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The present study reports trace elemental data from 
39 Paleoarchean (3.43 and 3.25 Ga) zircons separated 
from quartzite near Girar, which forms a part of the 
South Bundelkhand Supracrustal Complex in Central 
India. The zircons are prismatic, have well-developed 
oscillatory zoning and their Th/U ratio ranging from 
0.27 to 8.62 is comparable to that of typical magmatic 
zircons. Crystallization temperature of 620–776°C us-
ing titanium-in-zircon thermometer, positive slope of 
zircon REE patterns, positive Ce anomalies along with 
mineral inclusions like quartz, muscovite, magnetite 
and monazite suggest a granitic source for these 
quartzites. Sm–Nd isotopic data (TDM age = 3.29 Ga) 
along with zircon trace elemental data indicate the 
presence of granitic continental crust in southern 
Bundelkhand Craton at least during the Paleoarchean 
(3.4 Ga). 
 
Keywords: Bundelkhand Craton, Girar supracrustal 
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IGNEOUS, metamorphic and sedimentary rocks contain 
zircons as common accessory mineral which is resistant 
to weathering and tends to retain age and chemical infor-
mation thereby providing clues regarding the evolution of 
the continental crust1. The robust nature of zircon has 
been illustrated by the existence of detrital grains from 
Western Australia (Jack Hills)2–6. Numerous studies have 
focused on trace element chemistry7,8 of these zircons and 
have been used to infer the composition, petrogenesis and 
provinance2,6,9,10. Watson and Harrison10 proposed a gran-
itic continental source for Hadean zircons on the basis of 
rare earth elements (REE) chemistry6,11, evolved mineral 
inclusions like quartz2,6, isotopic compositions11–13 and 
consistently low crystallization temperatures. 
 This article evaluates the textural features, trace ele-
mental compositions and crystallization temperature of 

39 Paleoarchean detrital zircons from quartzite of Girar 
supracrustal belt from southern Bundelkhand Craton (BC) 
in central India. Study of these detrital zircons is crucial 
to understand the nature and evolution of early continen-
tal crust in BC.  

Geology of Bundelkhand Craton 

The Bundelkhand Crator (BC) (Figure 1 a) covers an area 
of 26,000 sq. km and consists of Archean potassium-rich 
granitoids14, Archean (3.55–2.8 Ga) sodium-rich Tonalite–
Trondjhemite–Granodiorites (TTGs) and Mesoarchean 
(ca. 2.84 Ga) to Neoarchean (2.57–2.52 Ga) greenstone 
complexes15–20. The Paleoproterozoic rocks (low metamor-
phosed sedimentary along with mafic flows and sills) of the 
Bijawar and Gwalior Groups are exposed in the southern and 
northern parts of BC (Figure 1 a). BC is delimited to the 
west by the Great Boundary Fault, to the northeast by the 
Indo-Gangetic alluvial plains and to the south, and southeast 
by the Vindhyan sedimentary rocks. The geology of the cra-
ton has been discussed in detail by several workers20–26. A 
dominant feature of the craton is the presence of NE–SW 
trending quartz veins. These quartz veins are cut by  
Paleoproterozoic (~2.15 Ga) mafic dykes having NNW–
SSE to NW–SE trend21,27,28. 
 There are two supracrustal complexes in BC18,19: (i) 
Central Bundelkhand and (ii) South Bundelkhand. The 
Central Bundelkhand Supracrustal Complex includes 
Babina and Mauranipur greenstone belts. This complex 
essentially consists of two associations (i) the early 
(Mesoarchean) sequence consisting of metamorphosed 
tholeiitic basalt and high Mg-basalt (basaltic association), 
meta-dacite–rhyolite and Banded Iron Formation (BIF), 
and (ii) the late (Neoarchean) felsic volcanics. On the  
basis of geochemical and geochronological data, subduc-
tional setting has been  proposed for the formation of 
volcano-sedimentary rocks from Central Bundelkhand 
greenstone complex18,19.  



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 112, NO. 4, 25 FEBRUARY 2017 795

 
 

Figure 1. Geological map of the study area. a, Regional geological map of Bundelkhand Craton16,18. (Inset) Map 
showing tectonic divisions of the Indian Shield24. b, Geological map around Girar with sample location. 

 
 
 The South Bundelkhand Supracrustal Complex consists 
of Girar supracrustal belt (Figure 1 b). Peridotite–
Gabbro–Diorite layered intrusions, viz. meta-peridotite, 
serpentinite, meta-gabbro and meta-pyroxenites occur in 
Madawara–Ikauna area19. The sedimentary sequence of 
Girar belongs to the Berwar Formation and comprises 
two assemblages: quartzite and BIF19,29. The quartzite  
assemblage near Berwar village is around 300 m thick 
and is represented by muscovite-bearing arkosic quartzite 
(Figure 2 a), fuchsite-bearing quartzite, hematite-bearing 
quartzite, quartz pebble conglomerates (Figure 2 b), 
dolomitic marble and traces of chlorite schist near the 

quartzite/BIF boundary. The BIF assemblage is around 
400 m thick consisting of hematite (scarce magnetite)  
and quartz layers 0.5–15 mm thick (Figure 2 c),  
wherein quartz-bearing beds make up 20–95% of the rock 
volume. 
 The South Bundelkhand Supracrustal Complex lies  
unconformably under the gently dipping, undeformed, 
Paleoproterozoic rocks (conglomerates, cherts, carbon-
ates and sandstone) of the Bijawar Group (Figure 1 b). 
This might be an indirect evidence for the older, pre-
sumably Archean age, for the rocks of Girar supracrustal 
belt. 
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Figure 2. a, The occurrence of foliated muscovite–quartzite (sample La7-1) with fuchsite bearing rocks. b, Quartz pebble conglomerate (left side 
scale in centimetre). c, BIF with bands of hematite (± magnetite) and silicate phases (quartz dominant-light bands); size of coins 2.5 cm. 
 
 

 
 

Figure 3. Cathode luminescence (CL) and backscattered electron 
(BSE) images of zircons from quartzite of Girar supracrustal belt show-
ing the respective inclusions and titanium-in-zircon temperatures. 
Filled and blank circles mark the areas from which concordant and dis-
cordant ages were obtained. 

Trace element analysis of zircon  

Zircons were separated from 2 kg of quartzite sample 
(La7-1) (Figure 2 a) collected from the Girar supracrustal 

belt. The sample was crushed and heavy minerals were 
concentrated by gravitational, magnetic and electrical 
methods. Heavy mineral separation was done with heavy 
liquids and finally the heavy fractions were hand-picked 
for zircons under a binocular microscope. Further, the 
zircons were mounted in epoxy resin and well-polished to 
expose their cores. The zircons were investigated under 
optical microscope and Cathode luminescence (CL) im-
ages were obtained to characterize the internal structure 
(Figure 3) of zircons using a scanning electron micro-
scope (QUANTA-650FEG, equipped with INCA-Synergy 
and CHROMA-D detectors) at Peking University, China. 
In situ analysis of trace elements was performed using 
mass spectrometry (ICP-MS Agilent 7500 Ce equipped 
with a Complex Pro102 laser ablation system (LA-ICP-
MS)) at Peking University, China, with a precision of 
±7%. Mineral chemistry of inclusions in zircon and back-
scattered electron (BSE) images was studied using 15 kV 
accelerating voltage, 15 ± 0.05 nA beam current and 10–
15 s counting time utilizing an electron microscope 
(Vega II LSH) in the Institute of Geology at the Karelian 
Research Centre, Russia.  
 Zircons separated from the studied quartzite samples 
are large (300–500 μm), transparent and pink in colour, 
and lack effects of abrasion. They are doubly terminated 
prismatic crystals with {101} dominant forms and elon-
gation ratios of 1.5–3. Thin oscillatory zoning and 
xenocrystic cores (Figure 3) are visible in the CL images 
(which is common for magmatic zircons)30,31. In addition, 
the studied zircons have typical magmatic Th/U ratio of 
0.27–8.62. The cores are usually distinct on the CL  
images and some of them show traces of recrystallization 
like presence of convolute zoning (Figure 3). Mineral in-
clusions in the cores and rims of zircons contain evidence 
of old granitic protolith with inclusions like quartz, mus-
covite, magnetite and monazite which are characteristic 
of granitoids (Figure 3).  
 The REE contents in zircon are in general related to the 
systematic variation of REE3+ ionic radii which in turn 
gives them a positive slope in chondrite normalized REE 
diagrams32–37. Comparison of the various REE patterns 
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Table 1. Trace element concentration in zircons from quartzite (sample La7-1) of Girar supracrustal belt 

 LA-1-1 LA-1-2 LA-2-1 LA-3-1 LA-4-1 LA-5-1 LA-6-1 LA-6-2 
 Rim Core Core Core Core Core Core Rim 
Spot no. Discordant Discordant Discordant Discordant Discordant Discordant Discordant Concordant 
 

Agea 3135 2807 2930 2588 2741 3318 3237 3249 
1σ 12.00 12.00 12.00 13.00 13.00 42.00 12.00 13.00 
Ti 491.07 591.87 65.93 699.09 435.32 30.25 57.41 3.10 
Y 3322.99 3518.73 1924.18 6361.63 6257.51 1465.45 1396.68 240.28 
La 114.86 94.69 19.28 147.98 75.10 6.84 15.01 1.12 
Ce 1280.12 1131.33 217.61 1274.89 776.63 93.96 165.56 13.78 
Pr 220.58 191.24 36.51 201.72 124.28 10.57 25.88 1.89 
Nd 1455.41 1293.48 226.43 1193.85 719.92 64.63 146.60 10.18 
Sm 570.28 548.81 134.12 675.83 387.91 38.88 71.23 5.05 
Eu 256.38 239.07 90.61 443.08 268.05 24.11 48.50 3.36 
Gd 801.28 798.00 244.91 1111.25 697.98 91.06 138.41 10.33 
Tb 81.57 80.18 39.14 183.27 137.04 19.08 26.16 2.50 
Dy 412.11 402.20 233.46 972.86 872.82 151.60 177.16 21.89 
Ho 90.94 95.74 57.23 187.42 195.94 45.13 44.54 7.54 
Er 309.79 361.66 211.07 545.58 595.24 183.72 157.52 33.90 
Tm 66.72 84.90 46.73 109.11 103.38 39.70 31.15 8.32 
Yb 695.78 871.56 475.11 1183.89 892.68 394.72 298.00 94.48 
Lu 125.49 155.11 84.96 230.20 146.76 69.98 54.34 18.18 
Th 1615.62 1405.28 1284.23 12288.22 3316.41 242.73 1369.20 75.12 
U 1138.34 1382.01 718.26 1425.68 1624.90 225.43 250.03 81.81 
T b 1258 1296 939 1332 1234 848 922 647c 
 

  LA-7-1 LA-7-2 LA-8-1 LA-9-1 LA-10-1 LA-11-1 LA-11-2 LA-12-1 
 Core Rim Rim Core Core Core Rim Core 
Spot no. Discordant Discordant Discordant Concordant Discordant Discordant Discordant Discordant 
 

Agea 2883 3225 2699 3434 3237 3146 3259 3088 
1σ 13.00 13.00 13.00 13.00 13.00 14.00 13.00 14.00 
Ti 118.00 68.63 173.20 9.21 20.53 20.65 96.99 31.76 
Y 1014.12 932.60 2838.34 655.28 586.57 840.66 1919.12 830.75 
La 30.20 20.38 38.60 3.87 5.69 7.46 30.12 8.95 
Ce 268.80 209.58 421.68 29.35 67.98 98.25 296.90 77.65 
Pr 48.69 35.13 68.87 2.86 11.42 10.28 48.81 10.85 
Nd 316.91 216.16 406.50 16.21 71.32 58.72 266.68 60.09 
Sm 115.67 80.87 214.98 7.63 28.54 48.07 131.82 28.24 
Eu 46.00 35.00 143.92 2.08 12.82 36.85 84.73 19.42 
Gd 151.74 127.44 363.68 20.93 49.24  233.20 56.63 
Tb 14.65 15.12 63.68 6.20 6.82 7.07 42.03 12.18 
Dy 93.78 98.28 381.20 65.86 53.83 111.05 265.23 93.87 
Ho 30.28 27.89 83.12 23.05 18.56 29.55 58.16 25.23 
Er 140.24 112.31 266.70 96.94 80.63 121.55 180.44 100.63 
Tm 35.63 25.23 53.97 20.05 18.00 27.17 35.21 21.35 
Yb 384.89 257.61 555.39 185.68 186.77 286.14 345.09 224.01 
Lu 75.43 47.78 101.11 31.55 35.93 42.55 61.97 42.56 
Th 356.08 421.43 714.53 182.97 111.73 2096.26 753.26 1429.14 
U 875.48 348.87 1101.43 122.72 169.35 416.99 471.18 417.53 
T b 1017 944 1074 734 808 990 854 927 
 

  LA-13-1 LA-14-1 LA-14-2 LA-15-1 LA-16-1 LA-16-2 LA-17-1 LA-17-2 
 Core Core Rim Rim Core Rim Core Rim 
Spot no. Discordant Discordant Discordant Discordant Concordant Discordant Discordant Discordant 
 

Agea 3433 3218 3239 3472 3265 1625 3188 3063 
1σ 13.00 14.00 14.00 14.00 14.00 147.00 14.00 15.00 
Ti 60.04 16.62 18.64 52.74 28.30 14.76 1024.61 145.49 
Y 1259.16 606.01 737.91 728.14 1209.06 958.27 5621.42 1652.92 
La 18.33 6.44 7.26 13.75 10.13 3.58 218.09 46.17 
Ce 184.16 54.11 65.64 135.16 109.09 39.33 2315.12 454.89 
Pr 28.95 8.16 10.07 23.50 18.08 5.64 398.90 77.93 
Nd 155.34 38.91 51.43 133.54 105.42 29.67 2649.25 471.60 
Sm 73.02 18.33 21.91 60.15 48.12 14.43 1103.19 185.27 

(Contd) 
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Table 1. (Contd) 

 LA-13-1 LA-14-1 LA-14-2 LA-15-1 LA-16-1 LA-16-2 LA-17-1 LA-17-2 
 Core Core Rim Rim Core Rim Core Rim 
Spot no. Discordant Discordant Discordant Discordant Concordant Discordant Discordant Discordant 
 

Eu 49.71 10.36 14.40 35.80 30.03 8.51 480.96 83.16 
Gd 131.46 37.46 44.89 109.76 96.37 34.21 1496.07 284.27 
Tb 24.30 8.14 9.83 17.04 18.73 8.93 141.99 31.09 
Dy 160.39 64.76 76.08 99.06 139.20 88.52 683.15 179.50 
Ho 37.68 19.47 24.05 21.18 38.62 32.17 150.29 46.42 
Er 124.47 76.33 100.37 63.84 144.52 143.06 533.02 178.06 
Tm 24.54 16.35 22.85 11.66 28.36 32.53 118.33 40.62 
Yb 231.38 160.31 230.77 105.91 265.11 327.70 1297.93 422.48 
Lu 41.39 29.01 44.49 17.42 46.20 58.11 235.67 77.10 
Th 760.83 738.40 1462.49 621.67 228.38 2734.00 1225.70 4288.00 
U 137.57 252.22 431.00 121.48 278.58 1939.96 509.47 845.93 
T b 788 799 912 841 776 1421 1047 1118 
 

 LA-18-1 LA-18-2 LA-19-1 LA-19-2 LA-20-1 LA-20-2 LA-21-1 LA-21-2 
 Core Rim Core Rim Core Rim Core Rim 
Spot no. Discordant Concordant Discordant Concordant Discordant Concordant Concordant Discordant 
 

Agea 3189 3430 3080 3247 3203 3265 3253 2982 
1σ 15.00 14.00 15.00 15.00 15.00 15.00 15.00 16.00 
Ti 227.99 118.42 5.09 40.69 9.99 19.25 9.25 169.72 
Y 2134.79 1977.82 633.43 1154.27 786.21 828.63 206.16 3175.44 
La 45.36 32.12 0.69 8.25 0.93 5.56 1.43 40.10 
Ce 388.03 274.78 14.62 97.76 16.17 63.82 18.74 413.01 
Pr 64.14 45.46 1.11 14.42 1.61 9.56 2.33 67.03 
Nd 348.40 245.64 6.32 81.67 9.10 53.55 14.08 376.92 
Sm 171.87 110.53 4.84 45.84 6.51 26.27 7.22 187.37 
Eu 114.62 71.76 2.15 29.71 3.92 17.58 5.02 125.10 
Gd 271.97 203.17 16.24 83.02 22.11 53.92 11.56 339.37 
Tb 47.44 39.65 5.17 18.23 6.58 11.85 2.78 64.82 
Dy 279.05 256.83 57.87 132.64 70.17 93.20 21.59 427.03 
Ho 62.79 59.73 21.83 36.87 26.00 26.07 6.36 95.87 
Er 229.16 193.71 95.97 143.71 115.67 102.83 26.56 307.05 
Tm 52.03 38.31 21.37 30.33 25.70 22.68 5.94 60.37 
Yb 572.16 374.02 211.70 304.04 259.21 231.65 64.97 593.28 
Lu 111.26 66.50 38.51 57.33 47.64 41.74 11.96 104.92 
Th 1979.94 113.34 261.94 113.74 177.70 64.68 64.00 1139.76 
U 503.30 200.15 447.53 250.09 298.21 194.46 237.62 903.84 
T b 1017 685 881c 741 802 734 710 1071 
 

 LA-22-1 LA-23-1 LA-24-1 LA-25-1 LA-26-1 LA-26-2 LA-26-3 LA-27-1 
 Rim Rim Rim Rim Core Rim Rim Rim 
Spot no. Discordant Discordant Discordant Discordant Discordant Concordant Discordant Discordant 
 

Agea 3214 3162 3148 3349 3243 3235 3349 1625 
1σ  16.00 16.00 16.00 16.00 16.00 16.00 16.00 147.00 
Ti 7.00 34.13 123.83 52.75 16.91 3.26 <2.09 31.27 
Y 980.51 754.20 2543.74 1950.83 372.20 272.93 346.25 718.81 
La 3.54 13.62 42.37 6.61 1.58 <0.030 <0.028 11.48 
Ce 48.89 122.23 446.38 97.30 18.82 5.81 7.67 110.61 
Pr 6.28 19.29 70.39 14.25 3.04 <0.026 <0.023 19.42 
Nd 36.93 115.25 381.60 84.51 18.47 0.14 0.19 103.16 
Sm 18.36 43.78 163.35 45.37 12.02 0.52 0.79 42.71 
Eu 12.18 21.69 114.82 27.52 8.22 0.21 0.24 28.19 
Gd 42.71 74.82 292.42 102.20 22.64 4.16 5.80 77.94 
Tb 10.17 10.71 58.91 24.67 4.43 1.72 2.33 15.02 
Dy 92.56 76.22 380.98 206.24 33.10 22.91 30.19 93.60 
Ho 32.16 22.03 79.97 61.28 10.53 9.12 12.12 21.46 
Er 139.81 87.71 239.27 237.94 50.53 45.04 56.15 70.68 
Tm 30.06 19.34 43.35 51.02 14.38 10.88 13.38 15.31 
Yb 300.76 200.05 387.64 502.01 180.47 114.73 142.59 159.34 
Lu 52.16 35.43 64.36 84.76 37.60 20.40 24.78 30.17 
Th 152.70 1502.76 157.81 120.02 48.86 60.03 903.72 2734.00 
U 267.89 553.39 364.75 447.26 165.54 182.53 208.46 1939.96 
T b 862 1024 912 789 651 620c 852c 1420 
a207Pb/206Pb age in Ma and 1σ for this age; T b Temperature in °C (1σ is 15°–26°C); where at c1σ is 36–60°C. 
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Figure 4. Chondrite-normalized REE patterns for (a) concordant; and 
(b) discordant zircons from quartzite of Girar supracrustal belt. 
 
 
demonstrates that the rims of the zircon grains have simi-
lar concentrations of REEs. On the basis of REE chemis-
try, the analysed zircons can be separated into two 
subgroups depending on concordant or discordant rela-
tions (Table 1). Most of the zircons (except one) which 
give concordant ages have lower LREE enrichment com-
pared to those with discordant relations which exhibit 
much more enriched LREE (Figure 4). Both zircon 
groups show positive slope with similarly enriched HREE 
content (Figure 4). Most of the concordant zircons show 
slightly positive Eu anomalies, except for two older 
grains which show slight depletion in Eu concentration. 
On the other hand, most of the discordant zircons have 
elevated LREE content and slightly positive or no Eu 
anomaly (Figure 4). Presence of Ce anomaly in the REE 
patterns may be due to presence of Ce4+, which is more 
compatible in zircon than trivalent Ce3+. The magnitude 
of this anomaly depends on the redox condition of the 
melt/fluid from which the zircon has crystallized38. 

Results and discussion 

The application of zircon geochemistry to study geologic 
processes extends beyond geochronology. Partial or total 
loss of Pb is a common feature during magmatic and 
metamorphic zircon growth due to alteration caused by 
later fluids39–45. Large variations in Ti and other trace-
element concentrations as in the case of the studied detri-
tal zircons might be due to repeated influxes of hotter  

fluids which might be caused by changes in the tempera-
ture or composition of melts parental to zircons35,46–49. 
The Eu anomaly suggests plagioclase fractionation in the 
magma and is in line with a magmatic origin of the  
zircons. All the studied zircon populations also have a 
positive Ce anomaly (Figure 4); which might have origi-
nated from the oxidation of Ce3+ to Ce4+, that better fits 
the Zr site in zircon33. 
 The REE patterns from zircons show that their discor-
dance correlates with the chondrite-normalized rare earth 
patterns. The chondrite normalized La contents <25 ppm 
and YbN values less than 10,000, positive Ce and 
Th/U > 0.3 suggest that the studied concordant zircons 
are of igneous origin31,50. This is also corroborated by the 
slope of the REE patterns which is fairly uniform, show-
ing GdN/LaN and YbN/GdN ratios of <30. On the contrary, 
features like elevated Y, LaN, and LREE concentration in 
zircons with higher discordance (Figure 4, Table 1), 
might be due to later hydrothermal processes30,50,51. The 
above-mentioned geochemical features suggest that the 
zircons from quartzite of Girar supracrustal belt are a mix 
of magmatic and hydrothermally altered zircons. It is to 
be noted that zircons from the studied quartzites lack 
abrasions thus pointing towards proximity to source.  
 Watson and Harrison10 and Watson et al.51 experimen-
tally calibrated the titanium concentration in zircon as a 
function of temperature of formation and the activity of 
TiO2. Titanium-in-zircon thermometry has been applied 
to a growing number of natural zircons10,52,53. Titanium-
in-zircon temperatures ranging from 620°C to 776°C 
were estimated from quartzite of Girar supracrustal belt 
(Table 1). It is to be noted that a majority of the discor-
dant zircons show much higher titanium-in-zircon tem-
peratures compared to concordant ones (Table 1), which 
might be due to inputs from later hydrothermal fluids. 
The calculated crystallization temperatures from quartzite 
are similar to average crystallization temperatures of 
Early Archean detrital zircons, thereby pointing towards 
granitic parent magma10,52,54. This is also corroborated by 
the presence of zircon inclusions like quartz, muscovite, 
magnetite and monazite which are characteristic of grani-
toids (Figure 3). 
 U–Pb zircon data from quartzite of Girar supracrustal 
belt, give an older age of 3.43 Ga and younger age of 
3.25 Ga (ref. 55), suggesting 3.25 Ga to be the minimum 
age of the source sediments. Whole-rock Sm–Nd analysis 
of quartzite gives a depleted mantle Nd (TDM) model age 
of 3.29 Ga which is similar to the U–Pb age of the ana-
lysed zircons55, thereby indicating that the continental 
crust of the southern part of BC formed during the  
Paleoarchean (3.4–3.3 Ga). It can be summarized that  
the quartzites of Girar supracrustal belt were produced by 
the reworking of granitoids, whose zircons clearly domi-
nate in sediments. The presence of Paleoarchaean conti-
nental (granitoid) crust in the source area cannot be 
ignored, which is clearly evident by the presence of  
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zircons as old as 3.4 Ga in the studied quartzites and 
available U–Pb zircon data of previously studied TTGs 
from BC16–19. The nature and age obtained from quartzite 
of Girar supracrustal complex suggest that the continental 
crust in southern Bundelkhand formed during two  
Paleoarchean events (3.43 Ga and 3.35 Ga) due to re-
working of the pre-existing continental crust. 
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