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Mesoproterozoic *’Ar/’Ar age and Sr-Nd
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We report a ‘“*Ar/*’Ar Mesoproterozoic radiometric
age for a calc-alkaline lamprophyre dyke from the
Mudigubba area towards the western margin of the
Cuddapah Basin, Eastern Dharwar Craton (EDC),
Southern India. Amphibole phenocryst separates from
this lamprophyre yielded a plateau age of 1169 + 8 Ma
(20), which is almost 50 million years older than the
majority of radiometric dates available for the Wajra-
karur field kimberlites which are proximal to this
dyke. Bulk-rock Sr—Nd isotopic analyses of the Mudi-
gubba lamprophyre dykes (éNd, between —13.3 and
—12.4) reveal their derivation from an old, enriched,
continental lithospheric mantle unlike the kimberlites
(bulk-rock and perovskite in situ éNd, between —0.77
and +7.93), which originated either from a chondritic
or depleted mantle source. This study provides further
evidence for emplacement of compositionally distinct,
mantle-derived Mesoproterozoic alkaline magmas in
the EDC and highlights the extremely heterogeneous
character of the lithospheric mantle beneath this
craton.

Keywords: Alkaline magma, lamprophyre dyke, lithos-
pheric mantle, kimberlites, radiometric age.

THE Eastern Dharwar Craton (EDC) in the southern
Indian shield hosts numerous Precambrian deep, mantle-
derived alkaline rocks such as kimberlites, lamprophyres,
lamproites and carbonatites' *. Majority of these wide-
spread kimberlites are known to be ~1.1 Gyr old’ and are
considered to have been derived from a sub-continental
lithospheric mantle'®’. However, a sub-lithospheric man-
tle derivation of these kimberlites has also been sug-
gested®’. The Wajrakarur kimberlite field (WKF) of the
EDC also hosts shoshonitic lamprophyre dykes at Udiri-
pikonda, Sivarampeta and Korakkodu, which are inferred
to be derived from a relatively shallower lithospheric
mantle compared to the coeval diamondiferous kimber-
lites'* 3.

*For correspondence. (e-mail: nvcrao@bhu.ac.in)
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Recently, calc-alkaline lamprophyres tapping a subduc-
tion-metasomatized sub-continental lithospheric mantle
source and located closer to the western margin of the
Cuddapah Basin in the EDC have been described from
two localities — (i) the Mudigubba area (to the east of
Ramagiri—Penakcherla schist belt) and (ii) in the Kadiri
schist belt (Figure 1)'*'>. However, the age of these lam-
prophyres remains unknown. The present study examines
the temporal and genetic relationship, if any, between the
~1.1 Gyr Mesoproterozoic kimberlites and related
magmatism (ultramafic lamprophyres and carbonatites),
and the calc-alkaline lamprophyres in the EDC using
*Ar/*Ar radiometric dating of amphibole separates and
whole-rock Sr—Nd isotopic analyses of the Mudigubba
calc-alkaline lamprophyre dykes.

Sampling and analytical protocol

Fresh samples from the lamprophyre dykes exposed to
the NNW of Mudigubba (MUD, Figure 1) (14°23'34.9”N;
77°58’43.3"E) in the EDC were collected and the rock
chips were powdered for whole-rock Sr—Nd isotope ana-
lyses. These dykes intrude the hornblende biotite gneissic
rocks and strike in NE-SW direction. The presence of
large amphibole phenocrysts set in a felsic groundmass
giving rise to the typical porphyritic—panidiomorphic tex-
ture was well apparent in the hand specimens (Figure 1 ¢
and d). Petrography revealed that these rocks were cha-
racterized by the presence of amphibole phenocrysts
along with amphibole and clinopyroxene micropheno-
crysts, whereas feldspar, apatite and titanite were essen-
tially confined to the groundmass (Figure 1 e and f)".
Amphibole phenocrysts were separated from one of the
lamprophyre samples for **Ar—*’Ar analysis by incremen-
tal heating technique. Mineral separates weighing about
0.02 g were cleaned in an ultrasonic bath using deionized
water and subsequently packed in aluminium capsules.
Samples of the Minnesota hornblende (MMhb-1, age
523.1 £ 2.6 Ma) along with high-purity CaF, and K,SO,
salts constituted the monitor samples'®. High-purity nickel
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Figure 1.

a, Geological map of the Eastern Dharwar Craton (EDC), India (after Naqvi*®) showing locations of the kimberlite fields — RKF (Rai-

chur kimberlite field), NKF (Narayanpet kimberlite field) and WKF (Wajrakarur kimberlite field); lamproite fields — KLF (Krishna lamproite
field), RLF (Ramadugu lamproite field) and VLF (Vattikod lamproite field), and calc-alkaline lamprophyres at Mudigubba (MUD) and Kadiri sch-
ist belt (KAD). PAP, Prakasam Alkaline Province and DAC, Dancherla Alkaline Complex. b, Geological map of the study area (modified after
Pandey et al.'*) showing locations and trend of Mudigubba calc-alkaline lamprophyre dykes. (¢, d) Hand specimens and (e, f) photomicrographs of
lamprophyre dyke samples. Amp, Amphibole; Fsp, Feldspar and Py, Pyroxene.
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Table 1. “Ar/°Ar age data for amphibole phenocrysts of the Mudigubba calc-alkaline lamprophyre (sample PP/MUD6/2)
(J/=0.000474962 + 0.0000024)
Temperature P AL/ Ar ©Ar/* Ar Apparent age At/ Ar OAr/ O Ar
(°C) (£20) (20 (Myr) (£20) A% A% (20 (£20)
400 0.66565 £ 0.0147  211.799 +4.591 349+313 1.16 15.47 21.3484 + 8.3723 349.6 £25.2
450 0.23656 £ 0.00497  118.25 £2.021 71.1 £6.18 2.56 56.43 22.218 +3.2281 678.3 £ 49
700 0.05503 £0.00316  1098.7 +£22.275 837.4 47 2.15 99.48 12.7346 £ 6.153 56745.3 +52426.4
750 0.05756 £ 0.0037  1307.51 £ 37.204 969.5 £47.5 1.88 99.57 13.763 £ 5.1341  68743.2 £57959.9
800 0.08785 £ 0.00283  982.63 +31.663 798.6 +40.7 3.86 98.87 17.9986 £ 4.6371  26240.6 £ 10019.1
850 0.06629 £ 0.0017  995.395 +15.418 827.5+32.3 4.13 99.69 19.9807 £3.9086  96350.7 £ 104428.5
900 0.48068 £ 0.00276 2045.61 £40.554  1172.8 +18.8 3.17 93.11 1.2927 £ 0.4346 4287.9 £195.8
950 0.16839 £ 0.00237 1773.09 £36.303  1166.6 + 18.4 4.67 97.66 10.0249 + 0.381 12636.5 £ 635.1
1000 0.2996 +0.00161  1984.19 £28.242  1176.5+ 13 6.74 95.63 2.1286 £ 0.2169 67573 +171.4
1100 6.85333 £ 0.02814 3944.53 £19.723 1168.94 £ 9.61 31.77 48.66 0.0218 £ 0.0267 575.6£9.4
1150 1.91487 £ 0.00673 2482.66+12.413 1168.42 £ 5.68 12.81 77.21 0.0951 £0.0617 1296.7 + 14
1200 5.30461 £ 0.10587 3468.83 £17.344 1161.6 £ 16.1 7.41 54.81 0.1071 £ 0.0572 654 £22.2
1300 0.09346 £ 0.00688 1651.44 £24.596  1169.1 £ 13.6 17.69 99.1 15.4918 £ 0.4199 32982 +£5243.8
Total 2.71531+£0.01122 2450.13 £8.469  1100.93 + 6.63 100 67.49 6.9548 £ 0.3686 908.9+11.6

wires were placed in the sample and also in the monitor
capsules for checking the neutron influence variation
(~5%). Aluminium capsules, placed in a 0.5 mm thick Cd
cylinder, were irradiated in the heavy-water-moderated
DHRUVA reactor at the Bhabha Atomic Research Centre
(BARC), Mumbai, for ~100 h. Following the irradiation,
the samples were wrapped in aluminium foil and loaded
in the extraction unit of a noble gas system (Thermo
Fisher Scientific, USA). Argon extraction was carried out
in a series of steps up to 1300°C in an electrically heated
ultrahigh vacuum furnace. The argon released in each
step, after purification by deploying Ti—Zr getters, was
analysed using a mass spectrometer (Thermo Fisher
ARGUS VI, USA), at the **Ar—""Ar Laboratory in the
Department of Earth Sciences, Indian Institute of
Technology (IIT) Bombay, Mumbai. The mass spectro-
meter deployed five Faraday cups fitted with 10" Q
resistors.

Interference corrections for Ca- and K-derived Ar iso-
topes were performed from the analysis of CaF, and
K,SO, salts using (‘°Ar/’Ar)Ca, (’Ar/’Ar)Ca and
(“Ar/’ArnK = 0.0028006, 0.009528 and  0.002829
respectively. The *’Ar blank contributions were <1-2% in
all temperature steps. The irradiation parameter J was
corrected for neutron flux variation using the activity of
nickel wires irradiated along with each sample. The pla-
teau ages reported comprise a minimum of 84.3% of the
total *Ar released along with four or more successive
degassing steps where the mean ages overlap at the 20
level, which excludes the error contribution (0.5%) from
the J value. Table 1 presents the results.

Rock chips of four samples were crushed and
powdered followed by dissolution using a mixture of
concentrated HF, HNO; and HCI in screw-cap Teflon
vials. A multi-step ion exchange column chromatography
method employing AG50W X8 resin (BioRad) was used
to separate Sr and Nd. Strontium was eluted using 3N
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HCI from a AG50W X8 (100-200 mesh) resin, whereas
REE were eluted using 6N HCI. Neodymium separation
from the rest of the REE was done using 0.2M
2-hydroxyisobutyric acid (pH =4.495) from a AG50W
X8 (200—400 mesh) resin. The isotope ratios were meas-
ured using a thermal ionization mass spectrometer
(TIMS; Thermo Scientific Triton Plus) at the Indian Insti-
tute of Science (IISc), Bengaluru employing established
protocols'’. Briefly, Sr isotope ratios were measured by a
single oxidized Ta filament assembly, whereas a double
Re filament set was used for Nd isotope ratio measure-
ments. To correct for instrumental mass fractionation, the
measured *’Sr/*°Sr and 'Nd/'*'Nd ratios were norma-
lized to *°Sr/**Sr=0.1194 and '**Nd/'*'Nd=0.7219
respectively. During the course of the study, JNdi-1 Nd
isotopic standard and SRM-987 Sr isotopic standard were
analysed. Uncertainties in 'Nd/"**Nd (measured) were
better than 5 in the sixth decimal place and for *'Sr/**Sr
ratios, they were better than 9 in the sixth decimal place.
Table 2 provides the results.

Results and discussion

Table 1 shows the results of **Ar—"’Ar geochronology
and Figure 2 shows the variation in apparent age with
cumulative *Ar%. Step heating was carried out in 13
steps from 400°C to 1300°C yielding a plateau age of
1169 + 8 Ma (20) with MSWD = 0.41 (Figure 2 a). The
apparent age of >1100 Ma corresponded to 84.3% of the
total **Ar released and was observed after 18% cumula-
tive **Ar loss. In a plot of **Ar/*°Ar versus *’Ar/*°Ar, an
apparent age of 1177 =20 Ma (20; MSWD = 0.04) with
initial *°Ar/*°Ar = 287 + 19 was obtained (Figure 2 b). An
age of 1171 £ 12 Ma (20; MSWD = 0.13) along with an
initial *’Ar/°Ar=287 19 was also obtained on a
®Ar/*Ar versus *°Ar/*°Ar variation diagram (Figure 2 ¢).
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Figure 2. *Ar/*’Ar spectra and isochron diagram for amphibole separates from the Mudigubba lamprophyre dyke.
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Table 2.

Bulk-rock Sr—Nd isotopic abundances in the Mudigubba calc-alkaline lamprophyres (the present study) compared with those of other

co-spatial calc-alkaline lamprophyres from the Eastern Dharwar craton

Rb-Sr isotopic composition

Locality Sample Rb (ppm) Sr (ppm) 87S1/%6Sr $Rb/*Sr ¥7S1/%Sr (£)

Mudigubba® PP/MUD7/1 17 382 0.707124 0.1288 0.704968

Mudigubba® PP/MUD1/1 28 479 0.707564 0.1692 0.704732

Mudigubba® PP/MUD2/1 26 354 0.708525 0.2126 0.704967

Mudigubba® PP/MUD3/1 19 327 0.707146 0.1682 0.704331

Udiripikonda® UK/2012/2 137 1602 0.709230 0.2476 0.705333

Udiripikonda® PP/U1/1 94 1395 0.709294 0.1951 0.706223

Udiripikonda® PP/U1/3 159 1447 0.710909 0.3181 0.705900

Udiripikonda® UDPL-1 105 1215 0.709520 0.2493 0.705600

Korakodu* PP/KD1/3 179 1537 0.713426 0.3373 0.708117

Korakodu® PP/KD2/2 172 1546 0.712658 0.3222 0.707586

Sivarampeta® SHLM-1 93 710 0.712980 0.0510 0.712180

Sivarampeta® S1/2 104 854 0.731765 0.3527 0.708213

Sivarampeta® S1/3 81 752 0.713418 0.3119 0.708507

Sm-Nd isotopic composition

Locality Sample Sm (ppm)  Nd (ppm)  "®Nd/"“Nd  'Sm/'*Nd "INd/"Nd (1) &Nd(1) TDM (Gyr)
Mudigubba® PP/MUD7/1 6.7 29.4 0.511553 0.1377 0.510496 -12.40 2.80
Mudigubba® PP/MUD1/1 7.1 323 0.511494 0.1329 0.510474 —12.80 2.75
Mudigubba® PP/MUD2/1 8.9 38.7 0.511529 0.1390 0.510462 -13.00 2.89
Mudigubba® PP/MUD3/1 8.4 36.2 0.511523 0.1403 0.510447 -13.30 2.94
Udiripikonda® UK/2012/2 12.1 78.6 0.510737 0.0930 0.510065 -22.50 2.8
Udiripikonda® PP/U1/1 11.4 76.9 0.510839 0.0896 0.510192 —-20.10 2.6
Udiripikonda® PP/U1/3 13.0 86.4 0.510828 0.0909 0.510172 -20.50 2.6
Udiripikonda® UDPL-1 8.5 58.9 0.510850 0.0873 0.510220 —-19.57 -
Korakodu* PP/KD1/3 11.4 84.7 0.511002 0.0813 0.510415 -15.70 2.28
Korakodu® PP/KD2/2 133 92.2 0.510676 0.0872 0.510047 —22.90 2.74
Sivarampeta® SHLM-1 6.1 38.2 0.511000 0.0664 0.510520 -13.73 -
Sivarampeta® S1/2 8.9 50.6 0.511011 0.1063 0.510244 -19.1 2.75
Sivarampeta® S1/3 8.0 48.7 0.510695 0.0993 0.509978 —24.2 2.98

“The present study. Initial values calculated for an emplacement age of 1169 Ma. Rb, Sr, Sm and Nd data are from ICPMS analysis.

aNd(#) = ("*Nd/"** Ndsampren/ *Nd/**Ndcpurey — 1) x 10*.

Tom = (1/2) x In(1 + "*Nd/"**Ndampre — '*Nd/"**Ndpm/**’Sm/" *Ndample —

'47Sm/144NdDM).

Present-day CHUR values®*: "’Sm/"**Nd = 0.1967 and '*Nd/"**Nd = 0.512638.
Data sources: "Pandey et al.'’, Khan et al."', “Raguvanshi et al.'?, °Pankaj et al."®.

Precise dating of kimberlites is a challenging task'® and
it is evident from a large range in radiometric ages pub-
lished for the Mesoproterozoic kimberlites of the EDC
with a few dates showing very high error range (Chalapa-
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thi Rao et al.' and references therein). Majority of the
kimberlite pipes of the EDC are dated to be <1100 Myr
(refs 1, 5). It is evident that the Mudigubba calc-alkaline
lamprophyre analysed in this study was emplaced during
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the Mesoproterozoic, but approximately 50 Myr earlier
than the time of peak kimberlite magmatism in the EDC.
The age of this lamprophyre dyke also post-dates that of
the Mesoproterozoic lamproites (1225 to 1400 Myr;
Krishna, Ramadugu, Vattikod, and Chelima lamproites)
in the EDC"?'. Further detailed studies are required to
date more precisely the ages of various lamprophyres in
this domain in future, to constrain the timing of lampro-
phyre emplacement.

The ¥’St/**Sr and '*Nd/"**Nd measured isotopic values
in the studied lamprophyres ranged between 0.707124
and 0.708525 as well as 0.511494 and 0.511553 respec-
tively (Table 2). ¥’Sr/**Sr initial ratios, obtained assuming
an emplacement age of 1169 Myr, ranged between
0.704331 and 0.704968, whereas '**Nd/'**Nd initial ratios
ranged between 0.510447 and 0.511553, which translates
to éNd) =—12.4 to —13.3 (Table 2). Based on whole-rock
trace elements geochemistry, Pandey et al.'* inferred that
these dykes were derived from the sub-lithospheric man-
tle previously metasomatized by fluid-related subduction
event probably during the Neoarchean. The *’Sr/*Sr of
these dykes were poorly correlated (2 =0.07) with in-
creasing silica content, which is an index of granitic crustal
assimilation, ruling out any role of crustal contamination
(Figure 3 a). This was further corroborated by a good cor-
relation between éNd, and 100/Nd (+* = 0.73), as crustal
contamination imparts most unradiogenic Nd isotopic
character to the samples with the lowest Nd concentra-
tions? (Figure 3 b). These correlations suggest that the
Mudigubba calc-alkaline lamprophyre dykes suffered
negligible crustal contamination and their geochemistry
reflects the composition of the mantle source from which
they are derived. Strongly negative &Nd, values along
with a Neoarchean Nd depleted mantle model age (7Tpw,
2.75-2.94 Gyr) suggest that the primary magma were
derived from an ancient metasomatized sub-continental
lithospheric mantle source.
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The calc-alkaline as well as the shoshonitic lampro-
phyres of the EDC have distinct Sr—Nd isotopic composi-
tion compared to those of the kimberlites (Figure 4). The
kimberlites (with éNd, > 0) are derived from a signifi-
cantly more depleted mantle source compared to the
coeval lamproites (with éNd, ranging between —4.44 and
—2.66) in the Bastar Craton® and Mesoproterozoic (~1.2—
1.4 Ga) lamproites (Krishna, Ramadugu, Vattikod and
Chelima) of the EDC'’ . The lamprophyres, on the other
hand, have extremely radiogenic 87Sr/gésr(t) (0.704331-
0.712180) and strongly negative éNd, (—22.9 to —12.4),
suggesting derivation from an enriched sub-continental
lithospheric mantle source. It should be noted that there
was a large variation in the *’Sr/*Sr ratio in the kimber-
lites with almost constant Nd isotopic values akin to
those exhibited by the coeval Sakri lamproites from the
Nuapada field in the Bastar Craton (Figure 4). Such a
variation is ascribed to the presence of phlogopite in the
mantle source region’*. Similar variations were observed
in the Kadiri lamprophyres and from elevated Rb/Sr ratio
in these dykes, which show similarity with those from the
phlogopite lherzolite xenoliths found in the kimberlites of
the Kaapval Craton'”. The Mudigubba calc-alkaline lam-
prophyres, on the other hand, exhibited restricted initial
Sr—Nd isotopic variation (Figure 4), inconsistent with the
presence of metasomatic phlogopite in the source. This is
in accordance with variable Ba/Rb and low Rb/Sr ratios
in these dykes revealing the presence of amphibole in the
source'!. These results demonstrate that the spatially
widespread Mesoproterozoic mantle-derived alkaline
magmatism in the southern Indian shield displays exten-
sive compositional diversity.

Conclusion

“Ar/*Ar dating of amphibole phenocryst separates from
a calc-alkaline lamprophyre occurring near Mudigubba

CURRENT SCIENCE, VOL. 119, NO. 7, 10 OCTOBER 2020
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Plot of ¥Sr/*Sr(f) versus &Nd,, for the Mesoproterozoic kimberlites, shoshonitic and calc-alkaline

lamprophyres from the EDC. Compositional fields for the archetypical groups I and II kimberlites from South

Africa are from Becker and Le Roex?’,

and isotopic data of perovskite as well as bulk-rock group I ~1100 Myr

kimberlites from the EDC are from Chalapathi Rao et al."**, Paton et al.** and Sharma et al.”®. Data of ~1045 Ma
Sakri lamproites, Nuapada lamproite field of the Bastar Craton® and 1.2 Ga Krishna lamproites from the EDC*
are also shown for comparison. Composition of pipe-8 intrusion in the WKF, which is now reclassified as an ul-

tramafic lamprophyre is from Dongre et al.’®
in Table 2. CHUR, Chondritic Uniform Reservoir.

gave a plateau age of 1169 £ 8 Ma. The obtained age
suggests that few calc-alkaline lamprophyres in the EDC
were emplaced about 50 Myr earlier than the peak kim-
berlite magmatism during the Mesoproterozoic. Sr—Nd
isotopic ratios of the shoshonitic and calc-alkaline
lamprophyres from the WKF were strikingly different
from those of the kimberlites, revealing that the former
tapped a continental lithospheric mantle source. The later
erupted kimberlites, in contrast, were derived either from
a deep sub-lithospheric source or from the base of the
sub-continental lithospheric mantle enriched by melts
derived from the asthenosphere. This study suggests that
the cratonic lithospheric mantle beneath the EDC was
extremely heterogeneous and generated geochemically
diverse alkaline magma during the Mesoproterozoic.
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