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Trace, rare earth elements (REE), Rb-Sr, Sm-Nd and O isotope studies have been carried out

on ultramafic (harzburgite and lherzolite) dykes belonging to the newer dolerite dyke swarms of

eastern Indian craton. The dyke swarms were earlier considered to be the youngest mafic magmatic

activity in this region having ages not older than middle to late Proterozoic. The study indicates

that the ultramafic members of these swarms are in fact of late Archaean age (Rb-Sr isochron

age 2613 ± 177 Ma, Sr

i

∼ 0.702 ± 0.004) which attests that out of all the cratonic blocks of India,

eastern Indian craton experienced earliest stabilization event. Primitive mantle normalized trace

element plots of these dykes display enrichment in large ion lithophile elements (LILE), pronounced

Ba, Nb and Sr depletions but very high concentrations of Cr and Ni. Chondrite normalised REE

plots exhibit light REE (LREE) enrichment with nearly flat heavy REE (HREE; (ΣHREE)

N

∼ 2–3

times chondrite, (Gd/Yb)

N

∼ 1). The ε

Nd

(t) values vary from +1.23 to −3.27 whereas δ

18

O values

vary from +3.16‰ to +5.29‰ (average +3.97‰ ± 0.75‰) which is lighter than the average mantle

value. Isotopic, trace and REE data together indicate that during 2.6 Ga the nearly primitive

mantle below the eastern Indian Craton was metasomatised by the fluid (± silicate melt) coming

out from the subducting early crust resulting in LILE and LREE enriched, Nb depleted, variable

ε

Nd

, low Sr

i

(0.702) and low δ

18

O bearing EMI type mantle. Magmatic blobs of this metasomatised

mantle were subsequently emplaced in deeper levels of the granitic crust which possibly originated

due to the same thermal pulse.

1. Introduction

Mafic dyke swarms are important for studying the

extensional tectonics both in the continental and

oceanic realm. They also provide valuable informa-

tion regarding global geo-dynamic processes (Halls

1982). In particular, the ultramafic end members

of mafic/ultramafic dyke swarms have been proved

to be highly potential for understanding both man-

tle heterogeneity and its evolution (Zindler and

Hart 1986 and references therein) and hence can

be used to address some of the outstanding prob-

lems of Precambrian crust/mantle evolution as

well. For example, a large number of trace element

and isotopic (especially neodymium isotopic sys-

tematics) data suggest that most of the Archaean

mafic crusts were derived from LREE-depleted

sources (Hamilton et al 1983; Dupre et al 1984;

Fletcher et al 1984; Huang et al 1986). Some evi-

dences, however, exist which point out towards a
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complementary enriched mantle reservoir during

the same time (De Paolo and Wasserburg 1979;

Hegner et al 1984; Bowring et al 1989). Existence

of these enriched components has been explained

by models involving either plate tectonic processes

whereby enriched mafic/ultramafic (Chase and

Patchett 1988; Demney et al 2004; Spandler et al

2004) or alkali basalt (Galer and Goldstein 1991)

crusts were either recycled back to the man-

tle or serial magmatism related to the hotspot

type tectonics (Kroner and Layer 1992). Study of

Archean ultramafic rocks (xenoliths, dykes etc.)

is crucial in testing these models. As post crys-

tallization deformation and metamorphism disturb

pristine geochemistry and isotope systematics, it

is desirable that such studies are made on unde-

formed ultramafic rocks that are either free from

metamorphism or metamorphosed to a low grade

only.

Most of the mafic dyke swarms of the Indian

shield are of Proterozoic age. The oldest dyke

dated so far is of early Proterozoic age (2420 Ma;

Ikramuddin and Stueber 1976) occurring in south-

ern Indian craton. It was considered that among

all the other cratonic areas of India (viz., Aravalli,

Bastar, Dharwar, eastern Indian craton etc.) the

mafic dyke swarms in the eastern Indian craton are

of much younger age (Devaraju 1995).

In this paper we report the occurrence of the

oldest un-metamorphosed ultramafic dykes from

the eastern Indian craton. The geochronology of

the dykes is constrained by rubidium-strontium

systematics. Additionally we report trace element,

neodymium and oxygen isotopic data on these

dykes and discuss their implications to the Archean

mantle evolution. Petrography and major element

data of these dykes have already been reported by

Bose and Goles (1970) and Saha et al (1973).

2. Geology and sampling

The Eastern Indian Craton (EIC) (Singhbhum

nucleus (Naqvi and Rogers 1987)) constitutes

roughly a triangular shaped region with west-

ward flanking Bastar Craton and bounded by

Copper thrust belt in the north, Sukinda thrust

in the south, relatively high grade metamor-

phic Satpura belt in the northwest and the

eastern ghats granulite belt in the southwest.

A major section of this craton is occupied by

the Singhbhum granite batholithic complex of

3.2 Ga (Moorbath et al 1986) to 2.8 Ga (Saha

1994; figure 1) age, covering an area of about

10, 000 km

2

. It also contains numbers of shal-

low basins of different characteristics which are

flanked by this granite batholith, viz., iron ore

basins in the western sector containing enormous

amount of iron ore deposits; Simlipal-Dhanjori

basins dominated by volcanics and volcanoclastic

sediments. Ancient rocks including the Older Meta-

morphic Group (OMG) of igneous and sedimentary

rocks now metamorphosed to amphibolite facies,

called as ortho-amphibolite and para-amphibolite

respectively, and the Older Metamorphic Tonalite

Gneisses (OMTG) occur as remnants within the

batholithic complex. The OMTG intrudes synkine-

matically into the OMG amphibolites indicating

that the later are oldest unit (3.3 Ga, Sharma et al

1994). This follows the Iron Ore Group (IOG)

and it constitutes the major supracrustal unit

in the Singhbhum-Orissa iron ore craton. These

are made up of low grade metasediments includ-

ing phyllites, tuffaceous shales, banded hematite

jasper (BHJ) with iron-ore, ferrugeneous banded

quartzite, local dolomite, acid-intermediate and

mafic volcanics as well as mafic sill like intru-

sives. After the deposition of IOG, the crustal

growth of this craton reached its peak with the

vast intrusion of Singhbhum Granite batholith

which occupies a major part of this craton. Subse-

quently a pause in crustal growth followed which

was interrupted by a sedimentary (Singhbhum

Group) and volcano-sedimentary cycles (Dalma,

Simlipal, Dhanjori etc.) respectively and intrusions

of gabbro-anorthosite along the eastern margin of

Singhbhum granite batholith. It was followed by

the deposition of the Kolhan Group of sediments.

Finally the stabilization of this craton is attested

by the intrusion of spectacular set of reticulating

basic dyke swarms, known as Newer dolerite dyke

(NDD) swarms, mainly confined in the southern

part of Singhbhum shear zone.

Petrologically the NDD have been classi-

fied into three distinct groups namely, minor

ultramafic/norites, dolerite/gabbro with micropeg-

matitic dolerites constituting about 99% of the

dyke swarms and leucogranophyric dykes. All the

three groups are considered to be genetically

related representing cumulates, direct crystalliza-

tion and partial melting products respectively (op.

cit.). Published K-Ar dates, mostly on dolerites,

give a long range from 2144 Ma to 950 Ma (Sarkar

and Saha 1977; Mallik and Sarkar 1994) indi-

cating them to be of definite Proterozoic age.

No dates are, however, available either for the

leucogranophyric or ultramafic dykes. In the out-

crop NDD display mainly four distinct orientations

viz., N-S, NNE-SSW, NNW-SSE and E-W among

which NNE-SSW trend is the most dominant one.

Samples for the present study are collected from

two closely located NNE-SSW trending ultramafic

dykes exposed at Keshargaria-Jatangpi area (fig-

ure 1). Based purely on the similarity of trend

(NNE-SSW) with one set of NDD, these dykes

which are intrusives within Singhbhum granite,
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have been conventionally considered as ultramafic

varieties of the mafic dyke swarms group (Saha

1994).

Detail petrography of these dykes are given

in Bose and Goles (1970) and Saha et al

(1973). However, we have also critically exam-

ined the petrography of the samples before

carrying out geochemical and isotopic analy-

ses. Petrographically, these dykes can be clas-

sified into two groups. One is harzburgite to

pyroxenite (J-series) containing mainly cumulates

of olivine and pyroxene (mostly enstatite) (fig-

ures 2A and 2C). Very few clinopyroxenes (mostly

augite) are also present. Inclusions of opaque

minerals (mostly magnetite and Cr-spinel) are

present within both olivine and orthopyroxene.

Modal mineralogy shows that the proportions

of Olivine : Orthopyroxene : Clinopyroxene : opaque

is 40 : 55 : 4 : 1. The other group (ND series) is

of lherzolite type. The harzburgite type dyke

has homogeneous texture having sharp contact

with host granite whereas the lherzolite group

has two varieties viz., a central coarse grained

equant shaped olivine and prismatic pyroxene rich

(with occasional presence of phlogopites) cumu-

late part and a marginal part with relatively

fine grained rock containing hornblende, mica,

quartz, feldspar but fewer olivine and pyroxene.

Modal mineralogy of the central pure ultra-

mafic part of this dyke shows that clinopyrox-

enes are more compared to the harzburgite one

(figure 2B). Though olivines are to some extent

altered, unaltered olivines are also present in con-

siderable amount in both types of dykes. Like

hurzburgite, opaque minerals (mostly magnetite

and Cr-spinel) are also present within central lher-

zolite as accessory phases within both olivine and

orthopyroxene. Modally central cumulates con-

tain olivine : orthopyroxene : clinopyroxene : opaque

∼ 50 : 40 : 9 : 1. Presence of disequilibrium mineral

assemblage like olivine, quartz, mica, etc. in the

marginal samples (e.g., ND-28 & 29) indicates that

possibly they represent mixing between original

ultramafic magma with the host Singhbhum gran-

ite during emplacement.

3. Analytical techniques

Samples (∼ 1 sq. cm. small chips) were powdered

in tungsten carbide disc grinder. Care was taken

to avoid inter-sample contamination by repeated

washing of the grinder by de-ionized water and ace-

tone. For isotopic analysis about 0.5 gm of pow-

dered sample was taken and digested in a screwed

TEFLON

r

vial following the method of Todland

et al (1992). Typical sample digestion time was

3–4 days. Each sample solution was split into

A

C

B

Figure 2. Photomicrographs of both hurzburgite and lher-

zolite dykes (under crossed nicols). (A) Cumulates of pris-

matic orthopyroxenes in hurburgite dyke; (B) Cumulates of

prismatic orthopyroxenes and few clinopyroxenes in lherzo-

lite dyke; (C) Cumulates of prismatic orthopyroxenes and

equant shaped olivine in hurburgite dyke. Long dimension

of each photograph is 10mm.

four aliquots, three of them were spiked with

84

Sr (80%),

145

Nd (80%) and

154

Sm (99%) for Iso-

tope Dilution Mass-spectrometry (IDMS) and one
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aliquot for isotopic composition of Sr and Nd.

Sr and REE were separated from each aliquot

by using DOWEX 50W- × 8 200–400 mesh cation

exchange resin column (17 cm × 0.8 cm) in 2.5 N

and 6 N HCl medium respectively (Sarkar et al

1996). Sm and Nd were subsequently separated

from the bulk REE fraction following the modi-

fied method of Ramakumar et al (1980). The REE

fraction was dried and taken into 90% CH

3

OH +

10% 7.5 N HNO

3

medium and loaded onto BIO-

RAD AG 1 × 2 − 200–400 mesh anion exchange

resin column (4 cm × 0.4 cm). Sm and Nd were

separated from this REE by eluting it with 90%

CH

3

OH + 10% 0.075 N HNO

3

medium. The elu-

tion scheme includes rejection of the first 2 col-

umn volumes followed by collection of Sm in the

next 7 column volumes. Subsequent 11 column vol-

umes were rejected and the Nd was collected in

the final 12 column volumes. Pure Sr, Sm and

Nd fractions were loaded on clean rhenium fila-

ments in nitrate medium. All the analyses were

carried out using a double filament assembly of

MAT-261 thermal ionization mass-spectrometer at

Bhaba Atomic Research Centre (BARC), Mumbai.

Total procedural blanks for Sr, Sm and Nd are

< 1 ng, < 200 pg and < 300 pg respectively. Reli-

ability of IDMS was checked with basaltic stan-

dard BCR-1 which yielded concentrations of Sr,

Sm and Nd as 332 ppm, 6.62 ppm and 28.82 ppm

respectively and are in perfect agreement with the

values reported by Lahaye et al (1995). Overall

uncertainties in Sr, Sm and Nd concentration are

< 1%. Fractionation corrections for the Sr and Nd

isotopic ratios for the unspiked samples were car-

ried out with respect to

86

Sr/

88

Sr = 0.1194 and

146

Nd/

144

Nd = 0.7219 respectively. All quoted ana-

lytical errors are 2-sigma (2σ). Internal precision

for

87

Sr/

86

Sr isotopic ratios were monitored by run-

ning NBS-987 which gave 0.710226 ± 16 (n = 22).

The internal precision for

143

Nd/

144

Nd ratios were

checked with both La Jolla and MERCK Nd

standard which gave 0.511867 ± 08 (n = 19) and

0.511747 ± 06 (n = 22) values respectively. Reli-

ability of the entire analytical procedure was

checked by ion-chromatographic separation of Sr

and Nd from BCR-1 rock standard and their

mass spectrometric measurements. This provided

87

Sr/

86

Sr and

143

Nd/

144

Nd ratios of 0.704971 ± 23

and 0.512624 ± 18 and are in excellent agreement

with the reported values viz., 0.704998 ± 15 and

0.512638 ± 11 respectively (Toyoda et al 1994).

Whole rock oxygen isotope analyses were car-

ried out by Laser Fluorination (LF) technique

at Tohoku University, Japan following a modified

method of Sharp (1990). Powdered sample, kept

in an Ni chamber, was pre-fluorinated (doubly dis-

tilled BrF

5

) at room temperature and low vapour

pressure to remove adsorbed H

2

O on sample or

chamber walls and was subsequently slow-heated

by an RF-excited CO

2

laser in the ambient fluo-

rine rich atmosphere. After laser heating the unre-

acted reagent was frozen into a cold trap. The

evolved O

2

was converted to CO

2

over a hot car-

bon rod. The sample yield was measured by a

pressure transducer and directly fed to the mass

spectrometer inlet and measured. In all the sam-

ples, the yield was > 95%. The analytical precision

of oxygen data was monitored by LF analyses of

NBS-28 quartz standard which yielded δ

18

O value

of 9.52‰ against recommended value of 9.66‰.

In addition three more standards namely, JP-1 (a

Geological Survey of Japan standard), San Carlos

olivine and Ichinomegata olivine were also analysed

which gave values like 5.38‰, 5.73‰ and 5.61‰
and are in good agreement with the recommended

values of 5.35‰, 5.64‰ and 5.52‰ respectively.

All δ

18

O data have been reported with respect to

SMOW.

Trace element analyses (including Rb) were

carried out by ICP-MS at National Geophysi-

cal Research Institute, Hyderabad (Balaram et al

1996), whereas the REE were determined both by

Instrumental Neutron Activation Analysis (INAA)

at Tokyo Metropolitan University, Japan (for

details see Roy et al 1997) and ICP-MS in NGRI,

Hyderabad mainly to check the reliability of mea-

sured elemental concentrations. The analyses show

that concentrations of REE are in good agreement

between these two methods.

4. Results and discussion

Trace, REE, Sr, Nd and O isotopic data for these

dykes are given in tables 1 and 2. Both the cen-

tral cumulate portion of lherzolite dyke as well as

harzburgite dyke have similar Ni (varying between

817 and 2205 ppm), Cr (4460–7034 ppm) and Co

(99–142 ppm) concentrations. Only the marginal

samples (ND 28 and ND 29) of lherzolite dyke con-

tain much lower amount of Ni, Cr and Co con-

sistent with the disequilibrium mineral assemblage

as mentioned earlier indicating their mixed char-

acter. Concentration of large ion lithophile ele-

ments (LILE), particularly Rb and Ba, of both

the dykes are also similar (5.15–19.88 ppm and

20–35.18 ppm) but are much less compared to the

marginal samples of lherzolite dyke. High field

strength elements (HFSE) like Nb, Hf , Zr, Y etc.

in both hurzburgite and central part of lherzolite

dykes are in much lower concentrations than those

in marginal samples. Primitive mantle normalized

(McDonough and Sun 1995) spidergram (figure 3a)

for all the samples display a strong negative Nb

anomaly but magnitude of the anomaly is consid-

erably less in the marginal samples. Figure 3(a)
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Table 1. Trace and rare earth element concentrations of ultramafic dykes from eastern Indian craton.

Sample no. J 5 J 8 J 12 ND 15 ND 27 ND 28 ND 29 ND 30

Cr 5482 4465 4812 4483 6685 495 595 7034

Ni 1456 975 1475 817 1959 180 206 2205

Co 125.0 103.0 126.0 99.2 141.0 62.3 66.3 142.0

Sc 10.69 14.95 14.85 17.54 9.32 47.13 37.27 11.45

Zn 51.61 52.27 56.56 67.61 52.00 10.40 87.69 48.53

Rb 8.49 12.87 10.32 19.88 5.15 30.23 35.84 5.38

Cs 2.20 2.59 1.56 1.53 0.42 1.64 0.89 0.46

Ba 33.68 28.04 28.21 35.18 20.00 106.70 112.80 25.47

Sr 10.30 17.33 15.47 30.62 8.86 163.10 128.80 11.16

Nb 0.05 0.31 0.63 0.86 0.04 7.65 3.93 0.29

Hf 0.47 0.39 0.45 0.95 0.47 2.07 1.59 0.51

Zr 16.11 13.95 21.04 26.69 15.72 68.28 55.04 16.77

Y 3.73 3.54 5.49 6.08 3.38 24.13 18.39 3.93

Th 1.14 0.95 1.07 1.47 0.99 3.10 2.91 0.73

U 0.28 0.15 0.25 0.24 0.17 0.57 0.58 0.18

La 3.41 3.14 3.53 5.37 3.02 13.00 11.80 3.23

Ce 6.97 4.67 7.43 10.50 5.47 25.00 23.00 6.10

Pr 0.81 0.56 0.87 0.98 0.63 2.40 2.57 0.73

Nd 5.95 2.59 3.43 4.58 2.29 17.15 14.71 3.89

Sm 0.56 0.40 0.66 0.93 0.52 3.26 2.40 0.58

Eu 0.13 0.12 0.18 0.21 0.15 1.17 0.64 0.16

Gd 0.55 0.53 0.83 1.00 0.88 3.92 3.06 0.79

Tb nd 0.11 nd 0.15 nd 0.69 0.49 0.23

Dy 0.38 0.35 0.98 1.00 0.41 2.40 1.78 0.32

Ho 0.10 0.10 0.25 0.26 0.14 1.04 0.71 0.15

Er 0.39 0.16 0.68 0.65 0.41 2.40 1.78 0.32

Tm 0.10 0.09 0.10 0.03 0.04 0.37 0.45 0.09

Yb 0.39 0.38 0.59 0.76 0.56 2.71 2.13 0.45

Lu 0.06 0.06 0.10 0.09 0.05 0.40 0.27 0.07

(Gd/Yb)

N

1.14 1.13 1.14 1.07 1.27 1.17 1.17 1.42

(Ba/La)

N

0.97 0.88 0.79 0.64 0.65 0.81 0.94 0.77

(La/Sm)

N

3.82 4.92 3.35 3.62 3.64 2.50 3.08 3.49

All concentrations are in ppm.

N = Chondrite normalized.

also shows pronounced negative Sr and Ba anom-

alies (again much less in marginal samples). Chon-

drite normalised REE pattern of these samples are

shown in figure 3(b) exhibiting flat HREE pat-

tern (with ∼ 2–3 times chondritic abundance, see

Roy et al 1997) with only slight LREE enrich-

ment. Both the central cumulate part of lherzolite

and harzbugite dykes have similar REE patterns

but their total REE (ΣREE) contents are lower

than the marginal samples of Keshargaria. Inter-

estingly, the host Singhbhum granites also display

more or less similar REE pattern to these ultra-

mafics (figure 3c) but with higher ΣREE content.

4.1 Crustal contamination vs. source signature

In general, the LREE enriched pattern with flat

HREE ((Gd/Yb)

N

∼ 1) and negative Nb anomaly

(figures 3a and 3b), as seen in both the dykes can

be produced by crustal contamination during the

ascend of the magma (Polat et al 1997). However,

ΣHREE ∼ only 2–3 times chondrites (Roy et al

1997), high Cr and Ni content, negative Ba, Sr

anomaly and absence of pronounced Eu anom-

aly indicate an insignificant crustal contamination

(Taylor and McLennan 1985). The similarity in

REE and trace element patterns of marginal sam-

ples of the lherzolite dyke with those of central

ultramafic rocks of both the dykes indicate that

the marginal samples (ND 28 and ND 29), even

if contaminated by the host Singhbhum granite

during emplacement, still retain the pristine geo-

chemical signatures. The effect of contamination

of a pristine magma by the granitic country rock

can be effectively assessed by Nb/La and Y/Zr

ratios which change due to either mixing of dif-

ferent magmas or various degrees of partial melt-

ing of source or assimilation during emplacement.

The ratio of these incompatible elements, how-

ever, remains mostly unchanged during the process

of fractional crystallization (Ahmad and Tarney

1991 and references therein). Ideally an ultramafic
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magma having higher Nb/La ratio, if contaminated

with the Singhbhum granite (of lower Nb/La ratio)

should produce Nb/La ratio in between the origi-

nal ultramafic magma and Singhbhum granite. All

the samples, on the contrary, exhibit Nb/La ratios

much lower, even lower than the bulk continen-

tal crust (Taylor and McLennan 1985). Moreover,

in Zr-Y plot (figure 3), the Singhbhum granite

shows lower Y/Zr (∼ 0.1) ratio compared to these

ultramafics (all having similar Y/Zr ratio ∼ 0.38

Figure 3. (a) Primitive mantle normalised trace element patterns of the ultramafics dykes. Note pronounced Ba, Nb and Sr

anomalies (depletions). The marginal samples (ND 28, 29) have higher LILE contents but anomalies are less. (b) Chondrite

normalised REE plot of ultramafics dykes. Note slight LREE enrichment and flat HREE pattern. Marginal samples have

higher ΣREE. (c) Chondrite normalised REE plot of ultramafics dykes and Singhbhum granite (Saha 1994). Note similarity

of pattern between granites and ultramafics.

including the marginal ones and close to N-MORB

value, McDonough and Sun 1995). Figure 4 also

shows strong correlation between these two vari-

ables for both marginal and other ultramafic sam-

ples (r = 0.99) indicating their cogenetic nature

without much altering their pristine signatures

during emplacement. This is also evident from sim-

ilar Ni/Co and Cr/Ni ratios of these rocks (figure 5

and figure 6). We, therefore, believe that the geo-

chemical signatures of these ultramafics essentially
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Figure 3. (Continued)
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Figure 4. Zr-Y plot of the ultramafics and Singhbhum granite. Note similarity in Y/Zr ratio of the central ultramafics and

marginal rocks showing high correlation (R = 0.99).

reflect characters of source material. This con-

tention is further supported by Sr and O isotope

data as discussed below.

4.2 Sr isotopes

Rb/Sr and

87

Sr/

86

Sr ratios of the analysed dyke

samples vary from 0.597 to 2.469 and 0.72141 to

0.79207 respectively. All the data are plotted on

87

Rb/

86

Sr−

87

Sr/

86

Sr plane in figure 7(a). The eight

point whole rock isochron of these dykes yields an

age of 2613 ± 177 Ma and initial Sr ratio (Sr

i

) of

0.7020 ± 0.0044 (MSWD = 6). Figure 7(b) shows

the 2.6 Ga reference isochron line along with the

87

Rb/

86

Sr and

87

Sr/

86

Sr ratios of Singhbhum gran-

ite phase-III (close to the locations of Keshargaria-

Jatangpi; see Saha 1994 for definition) which

clearly indicates that both the ratios of Singhb-

hum granite and central cumulates of the dykes

are higher compared to the marginal samples. If

at all crustal contamination perturbed the Rb-Sr

systematics, the values of both

87

Rb/

86

Sr and

87

Sr/

86

Sr ratios of the marginal samples (ND28 and
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Figure 5. Ni-Co plot of the ultramafics.

Figure 6. Cr-Ni plot of the ultramafics.

ND 29) would have been in between the central

lherzolite and hurzburgite (devoid of crustal con-

tamination) and host Singhbhum granite. But the

figure 7(b) shows otherwise. Though petrograph-

ically the marginal samples (ND 28 and ND 29)

are showing mixed character, they have much lower

87

Rb/

86

Sr and

87

Sr/

86

Sr ratios compared to the cen-

tral dykes. This attests to the fact that these

ultramafic rocks have retained their original signa-

ture (with respect to the Rb-Sr isotope systemat-

ics) even if they have been contaminated to some

extent during emplacement. These observations

along with the similar trace and REE patterns led

us to argue that the isochron (figure 7a) is a real

one and not fictitious. We, therefore, conclude that

these dykes intruded the Singbhum granite around

2613 Ma i.e., during late Archaean time.

4.3 Oxygen isotopes

δ

18

O

SMOW

of the eight samples ranges from +3.16

to +5.29‰ (table 2), averaging +3.97 ± 0.75‰,

which is lower than the calculated δ

18

O values

(+5.5 ± 0.4‰) of bulk composition of spinel-,

garnet- and diamond-facies mantle (Mattey et al

1994). As the crustal contamination of an original

magma tends to increase δ

18

O values (Faure 1992),

the lower δ

18

O values of these ultramafics can not

be due to crustal contamination. It is important

to note that one of the marginal samples (ND-28,

having a mixed petrography containing olivine,

pyroxene, hornblende, mica, quartz and feldspar;

see previous discussion) shows highest δ

18

O value

(+5.29‰), close to the general mantle composition.

These observations together support our earlier

contention (based on trace, REE and Sr isotope)

that these rocks are not crustally contaminated but

retained their pristine geochemical signatures. An

alternative yet most plausible mechanism of low

δ

18

O values of the present ultramafics is interaction

with hydrothermal fluid of lower δ

18

O composition

(Muehlenbachs et al 1974; Harmon and Hoefs 1995;

Eiler et al 1996) either during post-crystallisation

period or at source itself. Compilation of δ

18

O

values of hydrothermal fluid indeed indicates that

they are low varying from −5 to −15‰ (Kyser

1986). Petrographic observation of these ultra-

mafics show cumulates of olivine and pyroxene

with insignificant (modally < 5%) serpentinisation

(representative of a hydrothermal alteration prod-

uct). Considering average modal proportion of

Olivine : Orthopyroxene : Clinopyroxene : Serpentine

as 60 : 30 : 5 : 5 in these rocks and its interaction

with an average hydrothermal fluid of −10‰δ

18

O

composition, we calculate the final whole rock

δ

18

O value to be ∼ 4.8‰ (the respective min-

eral δ

18

O values in mantle have been taken from

Mattey et al 1994). This is not much different

from the average mantle value and higher than the

observed average δ

18

O value of these ultramafics.

The lowest δ

18

O value of 3.16‰ (table 2) in fact

requires interaction with an abnormally depleted

fluid of ∼ −42‰ which is unrealistic. Addition-

ally, the host Singhbhum granite also does not

display any effect of hydrothermal alteration and

retains unaltered mineralogy (Saha 1994). A post-

emplacement hydrothermal interaction would also

reduce the concentrations of most compatible ele-

ments like Ni, Cr and Co in the olivine and pyrox-

ene as well as their respective correlations which

are not observed in the present study (figures 5 and

6). During fractional crystallization, due to con-

tinuous removal of early mafic minerals from the

magma, concentration of the compatible elements

e.g., Ni, Cr and Co will gradually decrease in the

remaining magma whereas δ

18

O value will gradu-

ally increase. Hence, in an ideal case a negative cor-

relation will be expected between δ

18

O and either

Ni or Cr or Co. If post crystallization hydrother-

mal alteration took place, this correlation would
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Figure 7. (a)

87

Rb/

86

Sr–

87

Sr/

86

Sr whole rock isochron diagram of the ultramafics dykes. Only analytical errors have been

considered for calculating the age (for details see text). The isochron is constructed using ISOPLOT program (model 3

solution; Ludwig 1988). (b)

87

Rb/

86

Sr–

87

Sr/

86

Sr plot of the ultramafics and Singhbhum granite (phase III) along with 2.6Ga

reference isochron line. Note that the Singhbhum granites also lie close to the reference isochron but plotted towards higher

Rb/Sr ratio side.

no longer exist. However, in the present study sig-

nificant negative correlations are found between

δ

18

O with Ni, Cr and Co (figures 8, 9, 10) in these

ultramafic samples. Therefore, this rules out any

post-crystallisation hydrothermal fluid-rock inter-

action as the cause of these low δ

18

O values and we

conclude that the source of these rocks was itself

depleted in oxygen isotopic composition. The most

plausible mechanism of this source depletion may

be the hydrothermal interaction and/or influxes

of Fe-Ti-Cr rich melt (Zhang et al 2001) into the

mantle itself. Compilation of LF δ

18

O data on

mantle minerals by Mattey et al (1994), however,

indicates that the δ

18

O values of olivine in hydrous

and anhydrous lithologies are indistinguishable

and the fluids, associated with exotic mantle oxy-

gen isotope composition inherited from subducted

oceanic crust, either lose its identity or the hydra-

tion process is a more localised phenomenon which

involves fluids that are internally buffered. Our

data do not reconcile with this explanation and

instead indicates considerable influence of hydra-

tion at source. In fact, the low δ

18

O values in some

of the oceanic island basalt (OIB) have recently

been explained by the involvement of altered and

subducted oceanic crust during melting at mantle

depths (Widom and Farquhar 2003; Demeny et al

2004). Not withstanding the difficulties in explain-

ing the low δ

18

O values of these ultramafics, the Nd

isotope data also suggest a heterogeneous source
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Figure 8. Ni-δ

18

O plot of all ultramafics. Note the negative

correlation.

Figure 9. Cr-δ

18

O plot of all ultramafics. Note the negative

correlation.

best explained by mantle metasomatism caused by

fluid from subducted crust as discussed below.

4.4 Nd isotopes

For all the 13 samples analysed, there is too lit-

tle spread in

147

Sm/

144

Nd (from 0.1012 to 0.1460;

table 2) to construct an isochron. Compilation of

partition coefficient (K

D

) values show that the dif-

ference in K

D

values between Rb and Sr is con-

siderable during the process of crystallisation of

ultramafic magma generated from a metasoma-

tised mantle where clinopyroxene (mainly augite)

is the suitable host for Sr (Halliday et al 1995

and Nielsen 1998). The rocks under the present

study mostly contain olivine and orthopyroxene

and slight variation in modal proportion of clinopy-

roxene can produce considerable spread in Rb/Sr

ratio. In case of Sm and Nd this difference in

K

D

value is insignificant irrespective of the slight

variation of modal percentage of clinopyroxene in

Figure 10. Co-δ

18

O plot of all ultramafics. Note the nega-

tive correlation.

these ultramafic cumulates (op. cit.). Furthermore,

if the source of the ultramafic magma is meta-

somatised (see the discussions above and below),

the Rb and Sr contents will be more compared to

the general primitive mantle as the metasomatised

fluid is generally enriched in LILE whereas Sm

and Nd contents remain mostly unaffected (Zindler

and Jagoutz 1988). During the crystallization of

this kind of ultramafic magma, some liquid may

also be trapped either along the grain boundary

or in between the grains (not possible to iden-

tify through petrographic means; Meen et al 1989)

which will be enriched in Rb and Sr but depleted

in Sm and Nd as Sm and Nd are generally stored

within crystallising phases like olivine, orthopy-

roxene and clinopyroxene. Additionally, occasional

presence of phlogopite in these ultramafic rocks

also change Rb/Sr ratio whereas Sm/Nd is mostly

unaffected. All these must have caused too little

spread in

147

Sm/

144

Nd values from 0.1012 to 0.1460

(table 2), to construct a meaningful isochron for

these ultramafic rocks yet producing a reasonably

good Rb-Sr isochron of 2613 Ma.

Also shown in table 2, ε

Nd

(calculated back to

2.613 Ga) and T

CHUR

(model ages using CHUR)

values vary from +1.23 to −3.27 and 2.47 to

2.95 Ga (mean 2.69 ± 0.15 Ga) respectively. The

ε

Nd

values (positive and negative ε

Nd

) indicate

contribution from both enriched and depleted com-

ponents at source i.e., a heterogeneous source with

respect to LREE. LREE enrichment with low

143

Nd/

144

Nd ratios of the samples (Blusztajn and

Shimizu 1993) and absence of correlation in Nd-ε

Nd

(2.6 Ga) plot (figure 11) also attest to the fact that

this enrichment is not during crustal contamination

or post crystallization alteration as mentioned

earlier—rather source enrichment. Furthermore,

the similarity of T

CHUR

values (mean 2.69 Ga;
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Figure 11. Nd-ε

Nd

(2.6Ga) plot of all ultramafics.

table 2) with the crystallization age (2.61 Ga) sug-

gests that there is no significant time gap between

the source-enrichment and the rock formation. Iso-

topically, therefore, the mantle below the eastern

Indian craton had low

87

Sr/

86

Sr (∼ 0.702) and

143

Nd/

144

Nd ratios (equivalent to EMI or enriched

mantle I type proposed by Zindler and Hart 1986)

along with variable ε

Nd

values (with LREE enrich-

ment) during the late Archaean time.

5. Implications

The variable ε

Nd

during the late Archaean time

below eastern Indian craton implies establishment

of distinct isotopic reservoirs (both depleted and

enriched). Global compilation of Nd isotopic data,

obtained from basalts, ophiolite sequences and con-

tinental crustal materials, indicates three major

mantle depletion peaks (increasing the volume of

depleted mantle at the expense of primitive man-

tle) associated with three major peaks of crust

building activities during the Precambrian viz., at

3.4 Ga, 2.7–2.6 Ga and 1.8–1.6 Ga (De Paolo 1981;

Jacobsen and Wasserburg 1984; Bennett et al 1993;

McCulloch and Bennett 1994). Interestingly, out of

these, the most violent crust building peak during

2.7–2.6 Ga coincides with the intrusion age of east-

ern Indian craton ultramafic dykes. It is, however,

difficult to find out the exact causative mecha-

nism of the formation of enriched mantle reservoirs

below EIC during late Archaean.

5.1 Cause of source enrichment

Three different processes can be visualised for such

enrichment. These are deep seated plume mag-

matism, delamination of continental lithosphere

and re-injection of enriched crustal reservoir

via subduction (McKenzie and O’Nions 1983;

Hawkesworth et al 1984; Weaver 1991; McCulloch

1993; McKenzie 1995; Hoffman 1997). Normally a

deep seated plume originates from a depth within

lower mantle to core-mantle boundary. Though def-

inite subduction of Archaean crust started dur-

ing 2.7 Ga (McCulloch and Bennett 1994), in

an ambient steeper geothermal gradient (causing

high magmatic activity but producing only thin

buoyant crust; Bickle and Eriksson 1982; Arndt

1983; Nisbit and Fowler 1983; McCulloch 1993)

with layered mantle convection (Allegre 1997) and

faster plate movements, high angle subduction

would be too difficult to operate. This, in turn,

would reduce the chance of transport of enriched

component deep into the mantle and thereby ini-

tiation of plume activity (McCulloch 1993). More-

over, it is difficult to visualize a plume related

mechanism that can cause selective depletion of

some incompatible elements like Ba and HFSE

like Nb but preserving a primitive mantle-like

ΣHREE concentration. Delamination of the denser

lower crust, on the other hand, requires existence

of considerably thicker and compositionally vari-

able (differentiated) crust (Rudnick 1995). Dur-

ing pre-2.7 Ga period crust building activity was

not too high, also the geothermal gradient was too

high to produce thicker-differentiated crust. Also

delamination of the lower continental crust can-

not significantly reduce the Nb/La ratio of the

upper mantle compared to the bulk continental

crust (Taylor and McLennan 1985). These, along

with low Sr

i

(∼ 0.702), ΣHREE ∼ 2–3 times chon-

drite of eastern Indian craton ultramafics rule out

the possibility of both delamination or plume mag-

matism as a cause of enrichment of lithospheric

mantle below the eastern Indian craton. We, there-

fore, postulate that the subduction induced man-

tle metasomatism was the only process by which

the mantle below the eastern Indian craton could

be enriched producing heterogeneous ε

Nd

, low δ

18

O

and Ba, Nb depletions. It is possible that due to

the subduction of the earlier (pre-2.6 Ga) oceanic

(mafic) crust, fluid (± silicate melt) was squeezed

out from the slab and incorporated into the overly-

ing mantle wedge. As this fluid generally contains

H

2

O, CO

2

and chloride ions, it will be enriched in

moderately strong acids like Rb, Ba and Sr whereas

depleted in very strong acid like Nb (Keppler

1996). Among Rb, Ba and Sr, Rb is of least acidic

character. Furthermore, solubility and mobility of

Rb in chloride medium is higher compared to Ba

and Sr (op. cit.). This could explain the relative

depletion of Ba and Sr compared to Rb. How-

ever, Ba depletion has also been reported to be

either due to the presence of Ba-depleted sediment

subduction-component at source (Smith et al 1996)

or crustal recycling into the mantle (Nielsen et al

2002). We, therefore, consider that the metsomatic
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interaction at source between fluids coming out of

subducted slab and mantle was the main cause

of LREE (and LILE) enrichment and Nb (HFSE)

depletion. Since the mobility of Rb and Sr in the

melt (in situ silicate)-fluid phase (H

2

O + CO

2

and

chloride medium) interaction is considerably higher

than Sm and Nd (LREE), the fluid induced melt

in the upper mantle wedge becomes isotopically

more homogeneous with respect to Rb-Sr com-

pared to Sm-Nd, causing variable ε

Nd

(∼ +1.26 to

−3.24) values. The lower δ

18

O values of these ultra-

mafics compared to the average mantle (table 2)

also, in all likelihood, point towards the subduction

related hydrothermal water/fluid and/or Fe-Ti-Cr

rich melt invasion at the source (Zhang et al 2001;

Demeny et al 2004).

Global compilation of ε

Nd

data of mafic-

ultramafic rocks exhibits, in addition to a strong

depletion peak, significant presence of enriched

mantle component around 2.7–2.6 Ga (McCulloch

and Bennett 1994). Theoretical model calculation

shows that along with vigorous crust building

activities the subduction (low angle?) was also ini-

tiated during the same time (op. cit). It is tempting

to speculate that a majority of these source enrich-

ments were caused by this subduction induced

mantle metasomatism (Spandler et al 2004 and ref-

erences therein) as found in the ultramafic dykes

of eastern Indian craton.

5.2 Dyke age and cratonic stabilization

It is important to mention that the late Archaean

age of 2.6 Ga of Keshargaria-Jatangpi dykes indi-

cates that the NDD swarm has much longer tem-

poral range from 2.6 Ga to 0.95 Ga (with episodic

intrusive activity cf. 2.6 Ga, 2.1 Ga, 1.5 Ga, 1.1 Ga;

this work; Saha 1994; Mallik and Sarkar 1994)

and is definitely not the youngest mafic magmatic

activity as thought by earlier workers. Alterna-

tively, these different episodes may imply emplace-

ment of genetically unrelated dyke suites and hence

grouping them purely on the basis of structural

trends may not be justifiable. Finally, a close

look at the emplacement age of the older dyke

swarms from other cratonic blocks of India viz.,

Bastar, south Indian craton etc. reveals an inter-

esting feature. The oldest mafic dyke activities

in south Indian craton viz. Kolar gold field and

other parts of Mysore have been dated to be

∼ 2.4 Ga (Ikramuddin and Stueber 1976; Sarkar

and Mallik 1995). Mafic dykes within Bundelk-

hand granite are not older than 1.8 Ga (Sarkar

1997). Dolerite dyke swarms from adjacent Bas-

tar craton are also of mid-Proterozoic age (1.2 Ga;

Sarkar et al 1990). Since emplacement of dyke

swarms are causally related to the stabilisation of

cratons (Halls 1987), the 2.6 Ga emplacement age

of eastern Indian craton ultramafic dykes suggests

that among all cratonic blocks of Indian shield, the

eastern Indian craton possibly experienced earli-

est stabilisation event. The youngest phase (III) of

the Singhbhum granite batholithic complex, within

which the ultramafic dykes were emplaced, possi-

bly represents the end of the major crust building

activity in eastern Indian craton.

5.3 Mode of dyke emplacement

Tectonically emplaced peridotitic rocks of either

alpine type or ophiolite type within granitic coun-

try rocks have been reported from various locali-

ties world over where subsequent serpentinization

might have eased further movement towards the

shallower crustal level (Galan and Duthon 1996;

Hall 1996). In addition intrusive peridotite bod-

ies have also been reported from different places

e.g., Lherz, Mount Albert, etc. (Loomis 1972;

MacGregor and Basu 1979; Jahn et al 1999). Iden-

tifying the exact mode of emplacement of these

bodies is often problematic as the contact relation-

ships are frequently obscured by the serpentiniza-

tion and faulting. Detail studies of some of these

bodies indicate emplacement both as a solid hot

body (resulting in contact metamorphosed auri-

oles) or molten magma (producing a mixed con-

tact rock; Hall 1996). This leads to two possible

interpretations:

• the peridotite originated at much greater depth

or

• the magmatic events leading to the crystalliza-

tion of the peridotite did not pre-date its even-

tual emplacement.

Cumulates of the ultramafic bodies of Keshargaria-

Jatangpi indicate that they were crystallised from

the magma in equilibrium condition. Moreover, the

youngest phase (III) of the Singhbhum granite from

nearby locations (e.g., Juldhia and Jorapokhar) of

these dykes yielded Rb-Sr ages like 2860 ± 250 Ma

and 2880 ± 259 Ma respectively (Saha 1994), which

are close to Rb-Sr ages of the ultramafic dykes

within error. This indicates that the same thermal

pulse might have been responsible to produce

the mafic/ultramafic magma from the partial

melting of metasomatised mantle and extensive

late Archaean granite intrusion. Possibly during

the emplacement and final stabilisation event of

the Singhbhum granite numerous magma blobs

were generated due to the melting of overlying

metasomatised mantle. These might have slowly

cooled down within the Singhbhum granite at

a relatively deeper level resulting in equilibrium

cumulate texture represented by the Keshargaria-

Jatangpi ultramafics. Interestingly these more
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evolved members of NDD also have much younger

ages (varying from 2.1 Ga to 0.9 Ga; Sarkar and

Saha 1977; Mallik and Sarkar 1994). More detailed

geochronological and geochemical studies of all

varieties of NDD are required to fully understand

the emplacement of this spectacular dyke swarm

both in time and space.

6. Conclusions

• The intrusion age of the ultramafic dykes from

Keshargaria-Jatangpi area is 2613 ± 177 Ma

with Sr

i

∼ 0.7020 ± 0.0044 and is thus the oldest

dyke activity in the eastern Indian craton and

possibly in the entire peninsular India, suggest-

ing earliest stabilization event.

• Trace, REE, Sr, Nd and Oxygen isotopic data

of these dykes indicate that at 2.6 Ga the nearly

primitive mantle below the eastern Indian Cra-

ton was metasomatised by the fluid (± silicate

melt) coming out from the subducting early

crust resulting in LILE and LREE enriched,

Nb and δ

18

O depleted, variable ε

Nd

and low

Sr

i

bearing EMI type mantle. Magmatic blobs

of this metasomatised mantle were subsequently

emplaced at deeper levels of the granitic crust

which possibly originated from the same thermal

pulse.
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