22 0.22
MgO 5.31 5.37 5.12 5.48 5.22 5.28 5.18 5.30 5.15 5.33 5.47
CaO 9.81 9.71 9.33 9.39 9.34 9.27 9.29 9.34 9.51 9.67 9.92
Na2O 2.31 2.29 2.36 2.30 2.30 2.32 2.35 2.35 2.38 2.33 2.24
K2O 0.61 0.68 0.70 0.66 0.66 0.68 0.67 0.65 0.57 0.56 0.50
P2O5 0.30 0.31 0.30 0.30 0.33 0.31 0.33 0.31 0.31 0.30 0.32
LOI 0.63 0.54 0.72 1.06 0.61 0.70 0.41 0.40 1.03 0.34 0.47

Total 100.05 99.16 99.88 100.51 100.27 100.07 100.05 99.98 99.94 100.14 99.34
Mg# 43.11 43.64 43.08 44.28 42.25 42.82 41.87 42.80 43.34 43.46 43.88
TAS Classna SAB SAB SAB SAB SAB SAB SAB SAB SAB SAB SAB

CIPW norm
Q 2.53 2.16 2.38 2.56 2.80 2.48 2.49 2.30 2.70 3.14 2.28
Or 3.68 4.13 4.23 3.98 3.97 4.10 4.03 3.91 3.45 3.36 3.03
Ab 19.94 19.93 20.42 19.84 19.81 20.04 20.25 20.26 20.64 20.03 19.42
An 23.35 22.92 25.77 24.54 24.17 24.36 23.83 24.27 25.36 24.04 24.51
Di 20.25 20.43 16.29 17.44 17.37 17.11 17.45 17.41 17.43 18.93 19.82
Hy 20.16 20.23 21.21 21.85 21.77 21.88 21.7 21.87 20.62 20.73 21.46
Mt 3.69 3.69 3.57 3.63 3.75 3.72 3.78 3.73 3.57 3.64 3.70
Il 5.70 5.77 5.42 5.45 5.59 5.58 5.61 5.53 5.51 5.42 5.02
Ap 0.71 0.74 0.71 0.71 0.78 0.73 0.78 0.73 0.74 0.71 0.76

Trace elements (ppm)
Cr - - 80 80 70 90 70 80 90 100 110
Ni - - 70 70 60 70 60 60 60 80 90
Rb - - 16 15 15 15 16 15 13 14 14
Ba 165 516 694 767 273 420 666 596 212 150 411
Sr 200 135 218 200 208 201 212 214 209 208 196
Nb - - 13 12 13 13 13 13 12 12 12
Ta - - 1.0 0.9 1.1 1.0 1.0 1.0 1.0 0.8 0.9
Zr 190 192 164 165 180 169 179 169 169 165 123
Hf - - 4.6 4.6 5.1 4.8 4.8 4.9 4.9 4.4 4.1
Y 39 40 36 37 40 38 40 38 37 37 35
Ga - - 24 23 23 24 24 24 23 24 23
Th - - 1.8 1.7 1.9 1.8 1.8 1.7 1.8 1.6 1.6
U - - 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.4
La - - 16.20 15.30 17.10 15.90 16.10 16.30 16.10 15.20 14.20
Ce - - 38.20 36.10 40.20 37.70 38.20 38.60 38.30 37.10 34.10
Pr - - 5.09 4.89 5.40 5.03 5.17 5.21 5.20 4.87 5.00
Nd - - 23.80 23.20 25.90 23.50 24.80 24.50 24.30 23.10 21.90
Sm - - 6.30 6.30 6.80 6.50 6.70 6.60 6.50 5.80 5.70
Eu - - 2.22 2.13 2.26 2.22 2.27 2.29 2.27 2.23 1.96
Gd - - 6.40 6.30 7.00 6.70 6.80 6.90 6.70 6.80 6.60
Tb - - 1.20 1.20 1.30 1.30 1.30 1.30 1.20 1.20 1.10
Dy - - 7.40 7.30 8.10 7.70 8.00 8.00 7.60 7.10 6.60
Ho - - 1.40 1.40 1.50 1.50 1.50 1.50 1.40 1.30 1.40
Er - - 4.00 3.90 4.30 4.10 4.10 4.20 4.00 3.80 3.90
Tm - - 0.56 0.56 0.62 0.60 0.60 0.60 0.59 0.56 0.57
Yb - - 3.50 3.70 3.90 3.80 3.70 3.80 3.80 3.50 3.40
Lu - - 0.52 0.54 0.58 0.53 0.56 0.54 0.53 0.51 0.49
Nb/La - - 0.80 0.78 0.76 0.82 0.81 0.80 0.75 0.79 0.85
Nb/Ce - - 0.34 0.33 0.32 0.34 0.34 0.34 0.31 0.32 0.35
LaN/LuN - - 3.23 2.94 3.06 3.11 2.98 3.13 3.28 3.09 3.01
LaN/SmN - - 1.62 1.53 1.58 1.54 1.51 1.55 1.56 1.65 1.57

GPS Data ; 12 13 14 15 16 17 18 19 20 21 22
JH8/5 JH8/6A JH8/8A JH8/8B JH8/8C JH8/10 JH8/11 JH8/JD4 JH8/JD5 JH8/PT1 JH8/PT2

Latitude 23�4400500 23�4102300 23�4100400 23�410012 23�4103300 23�4603400 23�4605100 23�4701900 23�4701900 23�4002800 23�4002800

Longitude 86�1005400 85�1900400 85�1903100 85�1903000 85�1902200 86�1400600 86�1402800 86�1500900 86�1500900 86�1702900 86�1702900

Major oxides (wt%)
SiO2 48.54 49.24 47.32 47.90 49.19 48.65 47.73 48.61 48.70 47.20 48.62
TiO2 2.72 2.89 2.96 2.73 3.01 2.71 3.01 2.80 2.78 2.82 2.86
Al2O3 12.93 13.74 12.15 12.9 13.16 13.11 12.80 12.63 12.49 12.20 12.75
Fe2O3 16.04 16.16 16.83 16.09 16.29 16.19 16.89 17.17 15.9 16.79 17.02
MnO 0.22 0.22 0.23 0.22 0.23 0.23 0.22 0.22 0.25 0.22 0.22
MgO 5.66 4.83 4.75 4.88 4.84 5.30 5.59 5.31 5.47 4.95 5.02

(continued on next page
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Table 2 (continued)

GPS Data ; 1 2 3 4 5 6 7 8 9 10 11
JH5/18 JH5/19 JH6/14 JH6/15 JH6/17 JH6/18 JH6/21 JH6/23 JH6/25 JH6/35 JH8/4

Latitude 23�4502900 23�4505500 23�4605700 23�4700700 23�4700700 23�4500400 23�4500900 23�4405500 23�4405000 23�4402400 23�4405400

Longitude 86�1100200 86�1101200 86�1402100 86�1404400 86�1402800 86�1102000 86�1104000 86�1100500 86�1103700 86�1101800 86�1003500

CaO 10.11 9.76 9.40 9.87 9.55 9.78 10.04 9.50 9.57 9.41 9.48
Na2O 2.16 2.36 2.23 2.30 2.30 2.30 2.18 2.21 2.22 2.14 2.30
K2O 0.45 0.58 0.57 0.52 0.61 0.56 0.49 0.61 0.55 0.45 0.59
P2O5 0.28 0.31 0.34 0.32 0.33 0.29 0.24 0.30 0.30 0.28 0.30
LOI 0.94 0.69 0.76 0.80 1.10 1.14 1.27 0.32 0.12 0.48 0.33

Total 100.05 100.78 97.54 98.53 100.61 100.26 100.46 99.68 98.35 96.94 99.49
Mg# 45.20 41.13 39.75 41.49 40.99 43.35 43.62 41.96 44.43 40.80 40.81
TAS Classna SAB SAB SAB SAB SAB SAB SAB SAB SAB SAB SAB

CIPW norm
Q 2.76 3.29 3.28 2.66 4.05 2.53 1.62 2.85 3.55 3.50 3.02
Or 2.72 3.48 3.53 3.19 3.68 3.89 2.96 3.68 3.35 2.80 3.57
Ab 18.70 20.23 19.79 20.18 19.83 19.91 18.87 19.10 19.38 19.06 19.92
An 24.82 25.51 22.50 24.45 24.23 24.35 24.24 23.23 21.20 23.52 23.25
Di 20.48 17.96 20.17 20.18 18.26 19.48 20.91 19.14 19.77 19.81 19.14
Hy 20.95 19.63 20.11 19.51 19.67 20.75 21.17 21.9 20.96 21.09 20.99
Mt 3.63 3.62 3.90 3.69 3.67 3.66 3.82 3.88 3.65 3.91 3.85
Il 5.29 5.57 5.90 5.37 5.82 5.26 5.84 5.43 5.44 5.64 5.56
Ap 0.66 0.73 0.83 0.77 0.78 0.69 0.57 0.71 0.72 0.68 0.71

Trace elements (ppm)
Cr 100 80 60 80 80 90 90 80 90 80 70
Ni 20 70 80 50 20 100 110 90 60 90 90
Rb 13 14 16 14 16 14 14 15 14 17 15
Ba 132 173 206 159 185 415 633 399 539 621 166
Sr 200 214 189 203 207 200 192 212 193 232 202
Nb 11 13 12 12 12 11 10 11 11 12 12
Ta 0.9 1.0 1.0 0.9 1.0 0.9 0.8 0.9 0.9 0.9 0.9
Zr 148 159 152 141 163 122 91 157 156 141 144
Hf 4.2 4.8 4.2 4.3 4.5 4.1 3.4 5.1 4.8 4.8 5.0
Y 35 38 39 37 41 36 30 39 38 37 39
Ga 23 24 21 23 27 23 24 22 21 22 23
Th 1.8 1.8 1.8 1.6 2.0 1.7 1.4 2.0 1.8 1.7 1.8
U 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.5 0.5 0.5 0.5
La 14.50 17.70 15.60 13.90 16.50 14.60 12.70 17.00 16.50 15.20 16.00
Ce 34.40 41.40 37.60 33.70 38.70 35.50 30.60 38.70 37.60 34.80 37.00
Pr 4.20 5.86 5.39 4.93 4.78 5.07 4.40 5.81 5.45 5.31 5.62
Nd 19.80 24.70 23.50 21.60 22.20 22.60 19.30 24.10 23.20 21.90 23.80
Sm 5.80 6.50 6.30 5.70 6.50 6.00 5.20 6.40 6.40 6.30 6.60
Eu 1.93 2.16 2.08 1.96 2.09 1.99 1.84 2.19 2.09 2.11 2.20
Gd 6.40 7.70 7.30 6.40 7.10 7.20 6.30 6.90 7.10 6.80 7.10
Tb 1.10 1.20 1.20 1.10 1.20 1.10 1.00 1.30 1.30 1.30 1.30
Dy 6.50 7.20 7.10 6.70 7.20 6.70 6.10 7.20 7.00 6.90 7.30
Ho 1.30 1.50 1.50 1.40 1.50 1.40 1.30 1.50 1.40 1.40 1.60
Er 3.90 4.60 4.40 4.00 4.30 4.20 3.80 4.40 4.30 4.40 4.50
Tm 0.56 0.66 0.64 0.57 0.62 0.57 0.54 0.63 0.65 0.58 0.61
Yb 3.30 3.80 3.70 3.40 3.70 3.50 3.20 3.80 3.60 3.70 3.90
Lu 0.47 0.53 0.54 0.49 0.54 0.50 0.47 0.52 0.51 0.52 0.55
Nb/La 0.76 0.73 0.77 0.86 0.73 0.75 0.79 0.65 0.67 0.79 0.75
Nb/Ce 0.32 0.31 0.32 0.36 0.31 0.31 0.33 0.28 0.29 0.34 0.32
LaN/LuN 3.20 3.47 3.00 2.94 3.17 3.03 2.80 3.39 3.56 3.03 3.02
LaN/SmN 1.57 1.71 1.56 1.54 1.60 1.53 1.54 1.67 1.62 1.52 1.53

(–) Not determined.
a Classification by SINCLAS computer programme (cf. Verma et al., 2002): SAB: Sub-alkaline basalt.

40 R.K. Srivastava et al. / Journal of Asian Earth Sciences 84 (2014) 34–50
against their MgO contents are tested in Fig. 5C. Again both the
dolerite dyke groups show distinct variations in HFSEs contents;
the HTD dyke samples have higher concentrations of HFSEs than
the LTD dyke samples with overlapping MgO concentrations. This
suggests that both the groups are not co-genetic and possibly
derived from different mantle sources. However, it is pertinent to
mention here that samples from each set obey, amongst them-
selves, crystallization trends and which clearly suggest their co-ge-
netic nature. As Zr is thought to be a good element to monitor
differentiation, in order to reconfirm the above inferences another
variation diagram deploying Zr and a few other HFSEs has been
plotted (Fig. 6). In all such the plots the HTD shows higher concen-
trations of HFSEs than those from Ltd. All these variation plots
corroborate very distinct geochemical nature for the HTD and the
LTD and suggest their derivation either from distinct mantle
sources or from different degrees of melting of the same source.

Fig. 7 presents primitive mantle-normalized multi-element
(ME) spidergrams and chondrite- normalized rare-earth element
(REE) patterns for the studied mafic dyke samples. All the plotted
samples show enriched concentrations in comparison to primor-
dial mantle and chondrite. In the first instance, it is observed that
both the HTD and LTD types display different multi-elements and
REE patterns corroborating geochemical features observed from
the variation diagrams. A very limited variation is observed on
ME and REE patterns within both the groups, however there are
a number of features which clearly distinguish them. The HTD



Table 3
Whole rock major oxides (wt%), CIPW Normative compositions and trace elements (ppm) of a Cretaceous Salma dyke from the Raniganj area, Chhotanagpur gneissic terrain,
Singhbhum craton, eastern India.

GPS Data ; 1 2 3 4 5 6 7 8 9 10
RG9/09 RG9/SM1 RG9/SM3 RG9/SM5 RG9/SM8 RG9/SM10 RG9/SM11 RG9/SM12 RG9/SM14 RG9/SM16

Latitude 23�3503900 23�3904800 23�3703600 23�3704900 23�4101800 23�4302400 23�4302400 23�4303800 23�4403000 23�4601700

Longitude 87�0201700 8700002600 8700102400 8700102000 8605904800 8605805700 8605805700 8605805200 8605803600 8605700100

Major oxides (wt%)
SiO2 53.04 51.95 51.44 52.18 53.23 52.38 49.82 52.73 52.70 51.96
TiO2 1.83 1.58 1.60 1.49 1.48 1.51 1.64 1.47 1.66 1.48
Al2O3 14.10 15.70 14.27 15.58 14.29 14.85 15.29 14.67 14.60 14.97
Fe2O3 11.70 10.91 11.45 10.74 11.28 11.18 12.22 11.08 11.60 10.71
MnO 0.17 0.15 0.17 0.16 0.16 0.15 0.08 0.15 0.16 0.16
MgO 5.47 4.94 5.72 5.24 5.79 5.9 4.18 5.93 6.06 5.98
CaO 9.67 9.93 9.90 9.99 9.71 9.96 6.72 9.59 9.51 10.70
Na2O 2.81 3.17 2.91 3.11 2.79 2.60 2.82 2.69 2.68 2.71
K2O 0.64 0.63 0.58 0.57 0.69 0.63 0.59 0.83 0.59 0.45
P2O5 0.22 0.19 0.19 0.18 0.18 0.18 0.20 0.19 0.20 0.18
LOI 1.09 1.25 1.01 0.97 1.01 1.20 6.50 1.31 1.01 1.50

Total 100.74 100.40 99.24 100.21 100.61 100.54 100.06 100.64 100.77 100.80
Mg# 54.05 53.25 55.69 55.10 56.36 57.41 46.25 57.38 56.79 58.41
TAS Classna BA BA BA BA BA BA BA BA BA BA

CIPW norm
Q 6.18 3.10 3.50 3.38 5.57 5.03 7.58 4.93 5.52 3.99
Or 3.83 3.79 3.52 3.42 4.13 3.78 3.76 4.98 3.53 2.70
Ab 24.08 27.29 25.30 26.75 23.91 22.32 25.77 23.12 22.94 23.30
An 24.28 27.21 24.82 27.31 24.75 27.39 29.50 25.90 26.37 27.78
Di 18.75 17.79 19.96 17.93 18.72 17.62 4.22 17.30 16.39 20.36
Hy 15.19 13.91 15.70 14.50 16.12 17.04 21.23 17.02 17.98 15.24
Mt 3.65 3.42 3.63 3.36 3.52 3.50 4.07 3.47 3.62 3.35
Il 3.52 3.04 3.12 2.87 2.85 2.90 3.37 2.84 3.19 2.85
Ap 0.52 0.45 0.45 0.42 0.42 0.42 0.50 0.45 0.47 0.42

Trace elements (ppm)
Cr 160 170 220 210 190 220 190 220 190 230
Ni 40 30 40 40 30 40 30 30 30 30
Rb 10 10 9 9 14 11 10 17 10 7
Ba 212 131 140 129 556 266 211 420 376 126
Sr 315 343 303 326 278 313 312 310 279 280
Nb 8 7 9 8 7 7 9 6 7 7
Ta 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
Zr 106 98 96 93 93 97 106 96 95 89
Hf 3.2 2.9 2.8 2.8 2.7 2.8 3.1 2.9 2.8 2.5
Y 30 26 25 25 26 24 25 25 26 25
Ga 19 18 18 18 18 18 18 18 18 17
Th 1.2 0.9 0.9 0.9 1.1 0.9 1.2 0.8 1.1 0.8
U 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
La 10.30 8.80 8.70 8.30 8.60 8.40 9.40 8.40 8.70 7.70
Ce 24.30 20.80 20.60 19.90 20.10 19.70 22.20 20.50 20.50 18.00
Pr 3.10 2.67 2.66 2.56 2.57 2.55 2.81 2.69 2.60 2.35
Nd 14.60 13.10 12.80 12.40 12.60 12.50 13.10 13.00 12.40 11.50
Sm 4.40 3.90 3.90 3.70 3.80 3.80 3.90 4.10 3.90 3.50
Eu 1.52 1.39 1.34 1.33 1.35 1.31 1.36 1.51 1.38 1.26
Gd 5.40 4.60 4.70 4.50 4.60 4.50 4.50 4.80 4.70 4.20
Tb 0.90 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.70
Dy 5.40 4.50 4.70 4.50 4.70 4.50 4.60 4.90 4.70 4.20
Ho 1.00 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.80
Er 2.90 2.50 2.50 2.40 2.60 2.50 2.50 2.60 2.60 2.40
Tm 0.42 0.36 0.37 0.35 0.38 0.36 0.36 0.39 0.38 0.34
Yb 2.70 2.30 2.40 2.30 2.40 2.30 2.30 2.50 2.50 2.20
Lu 0.43 0.36 0.36 0.35 0.38 0.36 0.36 0.38 0.38 0.34
Nb/La 0.78 0.80 1.03 0.96 0.81 0.83 0.96 0.71 0.80 0.91
Nb/Ce 0.33 0.34 0.44 0.40 0.35 0.36 0.41 0.29 0.34 0.39
LaN/LuN 2.49 2.54 2.51 2.46 2.35 2.42 2.71 2.29 2.38 2.35
LaN/SmN 1.47 1.42 1.40 1.41 1.42 1.39 1.52 1.29 1.46 1.38

a Classification by SINCLAS computer programme (cf. Verma et al 2002): BA: Basaltic andesite.
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samples lack a negative Ta anomaly but display a very minor neg-
ative Nb anomaly. On the other hand, the LTD samples show minor
negative anomalies at Nb as well as Ta. With the exception of a
couple of samples from the HTD group, rest of the samples from
both the groups lack any negative spikes at Zr or Hf. Sr has opposite
behaviour, with the HTD showing a negative anomaly, whereas the
LTD has a positive spike. LTD samples also display a prominent
positive anomaly at K. Positive K spikes are also reported from
the Salma dyke samples (Paul, 2005) and have been attributed to
late hydrothermal alteration as saussuritization in plagioclase
grains is observed in many samples. The HTD samples have
relatively higher REE abundances than the LTD samples and show
inclined REE patterns; LaN/LuN ratios vary between 2.8 and 4.5
with an average of 3.1. Although, in general, REE patterns of the
LTD samples are also inclined (LaN/LuN ratios vary between 2.3
and 2.5), however, they are slightly different than those of the
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HTD samples; likewise, middle REE (MREE) abundances in LTD are
relatively slightly higher and also have flat heavy REE (HREE)
patterns.
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Now before any further evaluation of geochemistry of the
studied mafic dykes it would be better to discuss possible role
of crustal contamination during their emplacement first. Many
workers suggested that possibility of crustal contamination in
dykes, particularly in their homogeneous central parts, is negligi-
ble as compared to volcanic rocks (Gill and Bridgwater, 1979;
Kalsbeek and Taylor, 1986; Tarney and Weaver, 1987; Rad-
hakrishna et al., 1991; Srivastava and Singh, 2004; Srivastava
et al., 2009). During the present study most of the studied dyke
samples were collected from the homogeneous centre part of
dykes to minimize any possible contamination. However, possi-
bility of some degree of contamination in mantle derived magmas
during their ascent and/or temporary residence in crustal magma
chambers cannot be absolutely discarded (Mohr, 1987). Although
it is difficult to assess crustal contamination without having iso-
tope data, some critical geochemical characters may help to iden-
tify possible involvement of crustal material during emplacement
of mafic magmas. Ti/Y and Ba/Nb ratios of present studied mafic
dyke samples are compared with mantle derivatives (MORB,
OIB and Primordial Mantle) and average crust values (Fig. 8)
and it can be seen that most of the studied samples plot closer
to mantle derivatives. However, a few samples show their
tendency towards average crust. This probably indicates that
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the lower crust may have little influence in the petrogenesis of
the studied dykes. Further, Nb/La, Nb/Ce, and LaN/SmN ratios of
studied mafic dykes are also compared with primordial mantle
and average crust values (see Table 4). These ratios are more close
to the primordial mantle values than the average crust which also
discourages any serious role of crustal contamination in genesis
of the studied mafic dykes.

Behaviour of Nb–Ta, Hf–Zr, Sr and REE patterns have also been
successfully used to identify the involvement of crustal contamina-
tion as well as subduction processes. Crustally contaminated sam-
ples are expected to show significant negative Nb (Ta) and Zr (Hf)
and positive Sr anomalies on ME spidergrams (Crawford, 1989;
Tatsumi and Eggins, 1995; Srivastava and Singh, 2004; Zhao and
Zhou, 2007; Cai et al., 2010; Srivastava et al., 2012). Besides, the
crustally contaminated samples or addition of subducted compo-
nent to mantle melt should also display LREE enrichment patterns.
The HTD samples clearly do not show these geochemical features
on the ME and REE plots which precludes any significant crustal
contamination in these dykes. Although, the LTD samples have
some geochemical features which indicate possibility of crustal
contamination, absence of negative Zr (Hf) anomaly and inclined
REE patterns in these samples (see Fig. 7) exclude significant crus-
tal contamination. Further, LaN/SmN ratios are relatively very low
(see Tables 2 and 3), the average being 1.57 in the HTD and 1.42
in the LTD, in the studied mafic dykes in comparison to average
crust which has LaN/SmN ratio �4.30 (see Table 4). Additionally,
Zr/Y, Nb/Y (Fig. 9) and Th/Ta, La/Ta (Fig. 11B) ratios, discussed later
in ‘‘Discussion section’’, also preclude any serious crustal contam-
ination in the studied rocks. Therefore, on the basis of the available
geochemical data it may be suggested that the composition of the
studied mafic dykes were not significantly affected by crustal con-
tamination, and isotopic data is needed to confirm this inference.
Nevertheless, geochemical data of the present study may be
utilized to discuss geochemical behavior and petrogenesis of the
studied mafic dykes.
Nature of the REE patterns may also be used to understand de-
gree of melting conditions (Cullers and Graf, 1984). Hirschmann
et al. (1998) stated that in many cases low percentage melting of
a mantle source may produce slightly fractionated REE patterns,
whereas flat REE patterns are produced by higher percentage of
mantle melting. Although samples of both sets of mafic dykes
show inclined REE patterns, the slope of the HTD samples is
relatively steeper than that of the LTD samples; LaN/LuN ratios is
higher in the HTD samples than those in the LTD samples (see
Tables 2 and 3). Therefore, on the basis of observed REE patterns,
it may be suggested that the HTD samples are crystallized from a
relatively low percentage of melting of a mantle source than the
LTD samples, which probably derived from a rather higher percent-
age of melting (cf. Hirschmann et al., 1998).
6. Discussion

The petrographic and geochemical characteristics of the studied
Cretaceous mafic dykes emplaced within the Gondwana sedimen-
tary basins of the Damodar valley and its environs permit us to clas-
sify them into two distinct magmatic types. One set of mafic dykes
trending in NNE to ENE directions shows comparatively higher
concentrations of titanium, iron and HFSEs than the other set of ma-
fic dykes, which trend in NW to NNW direction. The dykes with high
titanium are identified as high-Ti dolerite (HTD) dykes, whereas the
dykes with comparatively low titanium are recognized as low-Ti
dolerite (LTD) dykes. Both these distinct mafic dykes appear to be
genetically unrelated. As temporal aspects of mafic dykes play an
important role in understanding their petrogenesis, it is important
to discuss the available geochronological and paleomagnetic infor-
mation on them. One of the mafic dykes from the study area, the
Salma dyke, has been dated by Ar–Ar method to be of
65.1 ± 0.3 Ma (Kent et al., 2002) which is close to the Deccan event,
whereas majority of the other mafic dykes have ages between 110
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and 115 Ma (Agarwal and Rama, 1976; Kent et al., 1997, 2002), and
have been linked to Kerguelen plume activity (Coffin et al., 2002;
Kent et al., 2002; Srivastava and Sinha, 2007). All the available ages
on Cretaceous mafic dykes and Rajmahal basalts of the CGT and
Damodar valley sedimentary basins are presented in Table 1.

From the Table 1 it is observed that Rajmahal and Bengal basin
tholeiitic basalts are erupted during 118–116 Ma, whereas ages of
most mafic dykes were slightly younger and emplaced between
110 and 115 Ma. Kent et al. (2002) also recorded a number of
younger ages, between 109 Ma and 102 Ma, for Rajmahal basalts
but regarded them to be less reliable. However, the Salma dyke
emplaced at �65 Ma is an exception to these ages and it is interest-
ing to note that this dyke is spatially close to the Rajmahal Traps
rather than the Deccan Traps (Kent et al., 2002; Paul, 2005), and
its palaeomagnetic pole at�117 Ma (Patil and Arora, 2008), is close
to the age of the Rajmahal basaltic eruptions. Paul (2005) has stud-
ied samples of the Salma dyke for their geochemical characteristics
and found some interesting results; trace element (mainly HFSEs)
composition of the Salma dyke samples is similar to those of the
Rajmahal Group I basalts (Storey et al., 1992; Kent et al., 1997),
whereas REE contents are close to those of the Deccan mafic dykes
(Mahoney et al., 2000). It is important to mention here that a
dolerite dyke emplaced just adjacent to the Salma dyke at Kalida-
spur, Raniganj basin, having same trend as the Salma dyke, gave an
Ar–Ar age 112.5 ± 0.5 Ma (Kent et al., 2002). Additionally, one of
the mafic dykes trending in similar direction (i.e. NW) and exposed
near Koderma has been dated at 115.3 ± 0.4 Ma (Kent et al., 2002).
In the present study, a sample of the Kalidaspur dyke (RG9/09),
which is exposed adjacent to the Salma dyke, is also analysed
and its geochemistry (both trace and rare-earth elements) is very
similar to that of the Salma dyke samples (see Table 3). It is indeed
surprising to have two dykes sharing similar chemistry, petrogra-
phy and field setting yielding two different emplacement ages at
�65 Ma and �112–115 Ma. A re-look at the geochronological and
paleomagnetic aspects of the Salma as well as the other dykes is
mandatory to resolve this issue. The following sections would at-
tempt to seek answer to the pertinent questions such as – (i)
whether the studied mafic dykes are mantle plume-derived melts?
(ii) if yes, whether they are related to the Kerguelen mantle plume
or to the Rèunion mantle plume? and (iii) whether all the NW to
NNW trending dykes, including Koderma and the Salma, are co-ge-
netic and co-eval?

In the Zr/Y and Nb/Y plot (Fig. 9), which is widely used to iden-
tify plume-derived melts signature (Fitton et al., 1997; Baksi,
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2000), all the studied samples plot within the plume-derived basalt
field. This demonstrates their linkage to plume activity and it
becomes pertinent to evaluate the relative melt contribution of
the Kerguelen and Rèunion mantle plumes in their genesis. A com-
parison of geochemical data of the mafic dykes from the CGT and
Damodar valley with that of the Rajmahal basalts by previous
workers (Kent et al., 1997; Paul, 2005) is contradictory in nature.
For example, Kent et al. (1997) have presented geochemical data
for the mafic dyke samples from the Koderma, Raniganj basin
(which also includes one sample from the Salma dyke), and Jharia
basin. They stated that geochemical data of the mafic dykes of Ran-
iganj basin matches with that of the Rajmahal Group I basalts,
whereas that of the Koderma mafic dyke samples corresponds to
that of the Rajmahal Group II basalts. However, geochemical data
of the Jharia basin mafic dyke and the Salma dyke do not match
with any of the Rajmahal basalts but correspond to the Deccan
chemistry. On the other hand, Paul (2005) points out that trace ele-
ment chemistry of the Salma dyke samples show similarities with
Rajmahal Group I basalts. Geochemical data of Kent et al. (1997)
and geochemical data of mafic dyke samples of present study are
also compared (Fig. 10) and an altogether different picture
emerges; both the Koderma and Raniganj basin mafic dyke sam-
ples of Kent et al. (1997) show close geochemical similarities with
the LTD samples of present study, whereas the Salma dyke and
Jharia basin samples of Kent et al. (1997) match with the HTD sam-
ples. This is surprising because most of the LTD samples of present
study are from the Salma dyke. This necessitates a re-look at the
reported age of the Salma dyke at �65 Ma (Kent et al., 1997) espe-
cially so as its paleomagnetic pole matches well with that of the
Rajmahal Traps (Patil and Arora, 2008). It is also possible that
Salma dyke may represent a composite dyke that channelised
Rajmahal as well as Deccan magmas and therefore its detailed
mapping is required to establish multiple intrusions, if any. How-
ever, there is no other reliable age for any mafic unit, either intru-
sive or extrusive (except the Salma mafic dyke sample), in this
domain relating their links to the Deccan event (see Table 1).

Another important question arises as to whether chemistry
alone can be an effective discriminant to distinguish the signatures
of the Rajmahal and the Deccan Traps? To answer this, samples of
the present study together with those of Kent et al. (1997) are com-
pared with mafic rocks/basalts derived from Kerguelen and
Rèunion plume (particularly Deccan) activities. The studied
samples (both HTD and LTD) and also those samples analysed by
Kent et al. (1997) show very close similarities with the samples de-
rived from Kerguelen plateau basalts (Fig. 11). All the samples of
this study also show very close geochemical resemblance to the
Rajmahal Group I tholeiites and not to the Group II tholeiites
(Storey et al., 1992; Kent et al., 1997). Other important observation
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from Th/Ta vs La/Ta double ratio plot (Fig. 11B) is that studied sam-
ples fall close to the Primordial Mantle value and away from that of
Table 4
Nb/La, Nb/Ce, and LaN/SmN ratios of studied mafic dykes from the Chhotanagpur Gneissi
comparison.

Nb/La

High-Ti dolerites (HTD) 0.65–0.86 (Av. 0.77)
Low-Ti dolerites (LTD) 0.71–1.03 (Av. 0.86)
Primordial mantle 1.01
Average crust 0.46

Av.: Average value; Primordial mantle and average crust values are taken from McDono
the average crust value suggesting least or no significant involve-
ment of crustal material in their petrogenesis. The studied mafic
dyke samples together with those from Kent et al. (1997) are also
compared with those from the Deccan flows and dykes (Fig. 12). All
c Terrain, Singhbhum craton, eastern India, primordial mantle and average crust for

Nb/Ce LaN/SmN

0.28–0.36 (Av. 0.32) 1.51–1.71 (Av. 1.57)
0.29–0.44 (Av. 0.36) 1.29–1.52 (Av. 1.42)
0.39 1.00
0.23 4.30

ugh et al. (1992) and Weaver and Tarney (1984), respectively.
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of them also show close similarities with Deccan basalts and
dykes; the LTD samples match with low-Ti flows and dykes,
whereas the HTD samples display close similarities with interme-
diate-Ti flows and high-Ti dykes. Thus, the studied samples from
the CGT and Damodar valley show close geochemical similarities
with both Kerguelen and Rèunion plume derived rocks and two
broad conclusions may be inferred: – (i) all of them are derived
from plume tectonics and (ii) it is difficult to assign their associa-
tion to any particular plume based solely on the basis of
geochemistry.

As a number of ages (118–105 Ma), that are available for dif-
ferent igneous rocks exposed all around the eastern and north-
eastern Indian shield, show their temporal similarity to the
Rajmahal volcanic event (see Table 1) we prefer to link the mafic
dykes of this study to the Kerguelen plume activity. It has been
observed that most of the alkaline rocks (alkaline–carbonatite
complexes and lamprophyres of the Shillong plateau) and mafic
dykes (both from the Shillong plateau and the CGT including
Damodar valley) from eastern and NE India have younger ages
(between 115 Ma and 105 Ma) than that of the Rajmahal and
Bengal basin basalts (117–118 Ma). In the present study it is
observed that the HTD samples have higher contents of HFSEs
than that of LTD and are derived from lower percentage of melt-
ing of a mantle source. As it is well-established that alkaline rocks
are melts generated through lower percentage of melting, it likely
that the HTD are emplaced during later stages of Kerguelen plume
activities than the LTD. However, it is essential to have robust
geochronological and paleomagnetic data on both sets of mafic
dykes to confirm these aspects. Such a study will also address
the enigmatic problem related to the Deccan-age of the Salma
dyke.
7. Conclusions

A number of mafic dykes having distinct structural trends (NNE
to ENE and NW to NNW) are emplaced in the Damodar valley,
Chhotanagpur Gneissic Terrain, at the northern-most margin of
the Singhbhum craton. A majority of them intrude the coal-bearing
Gondwana sedimentary basins but a few of them also cut across
the Precambrian rocks. Petrographic and geochemical characteris-
tics of the Cretaceous mafic dykes classify them into two distinct
types – high titanium dolerites and Low-titanium dolerites and
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bring-out their different petrogenesis. Available ages on these
dykes suggest their emplacement �110–115 Ma, however one of
them viz. the Salma dyke, has been dated �65 Ma. Even though
the studied rocks show undoubted plume-derived signature it is
not possible to decipher their unequivocal lineage with either the
Rajmahal or the Deccan-related mafic rocks from geochemistry
alone. Robust geochronological and paleomagnetic measurements
on carefully selected samples are clearly required to constrain
the relative contributions of the Kerguelen- and the Reunion- man-
tle plume activities in the genesis of Cretaceous mafic dykes from
this domain.
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