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Figure 1.

Generalized geological map of Bundelkhand Granite Massif (BGM) showing the disposition of dykes and quartz reefs. Gen-

eralized geology is after Basu®. (Inset) Map showing BGM, Vindhyan Basin and other geological features.

chloritized or amphibolitized. Opaque phases are seen as
small discrete grains within the matrix, but the granophyric
texture commeon in the NW—SE trending suite is absent.

The NE-SW trending dykes show a distinct chemical
character in comparison to that of the NW—SE dykes, and
further detailed evaluation of the geochemical data suggests
that at least two types of dyke may be recognized in the
NW-SE oriented dyke swarms. Group I of NW-SE dolerite
dykes typically displays elevated SiO,, Sr, Rb, Y, Zr, Ba,
Hf and REE and a negative Eu anomaly with respect to that
of the Group II dykes. In general, Group II dykes contain
more Cr and Ni than Group I dykes, and have positive Eu
anomaly. By contrast, the NE-SW trending dykes show
more Ti0,, MgO, K,0, Cr, Ni and lower Sc, V, Rb, Sr,
Y, Zr, Ba and Hf content than those of the NW—SE oriented
dykes. Both the NW-SE and NE-SW suites are quartz
normative and show low Mg# ranging from 28 to 37,
while Eu/Eu* varies from 0.80 to 1.24. Most of the NE-
SW dykes typically show high-Fe tholeiite basaltic composi-
tion, while the NW-SE Group II dykes show an Mg-rich
tholeiite character. REE patterns are generally similar in
the two groups of NW-SE dykes, but the first group displays
a strong negative Eu anomaly (Euw/Eu*=10.71-0.97),
whereas the second group shows positive Eu anomaly
(EwEu* = 1.04-1.57), suggesting that the plagioclase was
not separated from the fractionating source magma.

All the mafic—ultramafic dykes show a substantial differ-
ence in their geochemical concentration compared to that

CURRENT SCIENCE, VOL. 88, NO. 3, 10 FEBRUARY 2005

of both the NW-SE and NE-SW oriented dolerite dykes.
These are either komatiite or basaltic komatiite in compo-
sition. Moreover, the trace element content and reported
diamond occurrence in some of these dykes suggest that
they are lamproites. The higher Mg# 50-70, Cr and Ni
content clearly indicates their primitive nature, while low
REE enrichment, together with near-flat REE patterns,
indicate the primary nature of these dykes. The chemical
and mineralogical composition of the mafic—ultramafic dykes
does not clearly indicate any genetic relationship between
them and the dolerites. It is more likely that the mafic—ultra-
mafic types originated from a different magmatic source
and are of mantle origin.

Y Ar/°Ar ages of dolerite dykes were estimated by laser
ablation technique at the Open University, UK. The samples
were prepared by roughly polishing on one side of a
block and mounting it on a glass slide. The upper side
was then ground till the sample was around 150 mm thick and
was washed ultrasonically in methanol to dissolve the
resin. The GA 1550 biotite standard, with an age'? of 98.79
0.96 Ma, was used to monitor the fast-neutron flux; the
calculated J value is 0.01047 = 0.000055. The samples
were irradiated at the McMaster reactor in Canada.

Following irradiation, the sample was loaded (with the
polished side uppermost) into the UV port of the
UVLAMP Ar dating system. A 10 Hz pulsed quadrupled
Nd-YAG laser (A =266 nm), with a pulse length of 10 ns,
beam diameter of ~10 um, and delivering about 1 mJ per
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pulse, was rastered over 50 um X 50 um regions of the
sample for approximately 9 min. Representative 10 min
extraction system blank measurements obtained during
the experiments were YAr=9x10"2% PAr=2x10"*
FAr=3x10" 7Ar=7x10" and *Ar=2x10" cm’
STP. Blanks were run before and after every analysis and
these were used to correct the data for background counts.
The extracted argon isotopes, 35Ar to 41Ar, were measured
in MAP215-50 noble gas mass spectrometer. The Ar data
were corrected for blanks, mass spectrometer discrimina-
tion and nuclear-induced interferences (***’Ca = 0.000255;
37Ca = 0.00076; *K = 0.0085).

In situ **Ar/*’ Ar analyses measured on two dykes with
a NW-SE strike (samples BD28 and BD148), and one dyke
representing the NE-SW orientation (sample BD87), in-
dicate two distinct periods of mafic dyke activity separated
by at least 200 Ma. Isotopic and age data of the dykes in
Table 1 clearly show the magmatic emplacement ages and
subsequent thermal histories recorded by minerals. The
NW-SE dykes also show two phases of magmatic activity.
The first group (Group I) of NW-SE dykes yields a mean
age of 2155+ 51 Ma (range from 2099+ 41 to 2215+
25 Ma; Table 1), and the second group (Group II) gives a
mean age of 2028 £22 Ma (range from 2001 =30 to
2059 £ 26 Ma). The NE-SW trending dykes show a mean
age of 2000+ 79 Ma (range from 1921 %31 to 2059+
54 Ma). To summarize, the second group of NW-SE and
NE-SW oriented dykes have similar emplacement ages
suggesting that some dykes, at least, may have been
formed as conjugate sets. To confirm the results obtained, the
field relationships of dyke intersections and geochemical
data clearly support two phases of dyke activity in the re-
gion. The palacomagnetic results also indicate two phases
of dyke activity in the Bundelkhand region. In the absence
of reliable radiometric dates for the Bundelkhand mafic
dykes, their age has been estimated between 1800 and
1500 Ma. This date range is based on age data derived
from adjacent terrains which form a series of basins marginal
to Bundelkhand Granite Complex. The only available K-
Ar ages are 1799 and 1523 Ma for these mafic dykes®.
The present *’Ar/*’Ar ages clearly support two phases of
magmatic activity and an older dyke activity in the region.
Apart from the magmatic emplacements within the dykes,
there are younger events at 692—-750 Ma given by plagio-
clase and feldspar, and 1800 Ma event recorded by mafic
groundmass. These mineral reset ages clearly demonstrate
that the area has been subjected to deformation subsequent
to their emplacement.

Oriented block samples (165) collected from dyke swarms
(30 sites) trending NW-SE and NE-SW directions in the
BGM have been subjected to critical laboratory tests to
recover the remanent magnetic signature in them. AF
fields up to 100 mT and temperatures up to 700°C have
been used in these tests and three distinct remanent magnetic
directions have been recovered from them. The palaco-
magnetic results support the findings of geological studies
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and Group I of the NW-SE trending dykes clearly indicates
an older phase of dyke activity. The palacomagnetic sig-
natures are also in support of two phases of emplacement
of these NW-SE dykes. For instance, in the NW-SE
trending dykes two different directions of remanent mag-
netism are observed (Dm = 168, Im =-26; Dm =40, Im =
—50), while the NE-SW dykes reveal single direction of
remanent magnetization (Dm =164, Im=+68), suggesting
only one single phase of dyke activity. Moreover, there is
an indication for the coeval emplacement of a conjugate
set of dykes from remanent magnetic directions, as also
indicated by the *’Ar/’Ar data. Group I of the NW-SE
trending dykes exhibits both normal and reversed mag-
netic directions with intermediate to steep inclinations, while
the other set of NW-SE dykes (Group II) shows shallow
inclinations thus indicating a long interval between injec-
tion of the Group I and Group II dykes.

Similar instances of multiple and conjugate emplacement
of dykes in several swarms are common. In the Karimnagar
dyke swarm (1650 Ma) trending in a NE-SW direction,
as many as three phases of dyke intrusions have been re-
ported>'*. Further south of Karimnagar in Peninsular India
in the southwestern margin of the middle-Proterozoic
Cuddapah Basin, both multiple intrusion and conjugate
dyke emplacement of 1800 Ma age have been reported"’.
Two phases of dyke intrusions are observed within the
NW-SE oriented dykes, of which the younger phase intruded
in a conjugate system with the NE-SW orientation. With
respect to the earlier uncertainty regarding fixing of time
of igneous activity, the radiometric and palacomagnetic
age data presented here suggest that the Bundelkhand dykes
are older than the Gwalior Trap volcanism associated with
marginal basins such as the Gwalior Basin. The present
ages match well with previously recognized global perio-
dicity of dyke emplacementslfk20 and establish the mafic dyke
activity events during the early-Proterozoic time in the
Indian subcontinent.

The initial phase mafic magmatism occurred in the
Bundelkhand Massif at 2200 Ma in an extensional environ-
ment' that persisted for about 200 Ma. Significant volumes
of basaltic melt were generated when the continental
lithosphere became stretched'’. The second pulse of mafic
magmatism then occurred and the wider temporal and
spatial relationships in the Bundelkhand region indicate
that these may have been a response to a rifting regime1
similar to the Sao Francisco craton, Brazil*, southern and
central Appalachian dykes®' and the basic dyke swarms in
the Canadian Superior Province'’, etc. These mafic dykes
generally truncate the earlier formed quartz reefs and thus
represent a younger thermal perturbation in the litho-
sphere which caused mafic magmas to intrude the Bun-
delkhand Granite, particularly in its southern and western
parts. Both phases of mafic magmatism took place during
the time interval between the terminal phase of hydrothermal
activity associated with the Bundelkhand magmatism and
the initiation of the marginal Gwalior and Bijawar basins'.
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Table 1. Argon isotope and age data for mafic dykes
(%) PAr
Sample BAPAr TAPAr BArAr DA Ar released *Ar/PAr  Age (Ma) *(20)
BD 148 orange yellow feld 6 0.011 2.04 0.010 148.8 2.88 145.53 1670 11
BD 148 mafic region 4 0.000 1.00 0.008 169.9 3.72 169.98 1844 8
BD 148 orange yellow feld 5 0.005 1.15 0.013 1743 3.77 172.74 1863 9
BD 148 orange yellow plag 2 0.002 0.85 0.008 178.2 3.84 177.60 1895 8
BD 148 orange yellow plag 1 0.004 0.80 0.007 181.3 3.07 180.10 1912 12
BD 148 mafic region 6 0.000 1.00 0.006 180.7 3.59 180.77 1916 8
BD 148 orange yellow plag 3 0.001 0.36 0.013 181.1 5.81 180.91 1917 7
BD 148 orange yellow plag 4 0.000 0.93 0.019 182.4 4.09 182.44 1927 9
BD 148 mafic region 3 0.001 n.d. 0.040 210.4 043 210.23 2099 41
BD 148 mafic region 2 0.008 6.65 0.018 214.5 0.89 212.24 2111 21
BD 148 mafic region 5 —0.001 3.95 0.000 226.9 0.77 227.19 2196 23
BD 148 mafic region 1 0.017 5.20 0.003 235.7 091 230.60 2215 25
Mean 2155 51
BD 28 All 0.617 70.16 0.073 204.2 0.06 21.93 373 1500
BD 28 All 0.159 24.73 n.d. 82.4 0.15 35.55 571 794
BD 28 All 0.052 4.51 0.030 92.1 1.14 76.58 1062 87
BD 28 All 0.000 3.38 0.007 122.6 1.83 122.70 1491 29
BD 28 All 0.001 1.06 0.012 147.1 4.67 146.91 1680 20
BD 28 All 0.081 52.48 0.032 175.5 0.14 151.39 1713 267
BD 28 All 0.004 1.85 0.010 163.9 2.08 162.80 1795 50
BD 28 All 0.112 227 0.049 197.8 045 164.63 1808 106
BD 28 All 0.020 1.55 0.015 171.9 2.51 166.07 1818 44
BD 28 All 0.008 1.34 0.014 168.9 2.12 166.62 1821 45
BD 28 All 0.003 4.34 0.021 171.9 1.28 171.13 1852 56
BD 28 All 0.005 0.44 0.024 174.2 2.76 172.13 1864 25
BD 28 All 0.001 347 0.009 180.0 1.89 179.75 1910 33
BD 28 All 0.016 1.07 0.017 187.4 3.28 182.61 1928 21
BD 28 All 0.000 0.80 0.013 184.4 3.76 184.32 1939 25
BD 28 All 0.027 5.15 0.010 198.8 1.35 190.78 1980 40
BD 28 All 0.017 3.71 0.019 199.1 1.63 193.98 2001 30
BD 28 All n.d. 20.77 0.000 177.6 0.13 196.67 2017 308
BD 28 All 0.013 0.78 0.024 203.3 2.55 199.42 2034 27
BD 28 All 0.003 0.14 0.020 204.3 4.72 203.50 2059 26
Mean 2028 22
BD 87 Cll large clearish plag 0.007 1.94 0.012 46.6 3.23 44.67 692 11
BD 87 Cll clear feld 9 n.d. 3.44 0.007 459 2.18 46.16 711 17
BD 87 Cll clear feld 5 0.011 3.79 0.010 49.9 1.97 46.48 715 17
BD 87 Cll clear plag 0.000 1.52 0.014 47.4 347 47.53 729 11
BD 87 Cll large clearish plag 0.001 0.75 0.014 49.9 6.64 49.46 753 6
BD 87 Cll clear feld 10 n.d. 9.38 0.013 70.2 0.83 70.96 1002 39
BD 87 Cll plag and pink feld 0.008 0.96 0.011 1153 2.69 112.85 1407 11
BD 87 Cll clear feld 3 n.d. 16.97 n.d. 133.1 041 134.38 1585 58
BD 87 Cll plag and pink feld 0.005 1.12 0.014 136.3 3.34 134.70 1587 11
BD 87 Cll clear feld 5 0.023 23.24 0.024 144.8 0.27 138.03 1613 80
BD 87 Cll clear feld 4 n.d. 23.64 n.d. 150.6 0.38 152.41 1721 63
BD 87 Cll clear feld 8 n.d. 11.98 0.016 153.2 0.66 154.06 1733 34
BD 87 Cll mafic pyx 4 n.d. 17.21 0.030 164.9 0.24 166.20 1819 91
BD 87 Cll orange—pink feld 0.072 8.60 0.043 202.6 0.60 181.45 1921 31
BD 87 Cll clear feld 2 0.060 20.05 0.034 202.3 0.31 184.74 1942 66
BD 87 Cll clear feld 0.012 22.93 0.005 190.4 0.42 186.69 1955 49
BD 87 Cll mafic pyx 2 0.031 8.60 n.d. 212.8 0.38 203.59 2059 54
BD 87 Cll clear feld same pit n.d. 26.60 0.056 212.7 0.19 214.66 2125 101
BD 87 Cll mafic pyx 3 n.d. 12.69 n.d. 268.8 0.20 269.80 2420 71
BD 87 Cll mafic pyx 5 0.289 183.17 0.811 399.2 0.03 313.84 2626 491
BD 87 Cll mafic pyx 1 0.011 n.d. n.d. 3953 0.02 392.17 2941 593
Mean 2000 79
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These mafic dykes show similarity to the Aravalli mafic
dykes in composition and age™. The geochemical data
suggest that the mafic and ultramafic dykes and dolerites
have originated from different source magmas and the
dolerites evolved through fractional crystallization.

The BGM itself is geochronologically poorly constrained.
K—Ar techniques on hornblende and biotite™ suggest
that the granitization came to an end by 2500-2600 Ma
and reported a whole rock Rb—Sr isochron age of 2359 %
53 to 2246 = 78 Ma for emplacement of different granitic
phases within the massif’. The age data presented here,
though primarily intended to constrain the timing of the
mafic magmatism within the BGM, also demonstrate the
deposition of volcano-sedimentary rocks in the rift-related
basins of the peripheral Gwalior and Bijawar regions. The
present mean ages of 2150 and 2000 Ma of the mafic dykes
in the region clearly demonstrate that they are younger
than the granitic rocks (2500-2600 Ma) of the Bundelkhand
granite massif and older than the volcano-sediments in
the rift-related basins (Gwalior traps 1830 200 Mas). The
two phases of dyke activity in the NW—SE direction and a
single phase of activity in the NE-SW direction clearly
suggest the episodic dyke activity in the region, though it
is possible that the 2000 Ma activity may be slightly older
than the initiation of volcanism seen in the peripheral
Gwalior and Bijawar basins. This Proterozoic dyke activity
clearly establishes the extensional environment in the
northern Indian Peninsular Shield similar to the Aravallis
in the northwestern part of the Indian Peninsular Shield.
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