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Petrology and geochemistry (including Sr and Nd isotopes) of two lamprophyre dykes, intruding the Archaean
granitic gneisses at Sivarampeta in the diamondiferous Wajrakarur kimberlite ﬁeld (WKF), eastern Dharwar
craton, southern India, are presented. The Sivarampeta lamprophyres display porphyritic–panidiomorphic texture comprising macrocrysts/phenocrysts of olivine, clinopyroxene (augite), and mica set in a groundmass
dominated by feldspar and comprising minor amounts of ilmenite, chlorite, carbonates, epidote, and sulphides.
Amphibole (actinolite–tremolite) is essentially secondary in nature and derived from the alteration of clinopyroxene. Mica is compositionally biotite and occurs as a scattered phase throughout. Mineralogy suggests that
these lamprophyres belong to calc–alkaline variety whereas their bulk–rock geochemistry portrays mixed signals of both alkaline as well as calc–alkaline (shoshonitic) variety of lamprophyres and suggest their derivation
from the recently identiﬁed Domain II (orogenic–anorogenic transitional type mantle source) from eastern
Dharwar craton. Trace element ratios imply melt–derivation from an essentially the garnet bearing–enriched
lithospheric mantle source region; this is further supported by their 87Sr/86Srinitial (0.708213 and 0.708507) and
‘enriched’ εNdinitial (−19.1 and −24.2) values. The calculated TDM ages (2.7–2.9 Ga) implies that such enrichment occurred prior to or during Neoarchean, contrary to that of the co–spatial and co–eval kimberlites which
originated from an isotopically depleted mantle source which was metasomatized during Mesoproterozoic. The
close association of calc–alkaline shoshonitic lamprophyres, sampling distinct mantle sources, viz., Domain I
(e.g., Udiripikonda) and Domain II (Sivarampeta), and kimberlites in the WKF provide further evidence for
highly heterogeneous nature of the sub–continental lithospheric mantle beneath the eastern Dharwar craton.
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INTRODUCTION
Lamprophyres constitute a diverse group of small volume, mantle–derived, volatile–rich, maﬁc–ultramaﬁc,
melanocratic, alkaline–igneous rocks, characterized by
their porphyritic panidiomorphic texture consisting of
hydrous maﬁc silicates (biotite and amphibole) with feldspar essentially conﬁned to the groundmass (Rock, 1991;
Woolley et al., 1996). A majority of the global lamprophyres are (i) spatially and temporally associated with
other alkaline rocks such as nepheline–syenites, kimberdoi:10.2465/jmps.191004b
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lites, lamproites, and carbonatites, (ii) reported from diverse tectonic regimes, and (iii) play a key role in geodynamic interpretations (e.g., Garza et al., 2013; Stoppa
et al., 2014; Krmicek et al., 2016; Pandey et al., 2019).
Lamprophyres are often regarded to be products of partial
melting of a metasomatized SCLM (sub–continental
lithospheric mantle) to explain their high incompatible
trace element content (Orejana et al., 2008; Owen,
2008; Li et al., 2014; Ma et al., 2014; Muller and Groves,
2019), and therefore their geochemistry play a signiﬁcant
role in understanding the evolution of SCLM. Alkaline,
calc–alkaline, and ultramaﬁc varieties constitute the three
lamprophyre clans whereas shoshonitic lamprophyres–
which are considered as variants of calc–alkaline lamp-
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rophyres–often display mixed aﬃnity to both alkaline and
calc–alkaline lamprophyres (see Rock, 1987, 1991; Pandey et al., 2017b).
The eastern Dharwar craton (EDC) of southern India
is one of the extensively well–studied Precambrian granite–greenstone terrains of the Indian shield. Lamprophyres
in the EDC are mainly conﬁned to two regions (Fig. 1a);
(i) the Prakasam alkaline Province or the Cuddapah intrusive province towards the eastern margin of the Paleo–
Mesoproterozoic Cuddapah basin at the junction of the
EDC with Eastern Ghat granulite (mobile) belt where
the lamprophyres are essentially of alkaline variety with
a few of them displaying shoshonitic character (Madhavan et al., 1998; Chalapathi Rao, 2008) and (ii) towards
the western margin of the Cuddapah basin within the diamondiferous Wajarakarur kimberlite ﬁeld where the lamprophyres of calc–alkaline and/or shoshonitic nature are reported (Pandey et al., 2017a, 2017b, 2018a and references
therein).
Lamprophyres towards the western margin of the
Cuddapah basin are relatively less studied compared to
those from the Prakasam Alkaline Province at the eastern
margin. Recent studies (Pandey et al., 2017a, 2017b,
2018a, 2018b; Raghuvanshi et al. 2019) on lamprophyres
from the western margin of the Cuddapah basin have
brought out involvement of three distinct mantle source
domains in their genesis; (a) Domain I: represented by
orogenic calc–alkaline and/or shoshonitic lamprophyres
(e.g., Mudigubba, Udiripikonda, and Kadiri) derived from
the SCLM, (b) Domain II: represented by orogenic–anorogenic, alkaline to calc–alkaline lamprophyres (e.g., Korakkodu) sampling mixed orogenic–anorogenic transitional source, and (iii) Domain III: represented by alkaline
lamprophyres (e.g., Ankiraopalli) displaying a strong
OIB type (asthenospheric) overprint on the SCLM source
(see Giri et al. 2019). The present study on the Sivarampeta lamprophyre dykes, located within diamondiferous
Mesoproterozoic–Late Cretaceous Wajrakarur kimberlite
ﬁeld (WKF), assumes importance in this context. In this
paper, mineral chemistry, bulk–rock, and radiogenic isotopic (Sr–Nd) geochemistry of the Sivarampeta lamprophyre (SPL) dykes are presented. Our aim is to explore
the petrogenetic relationship, if any, between the hitherto
studied lamprophyres and the co–spatial kimberlites of the
WKF and compliments similar recent studies carried on
calc–alkaline and/or shoshonitic lamprophyres at the Mudigubba, the Kadiri, the Korakkodu, and the Udiripikonda
areas towards the western margin of the Cuddapah basin
in the EDC (Pandey et al., 2017a, 2017b, 2018a, 2018b;
Khan et al., 2018; Raghuvanshi et al., 2019). We also attempt to understand the nature of mantle source of the
Sivarampeta lamprophyres vis–à–vis recently identiﬁed
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three distinct lamprophyre source domains from the
EDC (see Giri et al. 2019).
GEOLOGICAL BACKGROUND
The Dharwar Craton of southern India (Fig. 1) preserves
a huge oblique section of pristine Archean crust spanning
from 3.8–2.5 Ga which transitions from the lower to
upper crustal levels and comprises Meso–Neoarchean
greenstone belts intruded by younger granitoids (Swami
Nath et al., 1976; Jayananda et al., 2018 and references
therein; Peng et al. 2019). Main lithological associations
reported here are TTGs and transitional TTGs, bimodal
volcanic–sedimentary greenstone sequences, and composite plutons of sanukitiods and anatectic granites (Ramakrishnan and Vaidyanadhan, 2008; Jayananda et al.,
2013, 2018 and references therein). Even though the
Dharwar craton for long was divided into two or even
three blocks– the eastern and the western Dharwar, recent
studies (see Peucat et al., 2013; Ishwar Kumar et al.,
2013; Santosh et al., 2015; Roberts and Santosh, 2018;
Jayananda et al., 2018 and references therein) favour it to
be an amalgamation of several micro–blocks (western,
central, eastern, Coorg and Karwar) with independent
thermal record and evolutionary histories. Peng et al.
(2019) envisaged the Dharwar craton to be a trinity of
Archean crustal architecture (‘sandwich’ structure), comprising (i) 2700–2500 Ma–dominated upper crust, (ii)
3400–2900 Ma–dominated middle crust, and (iii) ~ 2560–
2500 Ma anatectic lower crust. Peng et al. (2019) further
proposed that this ‘sandwich’ structure possibly indicates
vertical growth of the crust in the Archean.
The eastern block is comparatively thinner and relatively younger than western and central blocks and comprises a collage of greenstone belts with lesser volcanics,
Paleo–Mesoproterozoic Purana sedimentary basins, and
various maﬁc dyke swarms of diﬀerent Paleoproterozoic
magmatic episodes together with Mesoproterozoic intrusions of kimberlites, lamproites, and lamprophyres.
Available geochronological data suggest that the age of
these kimberlites, lamproites, and lamprophyres span
from 1.38 to 1.1 Ga (Osborne et al., 2011; Chalapathi
Rao et al., 2013 and references therein). However, a Late
Cretaceous kimberlite event linked to Marion hotspot activity at ~ 90 Ma has also been recently recorded from the
WKF (Chalapathi Rao et al., 2016).
This paper focuses on mineral chemistry, geochemistry, and isotope (Sr–Nd) geochemistry of two lamprophyre dykes–termed henceforth as SPL (Fig. 1b; Toposheet no. 57 F/5;14°50′43.8′′N; 77°19′50.7′′E and
14°50′43.7′′N; 77°19′57.8′′E) exposed in the Sivarampeta area, within and in the vicinity of WKF, SPL intrude
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Figure 1. (a) Generalized geological map of peninsular India (modiﬁed after Naqvi, 2005) showing Eastern Dharwar craton (EDC), Palaeo–
Mesoproterozoic Cuddapah basin and disposition of various alkaline–subalkaline, maﬁc–ultramaﬁc rocks and location of Sivarampeta
lamprophyres (SPL). NKF, Narayanpet kimberlite ﬁeld; VLF, Vattikode lamproite ﬁeld; RLF, Ramadugu lamproite ﬁeld; KLF, Krishna
lamproite ﬁeld; MUD, Mudigubba lamprophyre; AN, Ankiraopalli lamprophyre; RKF, Raichur kimberlite ﬁeld; UK, Udiripikonda lamprophyre; WKF, Wajrakarur kimberlite ﬁeld. (b) Geological map (after Nayak and Kudari, 1999) showing Sivarampeta lamprophyre conﬁned
to the Lattavaram cluster of Wajrakarur kimberlite ﬁeld. Location of Ankiraopalli and Khaderpet lamprophyre are taken from Giri et al.
(2019) and Khan et al. (2018) respectively. Other ﬁelds are taken from Pandey et al. (2017b).
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the granite gneisses of the basement Peninsular Gneissic
Complex (Figs. 2a and 2b) and are melanocratic with
shining pyroxene crystals.
ANALYTICAL TECHNIQUES
We have collected fresh rock samples from the Sivarampeta lamprophyre dykes. Various mineral phases present
in the SPL polished thin sections were studied out by optical microscope prior to electron microprobe (EPMA)
analysis. Minerals were analyzed at Mantle Petrology
Laboratory, Department of Geology, Banaras Hindu University, Varanasi, using a CAMECA–SXFive wavelength–
dispersive electron microprobe (EPMA) with several
crystals and LaB6 ﬁlament source (see Appendix 1 in Giri
et al., 2019, for analytical details). Based on multiple analysis the error has been reduced <1% on major element
concentrations, whereas for trace element the error ranges
between 3 and 5%. The representative mineral composition is presented in Supplementary Table S1 (available
online from https://doi.org/10.2465/jmps.191004b).
For bulk–rock geochemistry, four fresh rock samples–
two from each dyke, were powdered at the Department of
Geology, Banaras Hindu University, using Retsch BB50
jaw crusher and Retsch RM100 motor grinder and analyzed at the Activation Laboratories, Ancaster, Canada.
Alkaline fusion and ICP–OES analysis (Model: Thermo–
Jarrell–Ash ENVIRO II) and multi–acid digestion and
ICP–MS analysis (Model: Perkin Elmer Sciex ELAN
6000) were used for measurement of major, trace, and rare–
earth element concentrations, respectively. STM1 MRG1,
DNC1, W2, and SY3 were the external standards used to
monitor the accuracy and precision, which was ~ 5% for
major oxide and 5–10% for trace elements. Bulk–rock major and trace element data are presented in Table S1.
Isotopic analyses (Sr–Nd) of two of the representative samples were performed at the Center for Earth Sciences, Indian Institute of Science, Bangalore, following
the same protocol as described in Banerjee et al. (2016)
using an Inductively Coupled Plasma Mass Spectrometer
(ICP–MS). Accuracy and precision for both major and
trace element are illustrated with the repeated analysis
of samples and standards, and instrumental mass fractionation were rectiﬁed by normalizing the measured value.
During the course of the analysis, JNdi–1 Nd isotopic–
standard analyzed yielded 143Nd/144Nd = 0.512120 ± 7
(2SD, n = 3) while SRM–987 Sr isotopic–standard analyzed yielded 87Sr/86Sr = 0.710260 ± 9 (2SD, n = 3) value. 86Sr/88Sr = 0.1194 were used as normalizing parameters to normalize measured 87Sr/86Sr ratio, and 146Nd/
144
Nd = 0.7219 were used for 143Nd/144Nd ratios respectively. The results obtained are provided in Table S1.
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RESULTS
Petrography and mineral chemistry
Petrography of the SPL reveals porphyritic and panidiomorphic texture typical of lamprophyres with pyroxenes
as the dominant maﬁc phenocrysts, followed by macrocrysts of olivine, and feldspar conﬁned to the groundmass
(Figs. 2c and 2d). Mica, ilmenite and secondary amphibole occur as scattered phases in the groundmass along
with carbonate and chlorite. A majority of the olivines are
replaced by carbonate and often rimmed with serpentine
(Fig. 2d). Pyroxenes are mostly zoned, and some of them
display twinning (Figs. 2e and 2f ) and at places also form
clusters giving rise to glomeroporphyritic texture (Fig.
2c). Amphibole occurs as an alteration product of pyroxene and belongs to actinolite–tremolite association (Fig.
2g). Mica and ilmenite are scattered in the groundmass
(Fig. 2h). Each of these phases and their composition are
individually discussed below.
Olivine. Petrographic studies reveal that olivine occurs as macrocyst as well as phenocryst. All of the phenocrystic olivine are pseudomorphed and thus unsuitable
for mineral chemistry studies. However, we could locate a
single preserved pristine macrocrystic olivine grain very
likely derived from mantle peridotite (Fig. 2d), and the
absence of compositional zoning further attests their derivation from mantle peridotite. Microprobe study reveals
it to be mainly forsteritic with a restricted compositional
range (see Supplementary Table S1) In the Fo content versus NiO (wt%) plot (Fig. 3a), it is conﬁned to mantle olivine array (Takahashi et al., 1987) and is clearly distinct
from those of metamorphic olivine array (Pelletier et al.,
2008). Olivine of the SPL, however, has a lower Fo content when compared to those from peridotite xenoliths reported from kimberlites of WKF (Ganguly and Bhattacharya, 1987). Color–coded X–ray elemental images (Supplementary Fig. S1; available online from https://doi.org/
10.2465/jmps.191004b) show enrichment of silica, depletion of iron, magnesium in its rim, and bringing out serpentinization.
Pyroxenes. Pyroxene occurs as a dominant maﬁc pristine euhedral phenocrystic phase. Mineral chemistry of the
pyroxenes reveal their restricted variation and uniform
composition (Wo40.28–41.67En45.55–49.25Fs7.37–9.90Ac2.22–3.06)
(see Table S1). In the ternary pyroxene discrimination diagram (after Morimoto, 1988) (see Fig. 3b) most of the pyroxenes fall in the ﬁeld of augite and rarely in the ﬁeld of
diopside. Clinopyroxenes of SPL are also clearly indistinguishable from those of other Dharwar and Deccan lamprophyres (Fig. 3b). SPL clinopyroxene also shows overlap
with those from global ultramaﬁc and calc–alkaline lamp-
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Figure 2. Field photographs of Sivarampeta lamprophyres (SPL). (a) Lamprophyre dyke intruding into the granite. (b) Close view showing
patches of SPL in the granite. Photomicrographs of SPL depicting various textural and mineralogical aspects. (c) Glomeroporphyritic cluster
of pyroxenes in a plagioclase–dominating groundmass (crossed polars). (d) Photomicrograph showing a bigger olivine grain with serpentinized rim (crossed polars). (e) Pyroxene showing twinning (crossed polars) in a feldspar–rich groundmass. (f ) Phenocryst of pyroxene
showing zoning and inclusions of biotite (crossed polars) (g) Secondary amphiboles with relict texture (crossed polars). (h) Back scattered
electron (BSE) image showing pristine and euhedral ilmenite. Ol, Olivine; Pyx, Pyroxene; Bt, Biotite; Amp, Amphibole; Fsp, Feldspar; Cal,
calcite; Ilm, Ilmenite.
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Figure 3. (a) Fo (mol%) versus NiO (wt%) content of olivine macrocrysts. The ﬁeld of mantle olivine array is after Takahashi et al. (1987);
Field of Deccan UML after Pandey et al. (2018b); Field of Diamond inclusion olivines and those from garnet peridotite are taken from
Rudnick et al. (1994); Field for Garnet peridotite xenoliths from 1100 Ma Kimberlites from the WKF, eastern Dharwar craton are taken from
Ganguly and Bhattacharya (1987), Data for Dharwar lamprophyres is after Pandey et al. (2017b). (b) Conventional compositional discriminatory ternary diagram for clinopyroxene in terms of molar Wo–En–Fo (after Morimoto, 1988) for SPL, comparing them with worldwide
shoshonitic lamprophyre (Rock, 1991), clinopyroxenes of Dharwar lamprophyres (Pandey et al., 2017a, 2017b), Deccan lamprophyres
(Pandey et al., 2019 and references therein) and ﬁelds of Deccan basalts and picrites are from Dongre et al. (2017). (c) Mica compositional
discrimination ternary diagram in terms of Al–Mg–Fe2+ showing it to be dominantly of biotite type and Mg–rich nature compared to that of
Udiripikonda shoshonitic lamprophyres (after Pandey et al., 2017b) and compositional ranges for mica of shoshonitic lamprophyres and
lamproites worldwide (from Rock, 1991). (d) Mg# versus Al2O3 (wt%) discrimination diagram (after Rock, 1986) with various ﬁelds is
from Rock (1987, 1991). Es, eastonite; Ph, phlogopite; Sd, siderophyllite; An, annite.

rophyres (Supplementary Fig. S2a; available online from
https://doi.org/10.2465/jmps.191004b). On the other hand,
the Ca versus Ti (apfu) (Fig. S2b) discriminatory diagram
(after Sun and Bertrad, 1991) suggests an orogenic origin
for these clinopyroxenes. Color–coded X–ray elemental
images (Figs. S2c–S2h) of clinopyroxene grains show
an absence of sodium, depletion of aluminum, and mag-

nesium, followed by enrichment of iron and titanium in
the rim when compared to those in the core.
Mica. Mica is present as in the groundmass as well
as inclusions in pyroxene. Mica show variation in its
TiO2 (8.72–1.63 wt%), FeO (19.00–12.82 wt%), and
Al2O3 (15.10–10.49 wt%) as well as in its Mg# (48–63)
(see Table S1). In the Al–Mg–Fe2+ mica classiﬁcation di-
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agram (Fig. 3c), the SPL mica is (i) conﬁned to the ﬁeld
of biotite, (ii) indistinguishable from those of world–wide
shoshonitic lamprophyres, (iii) comparable to that of the
Udiripikonda lamprophyre, and (iv) clearly distinct from
those of world–wide lamproites (Rock, 1991). The SPL
mica show compositional similarity with that of kimberlites (Mitchell, 1995), Mediterranean lamproites, and
MARID (mica–amphibole–rutile–ilmenite–diopside) suite
of rocks (Dawson and Smith, 1977) and has less TiO2
content than that of the Udiripikonda lamprophyre (Fig.
3d). The SPL mica overlays compositional ﬁelds of those
from alkaline as well as calc–alkaline lamprophyres but is
distinguishable from that of ultramaﬁc lamprophyres and
lamproites (Supplementary Fig. S3a; available online
from https://doi.org/10.2465/jmps.191004b).
Amphibole. Amphiboles are subhedral and essentially secondary in nature (actinolite–tremolite). Petrography reveals relict texture and suggests that these amphiboles are alteration products of the primary pyroxene
(Fig. 2g). In the SiO2 wt% versus TiO2 wt% discriminatory diagram (Table S1 and Fig. S3b, after Leake et al.,
1997), they show compositional overlap with the secondary amphiboles, whereas, in the Si (apfu) versus Mg#
(after Leake et al., 1997; Fig. S3c) classiﬁcation plot,
they are conﬁned to the ﬁelds of actinolite.
Feldspar. Representative mineral chemistry data
suggest feldspars be dominantly Na–rich and Ca–poor plagioclases (see Table S1). The composition of feldspar analyzed range from albite to anorthoclase type (Or0.11–94.31
Ab5.69–98.23An0.00–5.91) with a minor amount of sanidine
(Fig. S3d).
Ilmenite. Ilmenite is scattered in the groundmass. It
has a restricted range of TiO2 (51.81–50.28 wt%), FeO
(48.12–42.84 wt%) and very low content MnO (1.33–
3.42 wt%), and Cr2O3 (0.14–0.20 wt%) (see Table S1).
Its Ti–Fe rich nature conﬁnes it to be ilmenite sensu stricto in the ternary classiﬁcation diagram (Fe2O3–FeO–TiO2)
(Fig. S3e).
Other mineral phases. Other mineral phases present in minor amount include serpentinite, chlorite, carbonate, epidote, and sulphides.
Bulk–rock geochemistry
The bulk–rock (major and trace) data of the representative
samples of the SPL are provided in Table S1. The SPL
have a restricted and low range of SiO2 content varying
between 47.21–47.97 wt%. The SPL samples have high
K2O (2.89–3.43 wt%), Na2O (2.92–3.48 wt%) and CaO
(7.65–9.02 wt%) contents. Owing to their high K2O content, in the K2O versus SiO2 classiﬁcation diagram (Fig.
6a, after Peccerillo and Taylor, 1976), they are conﬁned

Figure 4. (a) Chondrite–normalized REE patterns. Normalization
values are from Sun and McDonough (1989). (b) Primitive
mantle–normalized trace element diagrams for the SPL Normalization values are from Sun and McDonough (1989). Other data
sources are the same as in Figure 3.

to the shoshonitic ﬁeld and resemble co–spatial Udiripikonda shoshonitic lamprophyres (Pandey et al., 2017b).
When compared to the global calc–alkaline, ultramaﬁc,
alkaline lamprophyres, and the Superior Province Archaean calc–alkaline lamprophyres, the SPL samples,
however, display mixed signals (Fig. 6b) without conﬁning to any particular ﬁeld. A limited variation in MgO
(6.14–8.20 wt%) content along with moderate Mg#
(54.09–61.42) and high Cr (>150 ppm) and Ni (>170
ppm) coupled with high LILE, high Ba (758–1024), and
Sr (723–854) typically suggest their origin from an enriched magma source (Table S1, Figs. 4a and 4b).
Sr–Nd isotope geochemistry
Measured Nd and Sr isotopic data of the two representative SPL samples are provided in Table S1. We have calculated the initial Nd and Sr isotope ratios by assuming
an emplacement age of 1100 Ma based on location of the
SPL in close vicinity to the ~ 1100 Ma kimberlite from
the WKF and by assuming that they belong to the same
tectono–magmatic episode. Age–corrected 143Nd/144Nd
values are 0.510244 and 0.509978, and 87Sr/86Sr values
are 0.708213 and 0.708507. However, strongly negative
єNd values of −19.1 and −24.2 indicate eﬀects of either
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tinental crust. Higher Nb/U (60.00–76.67) and Ce/Pb
(3.80–16.57) of SPL samples also are diﬀerent from those
of crustal values (Nb/U = 6.15; Ce/Pb = 3.91, Rudnick
and Gao, 2003). The Nb versus Nb/U and Ce versus Ce/
Pb diagrams (Figs. 6c and 6d) demonstrate the similarity
of SPL samples with those of the OIB suggesting insigniﬁcant crustal contamination. Figures 6c and 6d also
shows that the SPL samples are comparable with those
of the Udiripikonda lamprophyres rather than the Mudigubba or the Chotaudepur (Deccan) lamprophyres in
their trace element content.
Figure 5. Initial 87Sr/86Srinitial versus εNdinitial isotope variation diagram for SPL. Fields are same as given in Figure 9. Other data
sources are taken from Cuddapah lamproites (Chalapathi Rao et
al., 2004); other ﬁelds are from Gibson et al. (1995), Gibson et
al. (2006), and Pandey et al. (2017b) and references therein.

source contamination and/or crustal assimilation during
the magma ascent.
DISCUSSION
Crustal contamination and post–magmatic alteration
Crustal contamination and alteration (dueteric) of minerals in lamprophyres during emplacement is a common
process (Rock, 1991; Moyen et al., 2003). Therefore, it
is necessary to assess the eﬀect of crustal contamination
and alteration before the interpretation of geochemical
data. Petrographical aspects such as serpentinization of
olivine, and replacement of clinopyroxenes by amphiboles suggest post–magmatic alteration (Fig. 2). As petrography exclude crustal xenoliths, we prefer mantle
source contamination by subducted material to be the
likely causative factor. The calculated TDM ages range
from 2754 to 2984 Ma and imply that the source enrichment occurred during Neoarchean (2800–2600 Ma) (Fig.
5). Crustal rocks are known to be enriched in LILEs,
have negative Nb and Ta anomalies, whereas their major
oxides show high content of K2O and Na2O with a depleted TiO2 and P2O5 contents. However, a high concentration of REE and incompatible trace elements, and lower degrees of partial melting, make lamprophyres insensitive to crustal contamination. Primitive mantle normalized multi–element plot (Fig. 4a) lack negative Nb and Ta
anomalies and excludes signiﬁcant crustal contamination
of the SPL samples. This is further supported by the restricted ranges of SiO2 (47.21–47.97 wt%), MgO (6.14–
8.20 wt%), TiO2 (2.31–2.55 wt%), and P2O5 (0.48–0.58
wt%) contents which clearly contrast with those of con-

Classiﬁcation and Tectonic signiﬁcance
Petrography reveals that studied SPL samples belong to
the calc–alkaline variety of lamprophyres in general and
kersantite in particular (Rock, 1991; Le Maitre, 2002).
Mineral chemistry of maﬁc phases like clinopyroxene
and mica, and bulk rock geochemistry suggests an overprinting of both calc–alkaline and alkaline signatures
(Figs. 6a and 6b). In fact, mineral chemistry of clinopyroxene and micas are indistinguishable with those of
global shoshonitic lamprophyres and the Udiripikonda
lamprophyre suggesting the SPL samples to display a
shoshonitic character.
Lamprophyres are found in all possible tectonic regimes and their geochemistry is widely used to discriminate between orogenic vs anorogenic tectonic settings
(Muller and Groves, 2019 and references therein). Tectonic discrimination diagrams involving TiO2/Al2O3 versus Zr/Al2O3 and Hf–Th–Nb/2 (see Fig. 8b and Supplementary Fig. S4; available online from https://doi.org/
10.2465/jmps.191004b) clearly reveal that SPL samples
(i) have high Ti and Nb content in comparison to those of
Dharwar calc–alkaline lamprophyres (Mudigubba and
Kadiri), (ii) are indistinguishable from those of the Udiripikonda shoshonitic lamprophyre and are comparable to
the Deccan lamprophyres, and (iii) have an anorogenic
intra–plate type of tectonic setting.
Mantle source and petrogenesis
Moderate to higher Mg# (54–61) and higher Nb/U (60.00–
76.67), Ce/Pb (3.80–16.57), Al2O3/TiO2 (5.6–5.9) of the
SPL samples contrast with those of crustal values (Nb/U =
6.15; Ce/Pb = 3.91; Al2O3/TiO2 = 24.1, Zr/Nb = 16.08
and Th/La = 0.28; Rudnick and Gao, 2003) and suggest
their derivation from a mantle source. The abundance of
incompatible elements and high REE fractionation (Fig.
4a) and strongly negative єNd values of −19.1 and −24.2
(Fig. 5) imply the involvement of an enriched mantle
source. High TiO2 (2.31–2.55 wt%), Nb (36–47 ppm),
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Figure 6. (a) K2O (wt%) versus SiO2 (wt%) diagram (Peccerillo and Taylor, 1976) showing shoshonitic character of SPL, classiﬁcation
scheme is based on Rock (1987). (b) TiO2 (wt%) versus Al2O3 (wt%) diagram (after Rock, 1987) classifying AN as alkaline lamprophyres
(ALs), while other ﬁelds are shown for comparison. Data sources: CAL, Calc–alkaline lamprophyres; AL, Alkaline lamprophyres; UML,
Ultramaﬁc lamprophyres. Archaean CAL from diﬀerent cratons are taken from Lefebvre et al. (2005) and references therein. Data for
shoshonitic lamprophyres are taken from Rock (1991), Wyman and Kerrich (1993), Jiang et al. (2010), and Taylor et al. (1994). Data
Sources for Superior province is from Wyman and Kerrich (1989). (c) Nb (ppm) versus Nb/U and (d) Ce (ppm) versus Ce/Pb diagram (after
Su et al., 2017) for the SPL showing uncontaminated nature. Various ﬁelds are taken from Le Roex et al. (2003). Data sources for
Udiripikonda lamprophyre (UKL) (after Pandey et al., 2017b), Mudigubba lamprophyre (MUD) (after Pandey et al., 2017a) and Chotaudepur lamprophyre (after Chalapathi Rao et al., 2012).

La (54–70.2 ppm), with higher La/Yb (33.24–41.29) and
lower Nb/La (0.67–0.81) suggest the involvement of asthenospheric–mantle. The bi–variate source discrimination plot (Figs. 7a and 7b) involving La/Yb versus Nb/La
(Karsli et al., 2014) suggests mantle source of a mixed
sub–continental lithosphere and asthenosphere. Figures
7a and 7b also reveal contrasting character of SPL with
those of (i) the calc–alkaline lamprophyres present in the
eastern Dharwar craton (which have relatively low content of Nb/La) and (ii) the Deccan lamprophyres (which

have higher Nb/La). However, this mixed lithopheric–asthenospheric contribution in the mantle source region of
the SPL imply a close aﬃnity to the nearby Udiripikonda
shoshonitic lamprophyre and the Superior Province
shoshonitic lamprophyres.
Ba/Rb and Rb/Sr of SPL suggest the presence of
mica in the mantle source (Fig. 7b). Primitive mantle–normalized trace element average ratios (Hf/Sm)PM (0.80)
and (Ta/La)PM (0.72) of the SPL samples are slightly
enriched than those of the mantle values (Hf/Sm = 0.80;
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Figure 7. (a) La/Yb versus Nb/La plot (after Karsli et al., 2014) ruling out signiﬁcant asthenospheric contribution in the mantle source region
of the SPL and showing its close aﬃnity to the Udiripikonda lamprophyres. (b) Ba/Rb versus Rb/Sr plot (Ma et al., 2014) showing the
presence of mica in the mantle source of the SPL. (c) (Ta/La)PM versus (Hf/Sm)PM diagram (after La Flèche et al., 1998), (d) Nb/Yb versus
Th/Yb diagram (after Pearce, 2008). Data sources are the same as in Figure 6.

Ta/La = 0.06, Sun and McDonough, 1989) suggesting
an incompatible trace element enriched source. In the
(Ta/La)PM versus (Hf/Sm)PM bivariate plot (Fig. 7c) discriminating, diﬀerent types of metasomatism (melt–related subduction, ﬂuid–related subduction, and carbonatititic), eﬀects of ﬂuid–related subduction metasomatism are
brought out. Figure 7c also reveal a closer association of
the SPL trace element ratios with those of the Udiripikonda shoshonitic lamprophyre than those from the Kadiri
and the Mudigubba calc–alkaline lamprophyres. However, in the Nb/Yb versus Th/Yb bi–variate diagram (see
Fig. 7d, after Pearce, 2008), the SPL samples (i) are closer
to the mantle array, (ii) display with–in–plate association,
(iii) overlap with the ﬁeld of the Udiripikonda lamprophyre, and (iv) contrast with the other Dharwar calc–alka-

line lamprophyres, UCC (upper continental crust) and
GLOSS (global oceanic subducting sediment).
Low Al2O3/TiO2 (5.6–5.9), Sc (14–19 ppm), Y (18–
21 ppm), and Lu/Hf (0.048–0.053) along with moderately
high primitive mantle normalized ratios (Gd/Yb)N (2.96–
3.47) and fractionated heavy–REE (Dy/Yb)N (1.89–2.01),
(Sm/Y)N (4.15–4.56) suggest an enriched mantle source
with a garnet signature and high La/Yb (36–41) ratio implies lower degrees of partial melting (McKenzie and
O’Nions 1991). We have calculated the extent of partial
melting assuming non–modal batch melting of a garnet–
bearing PM (Primitive mantle) (Sun and McDonough,
1989) and EAM (enriched asthenospheric mantle) (Seghedi et al., 2004) (Fig. 8a) as source compositions (see
Miller et al., 1999). The calculated trace element model
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Figure 8. (a) La (ppm) versus La/Yb diagram showing melting curves for SPL samples. We have calculated the melting curves for garnet
bearing PM (Primitive mantle) and EAM (enriched asthenospheric mantle) assuming a non–modal batch melting and taking initial modal
mineralogy: Ol (55%) + Opx (19%) + Cpx (7%) + Gnt (11%) + Phl (8%) and melting phase proportions: Ol (5%) + Opx (12%) + Cpx
(20%) + Gnt (40%) + Phl (23%) after from Miller et al. (1999). Various partition coeﬃcients for olivine, pyroxene and garnet have been
taken from Kostopoulos and James (1992) whereas those for phlogopite taken from Fujimaki et al. (1984). We have also calculated array for
fractional crystallization (FC) assuming fractionation of olivine (40%) and clinopyroxene (60%) for every 10% increment. curves. We have
taken source composition for PM after Sun and McDonough (1989) and for EAM after Seghedi et al. (2004). (b) Tectonic discrimination
diagrams TiO2/Al2O3 versus Zr/Al2O3 (after Muller and Groves, 2000), illustrating anorogenic within–plate geochemical character for ANL.
Various ﬁelds and data sources are same as given in Figures 3 and 6. WIP, within plate; CAP, continental arc; PAP, post–collisional arc; IOP,
initial arc; LOP, late oceanic arc.

reveals that the SPL generation can be explained by 1 to
3% of partial melting of EAM subsequently followed by
fractionation of olivine and pyroxene and resembles that
of the Udiripikonda lamprophyre.
Tectonomagmatic implication
Even though the SPL are temporally and spatially related
to the Wajrakarur kimberlites, all of their respective Sr–Nd
isotopes (Fig. 5) are contrasting. Whereas the Mesoproterozoic Wajrakarur ﬁeld kimberlites were derived from an
isotopically depleted mantle, the SPL tapped an enriched
mantle source. In this aspect, SPL are similar to the nearby
Udiripikonda shoshonitic lamprophyre. Pandey et al.
(2017a, 2017b) advocated a subduction–linked subcontinental lithospheric mantle as a source for post–collisional
calc–alkaline (Mudigubba and Kadiri) and shoshonitic
lamprophyre (Udiripikonda) towards the western margin
of Cuddapah basin (see Fig. 1 for locations). Our present
study demonstrates that the studied Sivarampeta lamprophyres, despite being co–spatial to the above mentioned
lamprophyre occurrences from EDC, show a mixed character and were derived from multiply modiﬁed heterogenous mantle source corresponding to Domain II (Giri et al.
2019) having a mixed sub–continental lithospheric mantle

with an asthenospheric overprint. Such geochemical data
would further help to characterize and model the heterogeneity of the mantle sources under the Indian continent
through geological time.
CONCLUSIONS
Petrographic studies of the Sivarampeta lamprophyres
suggest them to be calc–alkaline lamprophyres in general
and kersantite in particular. Combined mineral chemistry
and geochemistry reveals a mixed calc–alkaline and alkaline nature and highlight their shoshonitic character. Bulk
rock geochemistry, and Sr–Nd isotope geochemistry suggest an enriched mantle source with the involvement of
lithospheric–as well as asthenospheric components and
belongs to the lamprophyres derived from the Domain
II (Giri et al., 2019) in the eastern Dharwar craton. Petrogenetic modelling involving non– modal batch melting
calculations reveal their melt generation from 1–3% melting of an enriched asthenospheric mantle that further underwent fractionation. Contrasting mantle sources were
involved in the generation of Sivarampeta and co–eval
and co–spatial kimberlites from the Wajrakarur kimberlite
ﬁeld implying mantle heterogeneity on a variable scale.
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