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Abstract: Giant quartz veins are widespread on the Bundelkhand Craton of the Indian Shield which
precise ages with a SHRIMP-II, U-Th-Pb isotope are quantified in this article. Their relative geological
age is well-documented: they cut the Paleoproterozoic (2150–1800 Ma) sediments of the Bijawar
Group and are overlain by Proterozoic (1670–1030 Ma) sediments at the base of the Upper Vindhyan
Supergroup. U-Th-Pb dating of zircon grains from a quartz vein was carried out to assess major
event of their formation as 1866 ± 12 Ma. This data is consistent with the relative geological age
of the veins. In addition, the quartz veins were shown to contain 2.86, 2.7, and 2.54 Ga xenocrystic
zircon grains. Rocks with these ages are abundant in the craton. The formation of a giant quartz vein
swarm is associated with the deformation of the Bundelkhand Craton lithosphere during 1.9–1.8 Ga
ago triggered by compression caused by collision processes at the western flank of the Columbia
Supercontinent on one side and plume activity on the other.

Keywords: quartz vein; zircon; Proterozoic; Bundelkhand Craton

1. Introduction

Quartz veins are widespread around the world. They are essential indicators of the
stressed state and hydrothermal activity of the earth’s crust during their formation [1].
They are studied to recognize episodes in the earth’s crust evolution characterized by
intense deformations associated with hydrothermal activity and often with ore formation.
Therefore, it is important to determine the timing of such episodes. Giant quartz veins on
the Bundelkhand Craton of the Indian Shield are abundant [2,3] (Figure 1). The biggest
veins have largely shaped the region’s landscape. They are up to 200 m in thickness and
can be traced over tens of kilometers (Figure 2a,b). The petrography, petrogeochemistry,
and metallogeny of the veins have been studied in detail [2,4,5]. However, their geological
relationship with surrounding complexes (granitoids, greenstones, dikes, and sediments)
and the timing of their formation remains the subject of discussion.

The present contribution aims to report new data on the geological relationship of
the quartz veins with the Proterozoic complexes of the Bijawar Group and the Vindhyan
Supergroup and the results of U-Th-Pb dating of zircon grains from one of these veins
cutting an Archean granite-greenstone complex in the Central Bundelkhand terrain of
the craton.
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Figure 1. Scheme showing the geological structure of the northern Indian Shield and the location of
the giant quartz veins (after [3,6] and the authors’ original data). Inset map shows the Indian Shield
with Proterozoic basins.
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Figure 2. Giant quartz veins in the Bundelkhand Craton: (a) near Babina (profile view); (b) near
Bijawar NW–SE (see Figure 3); (c) sample BA15-2/2 (reddish-milky quartz) was taken from this
quartz vein; (d,e) showing field exposure of the quartz veins in central Bundelkhand region; and
(f) breccia with veined quartz fragments of the Vindhyan Supergroup occurring on the quartz
vein (24◦53’02.27” N and 78◦04’08.34” E); the pen with red cap is on contact of a quartz vein and
breccia directly.
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2. Geology of the Bundelkhand Craton and Surrounding Proterozoic Basins

Lying in the northern Indian Shield, north of the Satpura tectonic zone, are the Bundelk-
hand and Aravalli cratons (Figure 1). The Archean complexes of the Bundelkhand Craton
are unconformably overlain by Proterozoic sedimentary complexes [3,6,7]. The Archean
complexes consist largely of Neoarchean K-granites, but Paleoarchean grey gneisses (after
TTG granitoids) and amphibolites, Meso-Neoarchean greenstone complexes, Mesoarchean
layered intrusions, Neoarchean TTG and sanukitoids occur in the craton as well [5,8–24].
The Archean rocks have been metamorphosed in Archean time, mainly under amphibolite-
facies conditions, but relics of eclogite facies occur as well [25–28]. The Archean complexes
are cut by three different-aged (ca. 2.1–2.0, 1.99, and 1.1 Ga) gabbroic dikes [29,30] and
Paleoproterozoic giant quartz veins. The timing of three major events for quartz veins
formation is imprecisely estimated by the K-Ar method at 2010–1930 Ma, 1850–1790 Ma,
and 1660–1480 Ma [4,7]. The hydrothermal stage of quartz veins formations was estimated
as 1.9–2.0 Ga ago [2,5]. The formation temperature of the quartz veins from fluid inclusion
studies is estimated at 150–250 ◦C [5]. The condition for a Paleoproterozoic metamor-
phic event is also estimated at T = 150–250 ◦C and P = 3–5 kbar which is consistent with
prehnite-pumpellyite facies [28]. Thus, this metamorphism should be associated with late
hydrothermal processes of quartz veins in the Bundelkhand Craton.

Bundelkhand Craton rocks are unconformably overlain by the Paleoproterozoic
(2.2–1.8 Ga) sediments of the Bijawar and Gwalior groups and by the Paleo–Neoproterozoic
(1.75–0.85 Ga) sediments of the Vindhyan Supergroup (Figure 1). The sedimentary com-
plexes of the Bijawar and Gwalior groups are exposed along the southern and northern
flanks of the craton, and Vindhyan Supergroup rocks rest on the craton on the west and
south; its small relics occur near Dhala village west of Babina in the craton [22] (Figure 3).

The Paleoproterozoic Gwalior rift-related basin, located at the northern flank of the
craton, is made up of Gwalior Group rocks (Figure 1). The volcanic-sedimentary Gwalior
Group is divided into two units: the Par Formation (older) and the Morar Formation
(younger) [31]. The lower unit consists of conglomerates and sandstones and the up-
per unit is composed of limestone, iron formation, and volcaniclastic sediments with
mafic sills (Figure 3). Par Formation sediments contain fragmental zircon grains dated
at 3600–2495 Ma (2500–2600 Ma zircon grains are most common), and those in the upper
portion of the sequence (Morar Formation) carry 3100–1870 Ma zircon grains [32]. The mafic
sills in the upper unit are dated (mineral-whole-rock Sm-Nd isochron) at 2104 ± 23 Ma [33].
The age of these basic rocks is estimated from Rb-Sr and K-Ar data at 1775–1790 Ma [3].
Thus, the lower unit of the Gwalior Group is dated at 2.4–2.1 Ga and the upper unit at
2.1–1.8 Ga.

The Paleoproterozoic Bijawar basin, composed of Bijawar Group rocks, is located at
the southern flank of the Bundelkhand Craton [3]. Its 4–20 km wide exposures are traced for
about 100 km along the southern flank of the craton. Bijawar Group rock rest with angular
unconformity on Bundelkhand granites and are overlain with angular unconformity by
Vindhyan Supergroup sediments (Figure 3).

The rock sequence of the Bijawar Group, like that of the Gwalior Group, falls into two
subgroups [31]. The base of the lower Moli Subgroup is formed of basal quartz conglomer-
ates; these are overlain by basalt lava, cherts, and dolomite sandstones with stromatolites.
This unit contains uranium mineralization zones. The upper Gangau Subgroup consists of
phosphorites and ferruginous sandstones. They seem to have formed in a shallow-water en-
vironment, near the shoreline of a rift-related basin [3]. Lying between the above subgroups
is the Dargawan mafic sill. The isotope (Rb-Sr isochron method) age of this intrusion is
1967 ± 140 Ma [30], although its age was estimated earlier at 1789 ± 71 Ma [3] and Kurat
lava is 1691 ± 180 Ma [3]. Sediments at the base of the sequence (Moli Subgroup) were
shown to contain clastic zircon grains dated at 3200–2160 Ma (2500 Ma zircon grains are
most common) [32]. These data suggest that the lower unit sediments of the Bijawar Group
are 2150–2000 Ma old. The upper portion of this sequence (Gangau Subgroup) seems to
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be 2000–1800 Ma old, considering the age of the upper Gwalior Group, with which it is
correlated [3,32].

Compositionally, the intrusive and volcanogenic rocks of the Paleoproterozoic basins
are classified as low-P, low-Ti, high-LILE, high-LREE continental tholeiitic basalts and
andesite-basalts. The lava seems to have been produced by mantle plumes as a result
of the partial melting of a depleted mantle source followed by crustal matter contamina-
tion [3,33,34].

The Vindhyan Supergroup (1.74 to 0.85 Ga) rests unconformably on both Archean
rocks and the Paleoproterozoic sediments of the Bijawar/Gwalior Group [35]. It is subdi-
vided into Lower (Semri Group) and Upper (Kaimur, Rewa, Bhander Groups) Vindhyan.
The contact between these units is marked locally by conglomerates (e.g., Pipartola) and
unconformity [3]. The Lower Vindhyan has been dated thoroughly at 1738–1350 Ma. These
conclusions are mainly based on the following evidence: the detrital zircon age from sand-
stones at the base of the sequence is 1738–3300 Ma [32]; the Pb-Pb age of the overlying
Kajrahat limestone is 1729 ± 110 Ma [36], zircon grains from the overlying volcaniclastic
Porcellanite Formation are dated at 1628 ± 8, 1640–1630 and 1700–1600 Ma [32,37–39] and
those from Rampur Shale tuffs at 1602 ± 8, 1593 ± 12 Ma [37]; the Pb-Pb age of Rohtasgarh
Limestone from the upper Semri Group is 1599 ± 48 Ma [36]; and detrital zircon from
overlying sandstones is 1341–3300 Ma old [32].

The age of a detrital zircon population from the Pipartola Conglomerate (basal Kaimur
Group) varies from 1670 Ma to 3.3 Ga with peaks at 1.8–1.9 and 2.5–2.6 Ga [32]. The
age of Kaimur Group sandstone-shales (basal Upper Vindhyan), estimated with regard
to the above data, is 1670–1030 Ma [32]. This date is consistent because they are cut by
1074 ± 14 Ma Majhgawan kimberlite [40]. The upper age of the Upper Vindhyan, based on
the Pb-Pb dating of Bhander Limestone, is 866 ± 90 Ma [36].

3. Methods

To study the geological relationship of quartz veins with surrounding rocks, a de-
tailed geological mapping method was used to trace vein contacts along strike. This work
was done near Bijawar and to the west of Lalitpur. Besides, Google Earth satellite im-
ages (https://earth.google.com/web/@21.18665933,77.59897369,362.62522031a,2977943.
64498407d,35y,-0h,0t,0r) were accessed on 11 April 2018 and used for drawing a structural
scheme of a quartz veins swarm of the Bundelkhand Craton (Figure 3). For this purpose,
satellite images of the entire area were deciphered and lineaments with the characteristics
of quartz veins were identified. Interpreting the lineaments as part of these structures was
controlled using geological information on the key areas where the authors conducted
special studies, e.g., Babina and Bijawar (Figure 3) or which have been described in detail
in the literature [2]. It should be noted that the positive results of the use of remote methods
for the structural study of quartz veins in the craton have been reported earlier [2].

A sample for geochronological studies was taken from a natural outcrop. Zircon
grains were separated from ca. 1 kg sample in the Analytical Laboratory of the Institute of
Geology, KarRC, RAS, Petrozavodsk, Russia using heavy liquids.

The geochronological study of the zircon grains was conducted on a SHRIMP-II ion
microprobe at the VSEGEI Centre for Isotope Studies, St. Petersburg, Russia using standard
procedures [41,42]. Zircon grains placed together with standard zircon 91500 [43] and
Temora [44] into the epoxy matrix, were polished to about the grain center and coated with
~100 Å thick 99.999% gold layer. The results obtained were processed using SQUID v1.12
and ISOPLOT/Ex 3.22 programs [45] and decay constants [46]. Correction for the non-
radiogenic lead was made according to the model [47] using a measured 204Pb/206Pb ratio.

https://earth.google.com/web/@21.18665933,77.59897369,362.62522031a,2977943.64498407d,35y,-0h,0t,0r
https://earth.google.com/web/@21.18665933,77.59897369,362.62522031a,2977943.64498407d,35y,-0h,0t,0r
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Figure 3. Geological map of a swarm of giant quartz veins in the Bundelkhand Craton. Based on the
results of the deciphering of satellite images [48], modified using the authors’ original data.

The chemical composition of micron-sized inclusions in zircon grains and the internal
structure of the zircon grains were studied on a VEGA II LSH scanning electron microscope
with an INCA Energy 350 energy dispersion analyzer in the Institute of Geology, KarRC,
RAS, Petrozavodsk, Russia. The internal structure of the zircon grains was also studied in
cathodoluminescence in the Centre for Isotope Studies, VSEGEI, St. Petersburg, Russia.

4. Geology of Quartz Veins

The quartz vein swarm of the Bundelkhand Craton consists of about 200 veins
(Figure 3). The vein length size varies from a few meters to 60 km, and the vein thickness
ranges from a few centimeters to 100 m (Figure 2). Some of the quartz veins have a complex
morphology. These display S- and Z-shaped curvatures and often exhibit apophyses and
satellite veins. The quartz veins are localized mainly within an NW–SE -trending linear
zone 60–70 km wide in the central part of the craton and are very scarce in other parts
(Figure 3). Within this zone, the veins are steep and strike mainly 25–55◦ NE, but some trend
330–336◦ NW (Figure 3). These vein orientations suggest that the veins were formed in
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a stress field with an approximately N–S trending compression axis and an approximately
E–W trending extension axis. Because one strike of the veins is dominant and the other is
subordinate, we suppose that two systems of cracks that controlled the vein orientations
could have been formed in the simple shear regime.

The quartz veins display two kinds of structure: early formed vein matrix consists
of non-transparent (milky, pink, yellow) massive quartz (Figure 2c), and late generated
vein is made up of abundant semi-transparent veins (Figure 2d,e), which are purer than the
early formed veins. The quartz veins formations during Proterozoic in the Bundelkhand
Craton are very similar in structure to Permian-Triassic quartz veins which are associated
with the Pfahl shear zone of Bohemian Massif (Germany) [49]. These quartz veins have
a multi-phase structure [49].

The veins consist dominantly of quartz. The veins that form early in the process are
fine-grained quartz aggregates, whereas the veins that form later are coarser aggregates.
Microcline, pyrophyllite, rutile, muscovite, and zircon are present as accessories. The veins
host pyrophyllite-diaspore and Pb-Zn-Cu ore nests [2]. The SiO2 content of an early formed
quartz vein is 94.70%, while it is 98.60% in a late generation [2].

Geological mapping conducted in the Bijawar area has shown that quartz veins form
an orthogonal system of NW–SE, and NE–SW -oriented veins (Figure 4). The veins cut both
Archean K-granites and sedimentary rocks (sandstone and brecciated chert) of the Moli
Subgroup of the Bijawar Group (Figure 4). A ~2 m thick vein was traced along strike (strike
azimuth 160◦), its NW portion cuts granites; farther SE, it cuts a granite-quartzite contact
and still farther quartzites (Figure 4, inset). This small vein seems to be the apophysis of
a bigger NE–SW-oriented quartz vein, which cuts sedimentary rocks. Two kilometers east
of the small vein is a giant NW–SE-trending vein, up to 250 m thick, which can be traced
continuously for 2.5 km along strike. Its greater portion cuts granites, but its southeastern
portion cuts sandstone and brecciated chert. Thus, the quartz vein system, which is part
of the above swarm, displays cross-cutting contacts with both Neoarchean K-granites and
Paleoproterozoic sediments at the base of the Bijawar Group. Hence, they were derived
after the formation of the lower Bijawar Group. This conclusion is supported by fragments
(xenoliths) of quartz sandstone found in a giant quartz vein near Bijawar (Figure 4).

However, the quartz veins were exposed to direct contact with the Vindhyan Super-
group sandstone-shale in the northwest region of Lalitpur (Figures 2f and 3). In the western
part of the craton, where its rocks are unconformably overlain by Kaimur Group sediments
(base of Upper Vindhyan) [35], is an outcrop in which a quartz vein is overlain by breccia
with veined quartz fragments. Thus, the quartz veins were exposed for the formation of
the base of Kaimur Group sediments. Hence, the upper age boundary of the quartz veins is
older than the Kaimur Group of the Upper Vindhyan.

The geological and petrographic evidence indicates that: (1) the relationship of the
quartz veins with Bijawar Group and Vindhyan Supergroup sediments suggests that
their relative geological age is younger than that of the Bijawar Group (i.e., younger than
2150–1850 Ma) and older than that of the Kaimur Group of the Upper Vindhyan (i.e., older
than 1670–1030 Ma); and (2) the formation of the quartz veins proceeded in two-stage: pink,
fine-grained spent grain or grey varieties form in early-stage of formation and white or
semi-transparent coarser-grained varieties in later stage.
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Figure 4. Geological relationship of the quartz veins with the Archean granites and sediments of the
Bijawar Group on a geological map of the Bijawar area, Bundelkhand Craton.

5. Results of Isotope Dating

Twenty relatively small (50–200 µm) zircon grains were extracted from the reddish-
milky quartz sample taken in the Babina area (Figure 3). Zircon grains formed prismatic
crystals with an elongation ratio of 1 to 2.5 (Figure 5). The 11 zircon grains were used
for isotope dating on a SHRIMP-II ion probe at VSEGEI, St. Petersburg, Russia, and all
14 analytical spots are listed for detailed isotopic studies in this article (Table 1).

The separated zircon grains were divided into two morphological groups: homoge-
neous zircon grains (Figure 5a,b) and zircon grains with cores (Figure 5c). The homogeneous
zircon grains were subdivided into two varieties: (1) zircon grains with a well-defined
oscillation zoning and fine to coarse and contrasting color on CL images (Figure 5a). In
addition, zircon grains of this group are poor in U (108–542 ppm) and display a relatively
high Th/U ratio of 0.32–1.05 (Table 1). All the above features are typical of magmatic
zircon grains [50,51]. Based on 207Pb/206Pb age (Table 1), zircon grains of these varieties
were designed into three age clusters: Zrn1 (2856 ± 12 Ma), Zrn2 (ca. 2679–2699 Ma), Zrn3
(2416–2563 Ma) (Figures 5a and 6a). (2) second variety of zircon grains of this group display
no zoning, shows a dark color on CL images (Figure 5b), is rich in U (1193–1478 ppm), and
exhibits a high Th/U ratio (0.31–0.33) (Table 1). These zircon grains may be interpreted as
hydrothermal originated. Based on 207Pb/206Pb age, zircon grains (Zrn4) of varying age
were identified from 1874 ± 60 to 1670 ± 59 Ma (Table 1; Figure 6a).
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Table 1. U-Th-Pb isotope (SHRIMP-II) data for zircon grains from Quartz vein (BA15-2/2).

Spot
206Pbc,

%
U,

ppm
Th,

ppm
232Th/
238U

206Pb*,
ppm

Age, Ma (±1σ)
D, %

207Pb*/
235U

±1σ, %
206Pb*/

238U
±1σ, %

238U/
206Pb*

±1σ, %
207Pb*/
206Pb*

±1σ, % Rho206Pb/238U 207Pb/206Pb

10.1 3.90 1478 442 0.31 279 1227 ± 17 1670 ± 59 36 4.734 1.6 0.1025 3.2 2.96 3.6 0.2097 1.6 0.438
11.2 1.21 897 39 0.05 248 1777 ± 25 1778 ± 38 0 3.143 1.6 0.1087 2.1 4.76 2.6 0.3174 1.6 0.615
9.2 0.10 699 15 0.02 204 1885 ± 26 1866 ± 12 −1 2.944 1.6 0.1141 0.6 5.35 1.7 0.3397 1.6 0.925
7.1 10.74 1193 442 0.38 205 1032 ± 15 1874 ± 60 82 5.611 1.6 0.1147 3.4 2.74 3.7 0.1736 1.6 0.435
2.1 1.01 542 166 0.32 101 1252 ± 18 2416 ± 16 93 4.651 1.6 0.1563 0.9 4.62 1.8 0.2143 1.6 0.865

11.1 0.63 113 65 0.59 38.3 2124 ± 35 2449 ± 29 15 2.557 1.9 0.1594 1.7 8.58 2.6 0.3903 1.9 0.743
3.1 2.98 406 414 1.05 141 2119 ± 29 2493 ± 22 18 2.544 1.6 0.1636 1.3 8.78 2.1 0.3892 1.6 0.768
6.2 0.86 423 238 0.58 121 1834 ± 26 2510 ± 18 37 3.03 1.6 0.1652 1.1 7.50 1.9 0.3291 1.6 0.827
8.1 0.02 366 247 0.70 148 2493 ± 33 2556 ± 8 3 2.118 1.6 0.1698 0.5 11.05 1.7 0.4721 1.6 0.956
6.1 0.19 294 207 0.73 116 2429 ± 32 2563 ± 10 6 2.184 1.6 0.1705 0.6 10.76 1.7 0.4576 1.6 0.933
9.1 0.00 120 48 0.41 53.1 2680 ± 38 2679 ± 20 0 1.94 1.7 0.1829 1.2 13.00 2.1 0.5154 1.7 0.824
5.1 0.10 108 35 0.33 48.6 2710 ± 39 2694 ± 16 −1 1.913 1.7 0.1845 1.0 13.30 2 0.5226 1.7 0.879
4.1 0.04 238 182 0.79 104 2662 ± 36 2699 ± 15 1 1.956 1.7 0.1851 0.9 13.05 1.9 0.5113 1.7 0.875
1.1 0.05 130 83 0.66 60.8 2798 ± 40 2856 ± 12 2 1.839 1.7 0.2037 0.7 15.27 1.9 0.5436 1.7 0.926

Note: Pbc—common lead corrected on the basis of measured 204Pb; Pb*—radiogenic lead; D—discordance; Rho—correlation coefficient of Pb/U ratios.
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Figure 5. Back-scattered electron (BSE) and Cathodoluminescence (CL) images of (a,b) homogeneous
and (c) with cores zircon grains from Quartz vein BA15-2/2; with Archean (Zrn1, Zrn2, Zrn3) and
Paleoproterozoic (Zrn4) 207Pb/206Pb age; circles indicate the SHRIMP spot locations and are labeled
with the spot number and the approximate spot 207Pb/206Pb age (in Ma) (Table 1).
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Figure 6. (a) Probability density plot (n—number of analytical spots; D—discordance), and (b,c) Tera-
Wasserburg plots for zircon grains from Quartz vein BA15-2/2; data-point error ellipses and symbols
are 2σ. (t1—the upper intersection of Discordia age; t2—the lower intersection of the Discordia age;
tc—Concordia age; tPb/Pb—207Pb/206Pb age).

A second morphological group of zircon grains is represented by zircon grains with
xenocrystic cores (Figure 5c). The cores of these zircon grains display oscillation zoning
similar to the zoning in Zrn1–3 grains. Their 207Pb/206Pb ages (2679 ± 20 and 2449 ± 29 Ma)
(Table 1; Figure 5c) are also correlated with the zircon grains of this cluster. Rims in this
group consist of zircon grains with a homogeneous structure and are dark on CL images
(Figure 5c). According to these characteristics, they are similar to Zrn4 grains of group 1.
This similarity increases when considering the 207Pb/206Pb age of the rims: 1866 ± 12 Ma
(analytical spot 9.2) and 1778 ± 38 Ma (analytical spot 11.2) (Table 1, Figure 5c). Interestingly,
the boundaries between the rims and cores display a corrosion origin (Figure 5c), which
indicates the hydrothermal origin of this zircon generation.

Thus, the zircon grains sampled can be classified into four groups differing in structure
and age.
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(1) The oldest zircon grain (Zrn1—analytical spot 1.1) from quartz vein was recorded
(207Pb/206Pb age) at 2856 ± 12 Ma (Table 1, Figure 6a,b). Considering its structure and
composition (Th/U = 0.66), it is interpreted as a xenocrystic zircon grain of magmatic origin.

(2) A zircon group (Zrn2) consisting of analytical spots 4.1, 5.1, and 9.1 (Table 1) is also
of magmatic origin and is interpreted as xenocrystic zircon. Their U-Pb Concordia age is
2691 ± 9 Ma (Figure 6b).

(3) The largest group of xenocrystic zircon grains consisting of analytical spots 2.1,
3.1, 6.1, 6.2, 8.1, and 11.1 (Table 1) has a 207Pb/206Pb age of about 2.56–2.42 Ga (Figure 6a).
All the analytical points (2.1, 3.1, 6.1, 6.2, 8.1, 11.1) of the zircon grains are formed on the
U-Pb Tera-Wasserburg plot with a Concordia single isochron line (Figure 6b). The U-Pb
age of this group of zircon grains estimated from the upper intersection with Discordia is
2548 ± 70 Ma and Lower intercept at 297 ± 250 Ma, MSWD = 3.0. This age is consistent
with the magmatic stage of zircon grains formation. It should be noted that one of the cores
(spot 11.1) consists of the zircon grain of this group.

(4) Zircon grains of group 4 (Zrn4) form both an individual grain (Figure 5b, spot
7.1, 10.1) and a rims (Figure 5c, spot 9.2, 11.2) occur around a Neoarchean (2.7–2.5 Ga)
xenocrystic core (Figure 5c). The U-Pb age of this group of zircon grains (analytical spots
9.2, 11.2, 10.1; without spot 7.1, which have very high discordance (83%)), estimated from
the upper intersection with Concordia at 1853 ± 29 Ma (Figure 6c). This age should
be a rough estimate of the age of the hydrothermal event. However, the 207Pb/206Pb
age of the most concordian (D = 0, −1%, Table 1) zircons from rims (analytical spots 9.2
and 11.2) are 1866 ± 12 and 1778 ± 38 Ma acceptable (Figure 6b, Table 1). This zircon
grains have identical morphological (homogeneous structure, rims) and geochemical (rich
in U—700–900 ppm, low in Th—15–39 ppm, low Th/U—0.02–0.05) characteristics and
therefore, cannot considered for two different events. The 207Pb/206Pb age 1866 ± 12 Ma
can be interpreted as the most precise crystallization age of hydrothermal-metamorphic
zircon Zrn4.

6. Discussion

The geochronological study of zircon grains from a quartz vein has shown that the
samples consist of three groups of 2.86, 2.69, and 2.5 Ga xenocrystic zircon grains and
rims of 1.87 Ga hydrothermal-metamorphic zircon. The obtained U-Th-Pb isotope data
do not allow to mark out two hydrothermal-metamorphic events surely as it follows
from petrographic data. If to consider the last, then it is possible to assume with a big
share of uncertainty that there were two phases of quartz veins formation: 1866 ± 12
and 1778 ± 38 Ma. However, this bold speculation demands justification by a fuller set of
geochronological data.

The ages of the xenocrystic zircon grains are consistent with the fact that the quartz
vein, from which a geochronological sample was taken, cuts the granite-greenstone complex
of the Central Bundelkhand terrain. In the surrounding area, Neoarchean 2.57–2.48 Ga
K-granites is dominated; and 2542 Ma felsic volcanic occur as well [17,18]. These rocks
are the source of the most representative group of zircon grains. Neoarchean (2.67 Ga)
TTG [24] could be host rocks for Neoarchean (2.69 ± 0.02 Ga) xenocrystic zircon grains in
the veins. Mesoarchean (2.86 Ga) zircon grains, the rarest of xenocrystic grains, could have
been trapped from rocks simultaneous with Mesoarchean magmatism [22].

The ages of the quartz veins obtained are consistent with geological results, which
indicate that the quartz veins cut Paleoproterozoic sediments of the Moli Subgroup of the
Bijawar Group (Figure 4) and are overlain by Kaimur Group conglomerates (basal Upper
Vindhyan) (Figure 2f). The Bijawar Group formed 2150–1800 Ma ago. Hence, the quartz
veins derived 1.87 Ga ago intruded into both the craton basement and an overlain Bijawar
sediments. Veins in the central zone of the craton formed at a depth of at least 10 km,
because prehnite-pumpellyite-facies metamorphism associated with quartz veins took
place at P = 3–5 kbar and T = 150–250 ◦C [27,28]. This means that the ~10 km thick crust
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was eroded, and deep-seated rocks were exposed before the formation of conglomerates or
breccia (Figure 2f).

In the Paleoproterozoic (2.1–1.9 Ga), the Bundelkhand Craton seems to have been
affected by a mantle plume. Rift-related basins formed in this period. Two of them were
in the northern (Gwalior) and southern (Bijawar) zones of the craton (fragments of these
basins have been preserved) (Figure 7a).

Figure 7. Schematic geodynamic model of the ca. 2.0–1.65 Ga crustal evolution of the Bundelkhand
Craton and the formation of giant quartz veins (according to [19,28,32,52]). (a) 2.0–1.9 Ga Gwalior
and Bijawar rift basins with sills and mafic dikes formed due to a mantle plume; (b) 1.9–1.8 Ga
quartz veins formation associated with the uplifting of the Bundelkhand Craton triggered by com-
pression caused by collision processes on one side and plume activity on the other; (c) 1.65 Ga Upper
Vindhyan Supergroup deposition overlaps the Archean rocks of the Bundelkhand Craton and the
Paleoproterozoic sediments of the Bijawar/Gwalior Group. CBT—Central Bundelkhand terrane.

Swarms of Paleoproterozoic (2.1 and 1.99 Ga) NW–SE - oriented mafic dikes and sills
in the Gwalior and Bijawar rift basins formed due to a mantle plume. The basic intrusion
seems to have been accompanied by the underplating of mafic rocks at the base of the
crust, as shown in some models [53]. Mafic dike swarms in Paleoproterozoic (2.1–2.0, and
1.9–1.8 Ga) Large Igneous Provinces (LIP) are widespread in the Columbia Supercontinent
with the Bundelkhand Craton as part of it [54,55]. 2.1–1.9 Ga igneous complexes of LIP
formed in the different parts of the supercontinent. In addition to the craton discussed,
they are well-known in the Karelian, Superior, North Atlantic, Wyoming, North China,
Kaapvaal, and West African Cratons [55,56], but the subsequent formation of quartz vein
swarms has only been reported from the Bundelkhand Craton. Mafic dike swarms and/or
sills formed simultaneously with the quartz vein swarm of the Bundelkhand Craton within
the supercontinent. The mafic dike swarms and/or sills were encountered in North China,
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Amazonian, São Francisco, Rio de la Plata, Baltica, West African, Siberian, Superior, Slave,
Zimbabwe, Kaapvaal, Dharwar, and Bastar Cratons [55,57,58], but there are not in the
Bundelkhand Craton. Special attention should be given to the fact that ca. 1.88 Ga ago
LIP, traces of which were found in North China (Laiwu and Taishan Dykes, Xiong’er rift),
Superior (Molsen Dykes, Clearwater sills), Dharwar (Dharmapuri Dykes, Tadpatri sill),
and Bastar Cratons (dolerite dykes), began to form under the influence of the plume [54,55].
The center of this LIP on the Columbia Supercontinent was located about 800 km SE (in
the modern coordinate system) of the Bundelkhand Craton. In the Early Paleoproterozoic
(1.95–1.85 Ga), lying NW of it was the western margin of the Columbia Supercontinent,
where subduction-collision processes gave rise to a new continental crust [3,54,59].

Thus, the formation of the giant quartz vein swarm in the Bundelkhand Craton
(Figure 7b) began to form at 1.87 Ga, when the center of an active mantle plume was to
the southeast, and a collision zone to the northwest. This combination could have been
produced by uplifting, extension, metamorphism, and intense hydrothermal processes. As
a result, a NE–SW—trending swarm of hydrothermal quartz veins began to be formed in
the earth’s crust of the central Bundelkhand Craton at about 1.87 Ga.

It is important to note that the U-Pb ages of 1.9–1.85 Ga obtained for zircon grains
play the leading role among detrital zircon grains in the upper portion of the Gwalior
Group sequence, but this age group is not present in the lower portion of the sequence,
while a Neoarchean (ca. 2.5–2.6 Ga) group of zircon grains prevail [32]. The proportion of
1.9–1.8 Ga xenocrystic zircon grains in Lower and Upper Vindhyan Supergroup sediments
is also abundant [32]. This indicates that during the formation of the Vindhyan basin
(Figure 7c), its source area was occupied or filled with an abundance of metamorphosed
(1.9–1.8 Ga ago) rocks when the quartz veins were forming.

7. Main Conclusions

1. New geological data proved that the giant quartz veins of the Bundelkhand Craton
cut the Paleoproterozoic (2150–1800 Ma) sediments of the Bijawar Group and are
overlain by Proterozoic (1670–1030 Ma) sediments at the base of the Upper Vindhyan
Supergroup. Therefore, the relative geological age of the quartz veins can thus be
inferred in between.

2. U-Th-Pb dating of zircon grains from the quartz vein is indicate starting hydrothermal
event for their formation at 1866 ± 12 Ma. This data is consistent with the relative
geological age of the quartz veins as discussed above.

3. The formation of the swarm of giant quartz veins was associated with the uplifting of
the Bundelkhand Craton during 1.9–1.8 Ga ago, which seems to have been triggered
by compression caused by collision processes at the western flank of the Columbia
Supercontinent on one side and plume activity on the other.
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