
1 3

Contrib Mineral Petrol (2015) 169:5
DOI 10.1007/s00410-014-1096-1

ORIGINAL PAPER

Formation and evolution of a Proterozoic magmatic arc: 
geochemical and geochronological constraints from meta‑igneous 
rocks of the Ongole domain, Eastern Ghats Belt, India

Tapabrato Sarkar · Volker Schenk · Jasper Berndt 

Received: 3 July 2014 / Accepted: 8 December 2014 / Published online: 11 January 2015 
© Springer-Verlag Berlin Heidelberg 2015

1,630–1,600  Ma, interpreted as the timing of metamor-
phism. An enderbite showing both magmatic and metamor-
phic concordia ages of ca. 1,605 Ma points to the existence 
of syn-metamorphic intrusions. Together, the presented 
geochemical and geochronological evidence suggests that 
the Ongole domain was a magmatic arc near the Indian 
continent during the Paleoproterozoic. Subsequently, the 
rocks were metamorphosed during the late Paleoprotero-
zoic, and the terrain was accreted to the Indian craton dur-
ing the early Mesoproterozoic. The formation and growth 
of the Ongole domain magmatic arc through subduction-
related accretion can be correlated with the growth of 
Columbia (1.8–1.2 Ga), but its accretion to the Indian cra-
ton is apparently unrelated to the formation of any super-
continent on a global scale.

Keywords  Eastern Ghats Belt · Ongole domain · 
Geochemistry · LA-ICP-MS zircon geochronology · 
Columbia supercontinent

Introduction

The formation and subsequent evolution of continental 
crust from the Archean to the present is one of the key top-
ics in earth sciences that is widely debated (Condie 2000; 
Hawkesworth and Kemp 2006; Arndt 2013). Continental 
crust grew mainly along subduction zones of active con-
tinental margins by tectonic accretion and emplacement 
of juvenile magmatic rocks besides minor magmatism in 
intra-plate tectonic settings (Şengör et  al. 1993; Jagoutz 
et al. 2007; Windley and Garde 2009), though the nature of 
geodynamic processes that generated Archean continental 
crust still remains controversial (Polat 2012 and references 
therein). Trace element similarities, such as enrichment of 

Abstract  Geochemical data and U–Pb zircon results 
are presented for the intrusive meta-igneous rocks of the 
Ongole domain, a granulite-facies terrain of the Eastern 
Ghats Belt in India, with the aim of inferring the tectonic 
setting and the timing of their formation. Geochemical data 
suggest that the intrusive meta-igneous rocks (mafic granu-
lites and charnoenderbites) possess trace and rare earth ele-
ment composition that are typical of magmatic arcs. They 
are subalkaline, enriched in light rare earth elements and 
large ion lithophile elements and depleted in heavy rare 
earth elements and high field strength elements like Nb, 
Ta and Ti. These characteristics indicate that the primary 
magmas of these rocks were derived by partial melting of 
a depleted mantle wedge that had been metasomatized by 
a slab component. Zircon grains collected from five char-
noenderbites are large and euhedral to subhedral and dis-
play fine-scale oscillatory growth zoning in CL images, 
implying a magmatic origin. The grains frequently show 
narrow-to-broad unzoned overgrowths, implying a meta-
morphic origin. The oscillatory-zoned cores yield Paleo-
proterozoic concordia ages of ca. 1,750–1,710  Ma, inter-
preted as the time of magma emplacement. The unzoned 
overgrowths yield very late Paleoproterozoic ages of ca. 
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light rare earth elements (LREE), depletion of Nb, Ta and 
Ti and enrichment of Pb with respect to REE, between Pro-
terozoic magmatic sequences and volcanic rocks at mod-
ern subduction zones imply that post-Archean continental 
crust formed in a similar way as in the Phanerozoic (Taylor 
and McLennan 1985; Rudnick 1995; Cawood et al. 2006). 
Magmatic arcs have always been important entities in mod-
els of continental growth and preserve unique geochemi-
cal characteristics (Polat 2012) and tectono-metamorphic 
histories (Sarkar et  al. 2014). They are often formed dur-
ing the process of continental amalgamation through the 
subduction of the intervening oceanic lithosphere in a 
prolonged subduction–accretion–collision regime (Korsch 
et al. 2011).

The Ongole domain in the southern part of the East-
ern Ghats Belt exposes a variety of granulite-facies rocks 
mainly dominated by intermediate (enderbite) to felsic 
(charnockite) granulites, collectively referred to as char-
noenderbites (Dobmeier and Raith 2003; Sarkar and 
Schenk 2014). Geochemical data from discrete magmatic 
bodies around and within the Ongole domain indicate their 
formation in a continental arc setting (Dharma Rao and 
Santosh 2011). However, a systematic geochemical and 
geochronological study of the now granulite-facies meta-
igneous rocks of the Ongole domain itself has not yet been 
undertaken.

In this contribution, we present field relationships, trace 
and rare earth element geochemistry and U–Pb zircon (LA-
ICPMS) geochronological data of the meta-igneous rocks 
of the Ongole domain (mostly charnoenderbites and some 
associated mafic granulites). Our data constrain the timing 
and tectonic setting of crust formation: The Ongole domain 
was formed in a continental arc setting during a short time 
interval of the late Paleoproterozoic. The geochronological 
data further constrain the timing of metamorphism. This 
study reconstructs the history of a magmatic arc from its 
growth via subduction-related accretion to its attachment 
with the craton and provides new insights into the evolution 
of Proterozoic continental crust in Peninsular India.

Geological setting

The Eastern Ghats Belt (EGB), which includes the Ongole 
domain, is a Proterozoic crustal segment extending for 
ca. 1,000 km along the eastern margin of the Indian pen-
insula in a NE–SW direction (Fig.  1). It is an assembly 
of intensely deformed, polymetamorphosed and deeply 
eroded high-grade terrains bounded to the west along sev-
eral shear zones by the Archean cratons of the Indian shield 
(for summary see Dobmeier and Raith 2003).

Earlier subdivisions of the EGB were based on lithology 
(Ramakrishnan et al. 1998) and isotopic signatures (Rickers 
et al. 2001). Dobmeier and Raith (2003) divided the EGB 

into four crustal provinces, which were further divided into 
crustal domains based on their distinct geological histories 
and separated from each other by tectonic boundaries. The 
Krishna Province in the southern part of the EGB com-
prises the granulite-facies Ongole domain and the medium-
to-low-grade Vinjamuru and Udayagiri domains (Fig.  1). 
The present work is focused on the Ongole domain that lies 
in between the Archean Eastern Dharwar craton to the west 
and the Mesoproterozoic Eastern Ghats Province to the east 
(Fig. 1).

The Ongole domain is characterized by large volumes 
of multi-intrusive charnoenderbites with enclaves of mig-
matitic metasedimentary rocks from meter to outcrop scale 
(Dobmeier and Raith 2003; Sarkar and Schenk 2014). 
Geochemical data of the small Kondapalle mafic–ultra-
mafic complex within the northern part of the Ongole 
domain have been interpreted as indications for a forma-
tion in a magmatic arc setting (Dharma Rao and Santosh 
2011). A preliminary study revealed that charnoenderbites 
were emplaced at ca. 1.7 Ga (Kovach et al. 2001). The Nd 
model ages (TDM) of 2.5–2.3 Ga from the charnoenderbites 
suggest a mantle-derived magma with substantial input of 
Archean crustal material (Rickers et  al. 2001). This was 
followed by a high-grade metamorphic event at ca. 1.6 Ga 
(Simmat and Raith 2008; Bose et  al. 2011; Sarkar et  al. 
2014), indicating that the Ongole domain is dominantly a 
Paleoproterozoic terrain.

Field relations show that the mafic–ultramafic complex 
near Kondapalle has been intruded and dismembered by 
charnoenderbites (Sengupta et al. 1999) that were thought 
to have been emplaced at 1.7 Ga. The emplacement of the 
same mafic–ultramafic complex has been dated at 1.69–
1.63 Ga (Dharma Rao et al. 2012) indicating different gen-
erations of magmatic rocks in the area. An N–S array of 
a suite of rift-related alkaline rocks ranging from quartz 
syenite to alkali granite marks the boundary between the 
Ongole domain and the Eastern Dharwar craton (Fig.  1; 
Upadhyay 2008).

The amphibolites-facies Vinjamuru domain, adjacent 
to the southwestern part of the Ongole domain (Fig.  1), 
is essentially composed of felsic to intermediate metavol-
canic rocks in addition to some metasediments and grani-
toids (see Dobmeier and Raith 2003). Zircon dating of 
the metavolcanic rocks from the northern part of the Vin-
jamuru domain points to a major magmatic activity in the 

Fig. 1   Geological map of the southern part of the Eastern Ghats Belt 
(EGB) showing the position of the Ongole domain and the adjoining 
areas (adapted and simplified from the Geological Survey of India 
map of Andhra Pradesh, published in 2001) with the rock type and 
locations of geochemistry and geochronology samples. Geological 
outline of the Eastern Ghats Belt and adjacent regions modified after 
Dobmeier and Raith (2003) (inset)
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Paleoproterozoic (ca. 1.78  Ga, Ravikant et  al. 2013), fol-
lowed by amphibolite facies metamorphism at 1.61  Ga 
(Sarkar et al. 2014). From geochemical data, the rocks are 
interpreted to have formed in a continental magmatic arc 
tectonic setting (Ravikant et al. 2013).

Field relationships and petrography

The Ongole domain is dominantly composed of large vol-
umes of charnoenderbites (Fig. 2a). It covers a substantial 
part of the Ongole domain. The metapelitic granulites con-
stitute only a small portion (<10 vol%) of the exposed rocks 
and occur as enclaves (Fig.  2b) within the charnoender-
bites and have sharp contacts with the host rock. They are 
migmatitic showing prominent layers of leucosome and 
melanosome ranging from centimeter to decimeter scale, 
mostly deformed (Sarkar and Schenk 2014). Composition-
ally, they are Fe–Al-rich granulites with garnet, sillimanite, 
spinel, orthopyroxene, cordierite, K-feldspar, plagioclase 

and quartz as the most common phases. The mafic rocks 
are rare and form enclaves, dykes and xenoliths within the 
charnoenderbites (Fig.  2c, d, e) and as a separate layered 
mafic intrusion in the northern part of the Ongole domain 
near Kondapalle. All the rocks are exposed along freshly 
cut quarry faces throughout the Ongole domain.

The charnoenderbites have a homogeneous and massive 
appearance in outcrops. Field observation reveals that the 
enderbites are generally fine-grained massive to medium-
grained gneissic rocks whereas the charnockites are generally 
medium- to coarse-grained gneissic to pegmatoidal (Fig. 2a, 
f, g). However, the gneissic nature is clearly observed only 
on weathered surfaces. Complex crosscutting relationships 
among the different varieties of rocks are preserved in out-
crops, indicating multiple stages of intrusion (Fig. 2h).

The rocks are composed of a quartzofeldspathic matrix 
together with garnet, orthopyroxene, biotite and ilmenite. 
The relative proportions of K-feldspar and plagioclase vary 
considerably depending on the rock type with K-feldspar 

Fig. 2   a Coarse-grained charnoenderbite intruding into fine-grained 
charnoenderbite; b enclaves of metapelitic granulite within char-
noenderbite; c mafic granulite associated with charnoenderbite; d 
charnoenderbite cut by a mafic dyke; e metapelitic enclave cut by 
mafic dyke near the contact of metapelite and charnoenderbite; f, g 
contact between coarse-grained and fine-grained charnoenderbites; 

h interrelation among the different generations of magmatic rocks. 
A charnockite (1) has been intruded by a mafic dyke (2) and a fine-
grained enderbite (3). A pegmatite vein (4) has cut through all the 
rock units (Sarkar and Schenk 2014); i leucosome patches within 
charnoenderbite
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dominating in the felsic varieties (charnockites), while pla-
gioclase is dominant in the intermediate varieties (ender-
bites). The rocks underwent granulite-facies (ca. 900  °C) 
metamorphic events and migmatization, which is also evi-
dent from the thin leucosome patches (Fig. 2i). It is, how-
ever, not clear whether orthopyroxene is a product of this 
metamorphism or inherited from the magmatic protolith. 
However, garnet is a metamorphic mineral in these char-
noenderbites, as it contains monazite preserving meta-
morphic ages (ca. 1,600  Ma) and not magmatic ages (ca. 
1,720  Ma). Further details of field relationships, mineral 
assemblages and petrography of all the different rock types 
are discussed in Sarkar and Schenk (2014).

Analytical techniques

Geochemistry

A representative part of each sample was washed with 
distilled water and crushed to a very fine powder in an 
agate mill at the Institute for Geosciences, University of 
Kiel. Major element concentrations of whole rocks were 
obtained from XRF analyses at the University of Kiel by 
analyzing glass disks with a Phillips PW 1,400 X-ray fluo-
rescence analyzer. Fused glass disks were prepared by mix-
ing 0.6 g of sample powder with 3.6 g of Li2B4O7 and 2 g 
of NH4NO3 (flux), followed by melting in an OXIFLUX 
5-stage burner.

Trace and rare earth element analyses were carried out 
at GeoForschungsZentrum (GFZ) in Potsdam, Germany. 
Trace element concentrations were determined by Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS) using 
a VG Plasma Quad PG2. Sample powders were decom-
posed using HF, Aqua regia and HClO4 in pressure ves-
sels. The decomposed samples were dissolved in HNO3 
and diluted to a volume of 50 ml for analysis. Rare earth 
elements (REE) and Y contents were determined by induc-
tively coupled plasma-atomic emission spectroscopy (ICP-
AES) following the procedure of Zuleger and Erzinger 
(1988). The samples were decomposed and dissolved using 
the Na2O2 sinter method, and the REE were separated and 
concentrated using ion-exchange methods. The standards 
GM, JG-3, GSR-1 and JG-1a (Govindaraju 1994) were 
prepared and analyzed together with the unknown samples. 
The accuracy of each analysis was assessed by compar-
ing the standards with certified values (Liang and Grégoire 
2000; Dulski 2001) and estimated to be better than 10 % 
for each element.

U–Pb zircon geochronology by LA‑ICP‑MS

Zircon grains were separated from hand specimens by 
standard heavy mineral separation techniques. The rocks 

(hand specimen size) were first crushed followed by mag-
netic separation using a hand magnet and a Franz isody-
namic magnetic separator to exclude the magnetic minerals. 
The separate was then subjected to heavy mineral separation 
using bromoform liquid. To include all the varieties of zir-
con grains in terms of shape and size, the individual zircon 
grains were carefully hand picked from the heavy mineral 
residue. Selected grains were mounted on epoxy resin disks 
and polished. To study their internal structure, the polished 
mounts were photographed and cathodoluminescence (CL) 
images were obtained before analyses using the JEOL JSM-
6490 Scanning Electron Microscope at the Institute for 
Geosciences, University of Frankfurt. Points were carefully 
selected on several zircon grains to include all petrographi-
cally distinct domains under CL images. U–Pb isotopic 
analyses were carried out by using a Element2 sector field 
ICP-MS coupled to a New Wave UP193HE ArF Excimer 
laser system at the Institute for Mineralogy of the University 
of Münster. The analytical details for the measurement of 
U and Pb isotopes using the LA-ICP-MS are further elabo-
rated by Kooijman et al. (2012). Two zircon reference mate-
rials were used: GJ-1 (Jackson et al. 2004) was the regular 
primary standard reference during the sessions, and 91500 
zircon (Wiedenbeck et al. 1995) was utilized as an unknown 
to monitor precision and accuracy. Analysis (n  =  18) of 
the 91500 standard reference zircon over the course of 
this study yielded values of 0.1783 (±2.1  %, 2σ) for the 
206Pb/238U, 0.0749 (±2.3 %, 2σ) for 207Pb/206Pb and 1.842 
(±3.2 %, 2σ) for the 207Pb/235U ratios (Table 3 in electronic 
appendix) and match within error the values reported in 
Wiedenbeck et al. (1995).

Geochemistry

Alteration and element mobility

The meta-igneous rocks of the Ongole domain have under-
gone granulite-facies metamorphism. Therefore, fresh sam-
ples were carefully selected, and large samples (roughly 
10–12  cm cubes) were crushed to assure representative 
compositions. Altogether, a total of 28 samples are selected 
forming the basis of all subsequent discussions.

The coherent patterns in the chondrite and primitive 
mantle-normalized rare earth and trace element plots indi-
cate that the primary magmatic compositions, at least for 
REE and HFSE, are largely preserved. This is supported 
by the apparent positive correlation between Zr and several 
REE and HFSE (Fig. A1 in electronic appendix).

Rock classification

In order to apply a coherent nomenclature based on widely 
used rock classification schemes, the magmatic rocks of 
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the Ongole domain are plotted in the total alkalis against 
SiO2 (TAS) classification diagram (Fig.  3a; Le Bas et  al. 
1986). The boundary line between alkaline and subalka-
line series is from Irvine and Baragar (1971). The rocks 
plot in the subalkaline series and range from the field of 
basalt to rhyolite. On this diagram, nine samples plot in the 
field of basalt, picro basalt and basaltic andesite. From now 
onwards, these nine samples will be referred to as mafic 
granulites. Out of the remaining 19 samples, 14 samples 
plot in the field of dacite, trachydacite and rhyolite, two 
each in the field of basaltic trachyandesite and andesite and 
one in the field of trachyandesite. Henceforth, all of these 
19 samples, ranging from intermediate to acidic in compo-
sition, will be referred to as charnoenderbites. There are six 
charnoenderbite samples lying near the alkaline–subalka-
line boundary and seem to be shifted toward higher alkali 
contents (Fig. 3a), indicating that alkali elements in these 
samples might have been mobile during granulite-facies 
metamorphism.

According to the plot of Fe* [Fe*  =  FeOtot/(FeOtot  
+  MgO)] and weight percent SiO2 (Fig.  3b; Frost et  al. 
2001), that is used to classify granitoid rocks into magne-
sian and ferroan types, the charnoenderbites plot around 
the boundary of magnesian and ferroan. In terms of the 
modified alkali-lime index (MALI) plot (Fig. 3c) by Frost 
et al. (2001), the charnoenderbites are mostly calcic to calc-
alkalic. Only six samples are alkali-calcic to alkalic. These 
are the same samples that are shifted due to higher alkali 
contents in the TAS diagram (Fig. 3a). This interpretation 
is supported by Fig. 4d (K2O vs. SiO2) where K2O in the 
same six samples is higher than in all other charnoender-
bites with similar SiO2 contents. The higher K2O contents 
are also the reason that they follow the alkali-calcic to alka-
lic trend instead of calcic to calc-alkalic trend as all the 
other charnoenderbites. In all other major and trace element 
plots and in the trace element patterns (see below), they are 
not distinguishable from the other charnoenderbites. This 
leads us to assume that enrichment of fluid mobile element 
potassium is due to a metasomatic process. The composi-
tional range of Cordilleran granitoids is shown (Fig. 3b, c), 
which demonstrates that the charnoenderbites have compo-
sitions similar to the Cordilleran granitoids of the USA.

Major and trace element composition

Mafic granulites  Major and trace element compositions 
of the mafic granulites from the Ongole domain are pre-
sented in Table 1. The samples have SiO2 = 44.9–52.6 wt%, 
TiO2  =  1.0–2.1  wt%, total Fe2O3  =  13.1–18.4  wt%, 
MgO = 6.2–7.6 wt%, Al2O3 = 13.2–15.0 wt%, CaO = 7.5–
10.8 wt% and Na2O + K2O = 1.0–3.1 wt%. Mg#, calcu-
lated as 100 Mg2+/(Mg2++Fe2+

tot), varies from 40.8 to 48.8. 

foidite

phonotephrite

tephriphonolite

phonolite

tephrite/
basinite

picro-
basalt

trachy-
basalt

trachy-
andesite

basaltic
trachy-
andesite

basalt basaltic
andesite andesite dacite

rhyolite

trachyte/
trachydacite

Alkaline

Subalkaline

38 42 46 50 54 58 62 66 70 74 78

SiO2

0

2

4

6

8

10

12

14

16

N
a 2O

+
K

2O

Cordilleran granitoids

calcic
calc-alkalic
alkali-calcic
alkalic

50 55 60 65 70 75 80

SiO2

-8

-4

0

4

8

12

N
a 2O

+
K

2O
-C

aO

Cordilleran granitoids

ferroan

magnesian

50 55 60 65 70 75 80

SiO2

0.4

0.5

0.6

0.7

0.8

0.9

1

F
eO

to
t /(

F
eO

to
t +

M
gO

)
(a)

(b)

(c)

Fig. 3   a Classification of magmatic rocks of the Ongole domain 
on the total alkali vs. SiO2 (TAS) diagram of Irvine and Baragar 
(1971). All samples show subalkaline affinity. The mafic granulites 
are represented by circles, and the charnoenderbites are represented 
by squares; b and c FeOtot/(FeOtot)+MgO and K2O +Na2O-CaO 
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One sample (TK18C1) with a picro basalt chemistry has 
lower SiO2 (41.0 wt%), Al2O3 (8.11 wt%), CaO (3.4 wt%), 
Na2O  +  K2O (0.59  wt%), Mg# (23.9) and higher total 
Fe2O3 (36.43 wt%) than the above-mentioned range. Major 
and trace element variation diagrams of selected elements 

(Fig. 4) show that SiO2 is negatively correlated with MgO, 
total Fe2O3, CaO, Ni and Cr and positively correlated with 
K2O.

The mafic granulites have low Sr contents (6–284 ppm, 
average 114  ppm) and high Y contents (26–39  ppm, 
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average 31 ppm), resulting in very low Sr/Y ratios (0.19–
10.92, average 3.85). Nb contents vary from 1.31 to 
10.0 ppm (average 6.21 ppm). The high Y contents result 
in a low Nb/Y ratio (0.04–0.23), which attest to their sub-
alkaline affinity. This fact is also prominent in the TAS dia-
gram (Fig. 3a). The mafic granulites show moderate Th/Yb 
(0.12–1.38) and Ta/Yb (0.12–0.30) ratios.

On the chondrite-normalized (normalizing values after 
McDonough and Sun 1995) rare earth element (REE) dia-
gram (Fig. 5a), the mafic granulites display coherent REE 
patterns characterized by relative enrichment in LREE 
and nearly flat HREE pattern as indicated by La/YbCN of 
0.75–6.01 (average 2.46) and Tb/YbCN of 1.01–1.66 (aver-
age 1.25). CN refers to the respective chondrite-normal-
ized values. The samples show very minor negative or no 
Eu anomalies (Eu/Eu* = 0.664–1.044, mean 0.88). These 
patterns are very similar to the patterns shown by the aver-
age values of continental and island arc basalts (Fig. 5a) as 
compiled by Kelemen et al. (2003).

On the primitive mantle-normalized (normalizing val-
ues after Sun and McDonough 1989) extended trace ele-
ment diagram (Fig. 5b), the mafic granulites display nega-
tive anomalies of Nb (Nb/LaPM =  0.31–0.94, mean 0.54) 
and negative to slightly positive anomalies of Zr (Zr/
NdPM  =  0.18–1.03, mean 0.43) relative to elements of 
similar degree of incompatibility. PM represents respective 
primitive-normalized values. Except for two, the samples 
show a slightly negative Ta anomaly (Fig.  5b). Ti shows 
minor negative anomalies. Like the chondrite-normalized 
REE patterns, the primitive mantle-normalized trace ele-
ment patterns of the mafic granulites from the Ongole 
domain are also similar (Fig.  5b) to that of the average 
values of continental and island arc basalts (Kelemen et al. 
2003).

Charnoenderbites  Major and trace element compositions 
of the charnoenderbites from the Ongole domain are presented 
in Table 1. The samples have SiO2 = 52.2–75.2 wt% (aver-
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Fig. 5   a REE plot of mafic granulites normalized to C1 chondrite 
(McDonough and Sun 1995); b trace element plot of mafic granulites 
normalized to primitive mantle (Sun and McDonough 1989). In a and 
b average, REE and trace element values of continental and island arc 
basalts (Keleman et al. Kelemen et al. 2003) are plotted to compare 

with the analyzed data. c REE plot of charnoenderbites normalized 
to C1 chondrite (McDonough and Sun 1995); d trace element plot of 
charnoenderbites normalized to primitive mantle (Sun and McDon-
ough 1989)
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age 66.1 wt%), TiO2 = 0.1–2.1 wt%, total Fe2O3 = 0.61–
13.1 wt%, MgO = 0.2–5.8 wt%, Al2O3 = 13.0–16.7 wt%, 
CaO  =  1.8–6.0  wt% and Na2O  +  K2O  =  2.4–7.9  wt%. 
Mg# = 29.8–40.8. Major and trace element variation dia-
grams show that SiO2 is negatively correlated with MgO, 
total Fe2O3, CaO, Ni and Cr and positively correlated with 
K2O (Fig. 4).

Similar to the mafic granulites, the charnoenderbites 
have variable but low Sr contents (28–586  ppm, aver-
age 211  ppm) and high Y contents (10–68  ppm, average 
33  ppm) resulting in low Sr/Y ratios (2.1–33.0, average 
9.2). There are three samples (TK21, TK36-2 and TK58-
2) that have low Sr contents (143–183 ppm) and very low 
Y contents (1.8–2.5  ppm) resulting in high Sr/Y ratios 
(57–105), which is very different from the rest of the sam-
ples. Henceforth, these three samples will be referred to 
as low Y charnoenderbites. Nb contents (11–32 ppm) and 
the high Y contents of the remaining samples result in low 
Nb/Y ratio (0.2–1.2, average 0.6) conforming the subalka-
line nature of these rocks, which is also evident from the 
TAS diagram (Fig.  3a). The charnoenderbites show vari-
able Th/Yb (1.1–25.5) and high Ta/Yb (0.1–0.6) ratios, 
while the low Y charnoenderbites have similar Th/Yb ratios 
(9.1–18.3) but higher Ta/Yb ratios (0.3–5.1) than the other 
charnoenderbites.

On the chondrite-normalized rare earth element diagram 
(McDonough and Sun 1995; Fig. 5c), the charnoenderbites 
display highly fractionated REE patterns characterized 
by the relative enrichment in the LREE compared to the 
HREE as indicated by the high ratios of La/YbCN = 4.2–
71.1 (average 19.1). The HREE patterns are rather flat as 
indicated by the low ratios of Tb/YbCN  =  1.1–3.0 (aver-
age 1.6). They are characterized by negative to absent Eu 
anomalies (Eu/Eu*  =  0.25–0.99) with the exception of 
two samples with slightly positive Eu anomalies (1.2 and 
1.5). The low Y charnoenderbites (Fig.  5c) are character-
ized by highly enriched LREE compared with HREE (La/
YbCN  =  49.8–140.5), distinct concave-up trends in the 
HREE and positive Eu anomalies (Eu/Eu* =  1.65–4.96). 
Overall, the MREE and HREE in the low Y charnoender-
bites are highly depleted compared with the other char-
noenderbites (Fig. 5c).

On the extended trace element plot (Fig. 5d), the char-
noenderbites display relative enrichment of the fluid mobile 
large ion lithophile elements (LILE, except Cs) and are 
characterized by large negative Nb–Ta anomalies (Nb/
LaPM  =  0.04–0.45, mean 0.26) and negative Zr anoma-
lies (Zr/Ndpm = 0.02–1.05, mean 0.48). They also display 
negative Ti and Sr anomalies. The low Y charnoenderbites 
show negative to slightly positive Nb–Ta anomalies (Nb/
Lapm = 0.06–1.07).

U–Pb zircon geochronology

A total of six samples were selected for laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-
MS) U–Pb spot analyses on separate zircon grains. Out of 
these, five separates derive from charnoenderbites (TK4B2, 
TK21, TK28-1, TK39-3 and TK39-4) of different parts of 
the Ongole domain. In addition, zircon grains from one 
orthogneiss (TK66-1) of the Vinjamuru domain were ana-
lyzed. The results of the U–Pb isotopic analyses are pre-
sented in Table 3 (electronic appendix). Analyses only with 
a degree of concordance of 100 ± 2 % have been consid-
ered for concordant age calculation.

TK4b2

The enderbite (TK4B2) from Kondapalle preserves a peak 
assemblage of Grt-Opx-Pl-Kfs-Qz. The zircon grains are 
prismatic and euhedral to subhedral and range from 150 to 
300  µm in length. CL images reveal weakly luminescent 
well-developed oscillatory-zoned cores for most zircon 
grains, surrounded by broad, unzoned overgrowths having 
slightly higher luminescence (Fig.  6a). The oscillatory-
zoned cores are sometimes partly corroded, over which 
broad unzoned rims have grown (Fig.  6a). A few grains 
exhibit a narrow, unzoned, highly luminescent intermediate 
part surrounding the partly corroded zoned cores (Fig. 6a). 
In most of the grains, these intermediate zones are too nar-
row to be analyzed with the LA-ICP-MS. The oscillatory-
zoned cores have varying U contents (461–2,787), while 
the rims have lower U contents (262–1,144 ppm).

A total of 30 spots on 11 zircon grains were ana-
lyzed. The oscillatory-zoned core domains of the zir-
con grains yield a Paleoproterozoic concordia age of 
1,717.0  ±  13.0  Ma, defined by nine concordant analyses 
(Fig. 7a). The unzoned broad overgrowths around the core 
domains define a late Paleoproterozoic concordia age of 
1,626.4 ± 9.1 Ma from 15 concordant analyses (Fig. 7a), 
which is ca. 90 Ma younger than the oscillatory-zoned core 
domains. A single grain (Fig. 6a) in which the highly lumi-
nescent intermediate zone is broad enough to be analyzed 
yielded a Pb–Pb age of 1,652 ± 48 Ma, which is slightly 
older than the concordant age obtained from the rims. 
However, within error, it gives the same age as that of the 
broad rims.

TK21

The charnockite (TK21) from the south of the Guntur 
region preserves a peak mineral assemblage of Grt-Opx-
Pl-Kfs-Qz. The zircon grains are prismatic and euhedral to 
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subhedral, mostly ranging from 200 to 350 μm in length, 
with a few larger grains up to 450 μm. CL images reveal 
moderately luminescent well-developed oscillatory zoning 
for most zircon grains (Fig. 6b). Most of the zircon grains 
show two consecutive narrow unstructured overgrowths 
with some resorption of the marginal parts of the oscilla-
tory-zoned grains (Fig.  6b). A highly luminescent inner 
zone around the core is normally very narrow (<20  μm) 
making it difficult for precise measurement with the LA-
ICP-MS. The weakly luminescent outer overgrowths are 
normally very narrow along the length, but are wider (up 
to 50 μm) around the corner, where they could be analyzed 
comfortably (Fig. 6b). The cores and the rims have similar 
U contents (230–1,017 ppm).

A total of 35 spots on 13 grains were analyzed. The 
oscillatory-zoned core domains of the zircon grains yield 
a Paleoproterozoic concordia age of 1,743.0  ±  10.0  Ma, 
defined by 13 concordant analyses (Fig.  7c). The weakly 
luminescent, zoned outer overgrowths define a very late 
Paleoproterozoic concordia age of 1,600.5 ± 9.8 Ma from 
13 concordant analyses (Fig. 7d). This age is ca. 143 Ma 
younger than the age obtained from the core.

TK28‑1

The charnockite (TK28-1) from Kondapalle preserves a 
peak assemblage of Grt-Opx-Kfs-Pl-Qz. The zircon grains 
are mostly subhedral to anhedral. Some are rounded to 
elliptical. They are in the size range of 150–300  μm in 
length. CL images reveal very weakly luminescent, oscil-
latory or sector zoning in the core domains of most zir-
con grains (Fig.  6c). Due to the very low luminescence, 
the very fine oscillatory zoning in the cores is not very 
prominent in most of the grains. The majority of the cores 
exhibits resorption along their margins and is overgrown 
by narrow-to-broad unzoned luminescent rims (Fig.  6c). 

The dark cores have very high U contents (1,111–
4,277  ppm), while the brighter rims have lower contents 
(188–969 ppm).

A total of 44 spots on 12 zircon grains were analyzed. 
The weakly luminescent oscillatory-zoned core domains 
yield a concordia age of 1,719.6  ±  9.5  Ma, defined by 
11 concordant analyses (Fig.  7e). The luminescent nar-
row-to-broad rims display two different age populations. 
The rims of most of the grains define a concordia age of 
1,687.7 ±  8.3 Ma from 13 concordant analyses (Fig.  7f). 
The rims of the other grains define an upper intercept 
age of 1,620 ± 9 Ma from 16 analyses (Fig. 7g). Among 
them, seven concordant analyses yield a concordia age 
of 1,612.1  ±  14.0  Ma from seven concordant analyses 
(Fig. 7h), similar to that of the upper intercept age. How-
ever, the rims with two different ages could not be sepa-
rated petrographically under CL images or chemically from 
U contents.

TK39‑4

The charnockite (TK39-4) from the north of the Konda-
palle region preserves a peak assemblage of Grt-Opx-Kfs-
Pl-Qz. The zircon grains are prismatic and euhedral to sub-
hedral and mostly range from 200 to 350 μm in length. CL 
images reveal weakly luminescent, well-developed oscilla-
tory zoning for most zircon grains (Fig. 6d). Some grains 
exhibit a slightly zoned or unzoned dark mantle around 
the oscillatory-zoned core. Very often narrow (<10  µm), 
moderate to highly luminescent, unzoned rims surround 
the grains (Fig.  6d). In only a few grains, these rims are 
broader, where they could be analyzed (Fig.  6d). The U 
content in the cores varies widely from 329 to 3,437 ppm, 
while the rims have low U contents from 179 to 1,074 ppm.

A total of 42 spots on 12 zircon grains were analyzed. 
The weakly luminescent oscillatory-zoned domains yield a 
concordia age of 1,745.8 ± 8.2 Ma, defined by 14 concord-
ant analyses (Fig. 7i). The highly luminescent rims define 
a concordia age of 1,715.6  ±  8.4  Ma from 11 concord-
ant analyses (Fig.  7j). Four discordant analyses from the 
rims yield Pb–Pb ages from 1,683 ± 53 to 1,644 ± 48 Ma 
(Table 3 in electronic appendix).

TK39‑3

The fine-grained enderbite (TK39-3) is a sheared rock with 
the mineral assemblage of Grt-Pl-Kfs-Qz intruding into the 
charnockite (TK39-4). The zircon grains show contrasting 
morphological features. Some zircon grains are prismatic 
and euhedral to subhedral, ranging from 100 to 250  μm 
in length (Fig.  6e), while others are spherical to ellipsoi-
dal ranging from 50 to 100 μm in diameter (Fig. 6e). CL 

Fig. 6   CL images of selected zircon grains from the samples of the 
Ongole domain a–e and the adjoining Vinjamuru domain f. Circles 
mark the position of the laser spot (scaled to size). Ages are presented 
as 207Pb/206Pb ages (in Ma) with 2σ error. a Well-developed oscilla-
tory-zoned cores surrounded by broad unzoned rims. Sometimes a 
bright zone in between the core and the rims is present; b elongated 
zircon grains with well-developed oscillatory-zoned cores surrounded 
by two consecutive bright and dark narrow rims; c anhedral zircon 
grains with resorbed cores (sometimes oscillatory-zoned) surrounded 
by broad and bright rims; d prismatic zircon grains having dark 
oscillatory-zoned cores surrounded by narrow-to-broad bright rims. 
e Elongated and rounded zircon grains. The elongated grains show 
resorbed zoned cores and unzoned rims having variable thickness. 
The rounded grains show sector zoning. f anhedral zircon grains with 
preserved oscillatory-zoned xenocrystic cores. The cores are partly 
resorbed and overgrown by oscillatory-zoned mantles that truncate 
the zoning pattern of the cores

◂
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images reveal highly luminescent growth banding and sec-
tor zoning for the elongated zircon grains and moderately 
luminescent sector zoning for the spherical to ellipsoidal 
grains. Many elongated grains show different degrees of 
resorption of the zoned domains and development of unzo-
ned domains (Fig.  6e). The spherical to ellipsoidal grains 
do not display such features. The zoned cores and the unzo-
ned domains have similar U contents of 119–450 ppm.

A total of 36 spots on 14 zircon grains were analyzed. 
The zoned domains of the elongated zircon grains yield a 
concordia age of 1,602.6 ± 7.2 Ma, defined by 12 concord-
ant analyses (Fig.  7k). However, the concordia diagram 
clearly indicates that there is a spread of ages. The resorbed 
and recrystallized unzoned domains of the elongated grains 
and the sector-zoned, spherical to ellipsoidal grains define 
a concordia age of 1,602.1  ±  4.5  Ma from 14 concord-
ant analyses (Fig. 7l), the same age as that from the zoned 
cores.

TK66‑1

The amphibolite facies orthogneiss (TK66-1) of the Vin-
jamuru domain (near Chundi village) preserves a peak 
mineral assemblage of Qz-Pl-Kfs-Bt. The zircon grains 
are subhedral to anhedral, ranging from 100 to 200  μm 
in length. CL images reveal that most of the zircon grains 
have a distinct core and mantle. Some grains have weakly 
luminescent (very dark) spherical to ellipsoidal cores, while 
the others preserve moderately luminescent, well-preserved 
oscillatory-zoned cores (Fig. 6f). The zoned cores are sepa-
rated from their rims by surfaces (sometimes geometrically 
irregular) that truncate the internal zoning pattern (Fig. 6f). 
The broad rims are moderate to highly luminescent and 
show well-preserved oscillatory growth zoning. The dis-
continuities between the core and the rims indicate deep 
resorption of the early zircon phase, and locally, they reveal 
that the new zircon growth occurred in a different crystal-
lographic orientation than the substrate zircon. Both cores 
and the rims have very low U contents (114–263 ppm).

A total of 41 spots on 17 zircon grains were analyzed 
for U–Pb isotopes. The spherical to ellipsoidal dark cores 
yielded a range of Pb–Pb spot ages from 2,436 ±  19 Ma 
to 1,869 ±  41  Ma (Table  3 in electronic appendix). Sev-
eral of these cores were completely metamict, and no age 
could be obtained. The oscillatory-zoned xenocrystic cores 
yield a concordia age of 1,777.9  ±  6.1  Ma, defined by 
12 concordant analyses (Fig.  7m). The more luminescent 
well-preserved oscillatory-zoned rims also yield the same 

concordia age of 1,777.6 ± 6.4 Ma, defined by nine con-
cordant analyses (Fig. 7n).

Discussion

Timing of formation and metamorphism of the Ongole 
domain

The oscillatory zoning in the core domains of the zircon 
grains of the enderbitic gneiss (TK4B2) suggests that they 
represent parts of the magmatically grown zircon crystals. 
The zircon grains were partly resorbed before being over-
grown by broad unzoned rims. The Paleoproterozoic age of 
ca. 1,720 Ma obtained from the core domains is interpreted 
to be the age of intrusion of the granodioritic precursor of 
the enderbite (Figs. 6a,7a; Table 2). The late Paleoprotero-
zoic age of ca. 1,630 Ma obtained from the broad, unzoned 
rims is interpreted to be the age of granulite-facies peak 
metamorphism (Figs. 6a,7b; Table 2).

The large, prismatic, well-developed, oscillatory-zoned 
zircon grains from the enderbitic gneiss (TK21) indicate 
that they are magmatic zircon grains. Therefore, the Paleo-
proterozoic age of ca. 1,740  Ma obtained from the oscil-
latory-zoned domains of the zircon grains (Figs.  6b, 7c; 
Table 2) reflects the age of the magmatic intrusion. The late 
Paleoproterozoic age of ca. 1,600  Ma obtained from the 
unzoned, weakly luminescent outer rims indicates the age 
of peak metamorphism (Figs. 6b, 7d; Table 2). The highly 
luminescent narrow rims between the zoned cores and 
the unzoned rims in both the samples (TK4B2 and TK21; 
Fig.  6a, b) could not be measured properly with the LA-
ICPMS. Due to the lack of data, the exact timing of the 
formation and hence the geological significance could not 
be resolved. However, petrographically, it seems that these 
bright rims formed by resorption and subsequent recrystal-
lization of the oscillatory-zoned zircon cores prior to the 
growth of the broad rims.

The Paleoproterozoic age of ca. 1,720 Ma obtained from 
the large, oscillatory or sector-zoned zircon grains in the 
charnockite (TK28-1) is interpreted as the age of intru-
sion of the granitic protolith of the charnockite (Figs.  6c, 
7e; Table 2). The late Paleoproterozoic age of ca. 1,610 Ma 
obtained from the rims of some zircon grains (Figs.  6c, 
7h; Table 2) is consistent with the ages obtained from the 
metamorphic rims and overgrowths in zircon of other char-
noenderbites, representing the age of the peak metamor-
phism. The brightly luminescent rims from the other zircon 
grains yielding a Paleoproterozoic age of ca. 1,690 Ma are 
not easy to interpret (Figs. 6c, 7f). Still there is no strong 
evidence from other rocks to assign this age as the tim-
ing of another tectonometamorphic event in the region. 
However, Kovach et  al. (2001) reported concordant U–Pb 

Fig. 7   U–Pb concordia diagrams for the charnoenderbites of the 
Ongole domain and a orthogneiss from the adjoining Vinjamuru 
domain. Concordia ages are given with 2σ standard uncertainties

◂
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monazite ages of ca. 1,670 Ma and interpreted that as the 
age of the syn-kinematic formation of the coarse-grained 
leucosome network in the charnoenderbites, but the geo-
logical interpretation is not unambiguous.

Similar to other charnoenderbites, the Paleoproterozoic 
age of ca. 1,750  Ma obtained from the oscillatory-zoned 
large zircon grains in the charnockite TK39-4 represents 
the magmatic intrusion age (Figs.  6d, 7i; Table  2). The 
implications of the Paleoproterozoic age of ca. 1,715 Ma, 
obtained from the highly luminescent unzoned or weakly 

zoned overgrowths (Figs.  6d, 7j; Table  2), are again not 
straightforward. Considering the lack of evidence from 
other rocks to correlate this age with any regional event, we 
interpret this age as a period of renewed zircon growth due 
to local fluid circulations during the last stage of magma 
crystallization.

The prismatic, euhedral zircon grains in the sheared 
enderbite (TK39-3) strongly argue for a magmatic origin. 
Consequently, the concordia age of ca. 1,600 Ma represents 
the age of intrusion of the precursor magma (Figs. 6e, 7k; 
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Table  2). On the other hand, the unzoned, recrystallized 
domains of the elongated grains and the ellipsoidal sector-
zoned zircon indicate a metamorphic origin (Figs.  6e, 7l; 
Table  2). Therefore, the concordia age of ca. 1,600  Ma 
obtained from these grains is interpreted to be the age of 
peak metamorphism, consistent with the metamorphic 
ages obtained from the other charnoenderbites. Magmatic 
zircon grains having the same age as the metamorphic 
overgrowths have not been encountered before. The most 
plausible interpretation is that the precursor rock intruded 
during ongoing metamorphism and deformation, indicat-
ing that this enderbite is a syn-metamorphic intrusion. The 
intrusive relationship of the fine-grained sheared enderbite 
into the older (ca. 1,750  Ma) coarse-grained charnockite 
(TK39-4) further conforms with this interpretation.

The dark, spherical to ellipsoidal core domains of zircon 
grains of the orthogneiss (TK66-1), from the adjoining Vin-
jamuru domain, showing a range of Paleoproterozoic ages 
from ca. 2,430–1,870 Ma represent inherited cores, which 
were incorporated into the magma from the surrounding 
country rocks during intrusion or melting of the source 
rocks (Fig. 6f; Table 2). The oscillatory-zoned outer parts 
of the cores clearly indicate that they are magmatically 
grown zircon grains. These grains were resorbed to differ-
ent extents before the crystallization of a broad oscillatory-
zoned mantle that is also of magmatic origin. The zoned 
cores as well as the zoned mantles yielding the same con-
cordia age (ca. 1,780 Ma; Fig. 7m, n; Table 2) imply that 
they were formed during the same magmatic event.

The zircon U–Pb geochronological data from the current 
study (Table 2) constrain the timing of the intrusion of the 
precursor magmas of charnoenderbites, the dominant rocks 
of the Ongole domain and the timing of the metamorphism. 
From the four charnoenderbite samples, the concordant 
ages from the oscillatory-zoned magmatic cores range 
from ca. 1,750 to 1,710 Ma. We interpret this age span (ca. 
40  Ma) as the duration of widespread magmatic activity 
in the region. This implies that the crust formation of the 
Ongole domain was in the Paleoproterozoic. The ages from 
this study are in agreement with the age of emplacement 
(1.72–1.70 Ga) reported by Kovach et al. (2001) in a pre-
liminary study.

The concordant ages from the unzoned metamorphic 
overgrowths, in three charnoenderbite samples, range 
from ca. 1,630 to 1,600  Ma, constraining the timing of 
the granulite-facies metamorphism in the Ongole domain. 
This age range is identical to the concordant metamorphic 
ages of ca. 1,625–1,600 Ma obtained from zircons of five 
metapelitic samples that occur as enclaves within these 
charnoenderbites (Sarkar et  al. 2014). This age is inter-
preted to reflect the timing of UHT granulite-facies meta-
morphism and partial melting in the Ongole domain. Thus, 
the concordant metamorphic ages (ca. 1,630–1,600  Ma) 

from eight different rocks (three from this study and five 
from Sarkar et  al. 2014) from different localities tightly 
constrain the timing and duration (ca. 30 Ma) of the UHT 
granulite-facies metamorphism and partial melting the 
Ongole domain. The age is further supported by in situ Th-
U-total Pb dating of monazites from the same metapelites, 
where the monazite inclusions in garnet yield ages of ca. 
1,610 Ma (Sarkar et al. 2014). Additionally, monazite dat-
ing of five different samples (three metapelites and three 
charnoenderbites) yielded a younger age of ca. 1,540 Ma, 
interpreted to be the age of a second metamorphic event 
that occurred 60–80 Ma after the first. Incidentally, this age 
was neither preserved in zircon grains from the metapelites 
(Sarkar et  al. 2014), nor in zircon grains from the char-
noenderbites of the present study.

The syn-metamorphic charnockite intrusion into older 
charnoenderbites sheds some more light on the causes for 
the UHT metamorphism. Sarkar and Schenk (2014) argued 
based on petrological and thermobarometric constrains that 
the first metamorphic event with UHT peak conditions (ca. 
1,620 Ma) is characterized by an isobaric heating–cooling 
trajectory, which points toward a magmatic heat source for 
the metamorphism. The syn-metamorphic enderbitic intru-
sion most likely represents a fractionated melt from a big-
ger mafic intrusion that probably contributed heat for the 
UHT metamorphism.

Concordant magmatic ages of ca. 1,780  Ma from the 
oscillatory-zoned cores and mantles of the zircon grains 
from the orthogneiss of the Vinjamuru domain (TK66-
1; Fig.  7m, n) clearly indicate the age of emplacement, 
which is slightly older but similar to the emplacement age 
of the charnoenderbites in the Ongole domain. The age is 
in agreement with zircon ages (ca. 1,790–1,770 Ma) from 
similar metamorphosed felsic rocks that show major and 
trace element chemistry of a volcanic arc granite (Ravikant 
et al. 2013).

Petrogenesis of the mafic granulites

As the ratio of two incompatible elements mostly remain 
unchanged during partial melting as well as fractional crys-
tallization (Pearce and Peate 1995), the incompatible ele-
ments can be used as tracers for magmatic processes. The 
two important elements for tracing subduction zone pro-
cesses are Nb and Ta as depletion of primitive arc magmas 
in Nb and Ta relative to Th and La is ubiquitous and has 
been ascribed to many processes (Kelemen et al. 2003). The 
primary reason for depletion is the preferential retention of 
Nb and Ta within mineral phases (e.g., rutile, ilmenite) in 
rocks of subduction zones (e.g., Pearce and Peate 1995). 
These minerals are either present as residual phases in the 
area of melt production and/or separated during fractional 
crystallization from the magma. Depletion in Zr indicates 
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that the neighboring LREE are relatively enriched com-
pared to Zr, which is one of the most immobile elements. 
Nb and Ta depletions coupled with Ti and Zr depletions, 
like in the mafic granulites of the Ongole domain (Fig. 5b), 
are therefore a unique characteristic of melts generated in a 
magmatic arc.

The mafic granulites also display other trace element 
signatures that are typical of volcanic rocks erupting at 
modern day volcanic arcs. The rocks are characterized 
by LREE enrichment (Fig. 5a) and moderate depletion in 
HREE leading to Sr/Y ratios in the range of 0.19–10.92 
(Fig. 8a) and La/YbCN ratios of 0.75–6.01 (Fig. 8b). These 
along with low TiO2 (<0.2 wt%) contents (Pearce and Cann 
1973) suggest that the mafic granulites are typical of calc-
alkaline subduction-related magmas (e.g., oceanic island 
arc or continental arc). The mafic granulite suite also falls 
mainly in the island field of the La-Sm-Th-Yb-Nb log-
transformed discrimination diagram (Agrawal et  al. 2008; 
Fig. 8d).

As continental rocks are highly differentiated and 
enriched in incompatible elements compared to the upper 
mantle (e.g., Rudnick 1995), the ratios of incompatible 
elements are also useful in investigating the role of crus-
tal contamination in mantle-derived melts. Incompatible 
trace element ratios such as Th/Yb and Ta/Yb are used to 
investigate the role of the subcontinental lithosphere in 
magma genesis at oceanic arcs and active continental mar-
gins (Pearce 1983). The rocks formed at active continental 
margins have higher Th/Yb (1.0–10.0) and Ta/Yb (0.1–1.0) 
ratios than rocks formed in oceanic island arcs that have 
low Th/Yb (0.05–1.0) and Ta/Yb (0.02–1.0) ratios, indicat-
ing a Th and Ta enrichment by the interaction of the melts 
with continental crust. The mafic granulites of the Ongole 
domain have moderate ratios of Th/Yb (0.12–1.38, aver-
age 0.63) and high Ta/Yb (0.12–0.30, average 0.21). The 
Th/Yb values fall in the range of oceanic island arcs, while 
the Ta/Yb ratios lie at the lower end of the range for active 
continental margins (Fig. 8c). This suggests that the role of 
crustal contamination during the formation of the precursor 
magmas is minor.

Petrogenesis of the charnoenderbites

The charnoenderbites of the Ongole domain have variable 
SiO2 content (52.2–72.5 wt%) and display negative correla-
tions between SiO2 and MgO, Fe2O3, CaO, Ni and Cr and 
a positive correlation with K2O. The large variation in SiO2 
and the element correlations are best explained by magma 
differentiation. Lower values of Cr and Ni than that of the 
mafic granulites can be explained by extensive fractiona-
tion of pyroxene (Fig. 4e, f). In the plot of Fe* against wt% 
SiO2 and Na2O +K2O–CaO against wt% SiO2 (Fig. 3b, c), 
the similarity of the charnoenderbites and the Cordilleran 

granitoids of USA suggests that these rocks were formed 
by similar petrogenetic processes. Most zircon grains of 
charnoenderbite samples display resorption of oscillatory-
zoned old magmatic cores and subsequent growth of meta-
morphic rims (see section ‘U–Pb zircon geochronology’). 
So we think that Zr was locally remobilized but did not 
affect the Zr concentration of the bulk rock.

In addition, the charnoenderbites show a pronounced 
Nb–Ta depletion (Nb/Lapm  =  0.04–0.45, mean 0.26; Ta/
Lapm = 0.06–0.44, mean 0.19) relative to the other incom-
patible elements (Fig. 5d) that are typical of rocks formed 
in a magmatic arc setting and is primarily due to the prefer-
ential retention of the two elements by mineral phases like 
rutile and ilmenite. This argument is in agreement with the 
low contents of TiO2 (0.1–2.1 wt%, mean 0.75).

Similar to the mafic granulites, the charnoenderbites 
are also characterized by highly enriched LREE (La/
YbCN = 4.2–71.1) relative to HREE (Fig. 5c), which shows 
moderate depletion (Tb/YbCN = 1.1–3.0). In the Sr/Y vs. Y 
plot (Drummond and Defant 1990; Fig.  8a) and La/YbCN 
vs. YbCN plot (Martin 1986; Fig. 8b), the charnoenderbites 
lie in the field of typical island arc rocks. The charnoender-
bite suite also plots mainly in the volcanic arc granite field 
of the Rb vs. Y+Nb diagram (Pearce et al. 1984; Fig. 8e).

There are three distinct low Y charnoenderbites with 
very low Y (1.8–2.5 ppm) and Yb (0.22–0.46 ppm) contents 
and plotting in the field of adakites in the Sr/Y vs. Y and La/
YbCN vs. YbCN diagrams (Fig. 8a, b). The fact that Sr/Y and 
La/YbCN are similarly high suggests that Sr/Y ratios largely 
reflect magmatic compositions. The name ‘adakite’ is used 
to describe a large group of rocks whose sole feature is 
high Sr/Y and La/YbCN ratios (Moyen 2009). The original 
adakites, as defined by Defant and Drummond (1990) and 
termed as ‘high silica adakites’ by Martin et  al. (2005), 
have characteristic chemical composition (SiO2  >  56  %, 
Al2O3  >  15  %, MgO  >  3.5  %, K2O/Na2O  <  0.5, Y and 
Yb < 18 and 1.9 ppm and Sr > 400 ppm). The genesis of 
these high silica adakites is best explained by the classi-
cal ‘slab melting’ model, where the melts are interpreted 
to have formed by partial melting of the subducting slab 
leaving garnet  ±  amphibole as residual phases, which 
preferentially retain HREE and Y, producing depletion in 
the magma. But, as plagioclase is not a residual phase, the 
magmas lack a negative Eu anomaly. However, there is a 
growing evidence that the sole signature of high Sr/Y and 
La/YbCN, by which the term adakite is defined, can be 
achieved through different processes than slab melting, but 
in these cases, the rocks lack the other chemical charac-
teristics of ‘high silica adakites’ (Moyen 2009). They may 
form in geodynamic settings not typically associated with 
active subduction, as well as in a subduction setting, but 
not necessarily related to slab melts. For example, the adak-
ites can form through differentiation and/or partial melting 
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processes at the base of an arc crust (Bindeman et al. 2005) 
or are produced by fractional crystallization of garnet-bear-
ing assemblages from metasomatized mantle-derived basal-
tic arc magmas (Macpherson et al. 2006). However, in all 
cases, garnet plays the most important role in fractionating 
HREE and Y. The three low Y charnoenderbites that plot in 
the field of adakites are different from the composition of 
‘high silica adakites.’ Therefore, these three rocks are not 
likely to be produced by slab melts. Instead, one possibil-
ity is that they were produced by partial melting of older 
continental crust in a subduction zone setting where garnet 
was stable. A second possibility is that the rocks formed 
from melts undergoing deep crustal magmatic differen-
tiation when garnet was a stable phase. Garnet can retain 
HREE and Y and producing similar trace element patterns 
in the fractionated melt. High Sr/Y ratios, low HREE and 
Y contents, coupled with positive Eu anomaly, can also 
result from the early amphibole fractionation (incorporated 
HREE and Y relative to Sr) and plagioclase retention (Des-
simoz et al. 2012). Thus, it is not necessary to fractionate 
garnet in order to obtain Sr-rich, Y- and HREE-depleted 
rocks. However, amphibole is stabilized rather than pla-
gioclase due to high water content in the melt, and igne-
ous amphibole is normally present in the plutonic rocks of 
those suites (Dessimoz et  al. 2012). High H2O content in 
the melts is in conflict with the complete absence of amphi-
bole relicts in the charnoenderbites and the presence of 
Opx, which requires low H2O activity. Although Opx could 
have formed only during metamorphism, the absence of 
amphibole in the rocks suggests that garnet fractionation is 
more likely in producing the HREE-depleted trends. In the 
absence of other isotopic data to distinguish between juve-
nile melts fractionated in deep arc crust (in the presence of 
garnet or amphibole) or partial melting of older continen-
tal crust, either of the possibilities might apply. Both these 
interpretations are consistent with the genesis of the spa-
tially and temporally associated rocks in a magmatic arc 
setting.

Incompatible trace element ratios (e.g., Th/Yb and Ta/
Yb) are useful in investigating crustal contamination of 
mantle-derived melts (Pearce 1983). The charnoenderbites 
of the Ongole domain have high and variable ratios of Th/
Yb (1.1–25.5) and high Ta/Yb (0.1–0.6) ratios that fall in 
the range defined for active continental margins (Fig.  8c; 
Pearce 1983). This suggests that there is minor crustal 
contamination in the trace element signatures of the char-
noenderbites. This interpretation is in agreement with the 
observation that migmatitic metapelites form enclaves 
within the charnoenderbites. Crust–magma interaction 
is typical of continental arcs and can explain some of the 
trace element signatures such as enriched LREE and high 
Th/Nb ratios.

Geodynamic setting

Based on the geological, geochronological and geochemi-
cal evidence presented above, we propose that the Ongole 
domain was formed as a subduction-related magmatic arc 
during the Paleoproterozoic. The arc was situated near the 
continental margin of the Eastern Dharwar craton with a 
remnant oceanic basin in between the arc and the continent 
(Fig. 9a). This basin was most likely the site of deposition 
of continental sediments derived from the felsic granitoids 
of the adjacent Eastern Dharwar craton. This is highlighted 
by the Nd model ages (TDM) of the migmatitic metapelites 
(2.8–2.6  Ga) reflecting the mean crustal residence age of 
the provenance areas, which are similar to the Nd model 
ages of the granitoids of the Eastern Dharwar craton (Rick-
ers et al. 2001).

The oceanic slab dehydrated before melting and releas-
ing aqueous fluids that rose and metasomatized the overly-
ing mantle wedge. The fluids triggered partial melting of 
the mantle peridotite, which generated the parental magma 
of the mafic granulites (Fig.  9a). These juvenile magmas 
ascended through the mantle and were probably emplaced 
at the base of the crust and slightly contaminated result-
ing in Ta/Yb ratios higher than that of rocks formed in an 
oceanic island arc. Subsequent differentiation of the basic 
magma led to the formation of intermediate to felsic paren-
tal magmas of the charnoenderbites. Owing to their buoy-
ancy, they moved upwards incorporating enclaves of basic 
and metasedimentary rocks. These processes resulted in 
widespread volcanism and plutonism in the Ongole domain 
between 1,750 and 1,710 Ma (Fig. 9a). Nd model ages of 
2.5–2.3  Ga for the charnoenderbites (Rickers et  al. 2001) 
also argue for the contamination with older crustal sedi-
ments. Unfortunately, ages reflecting this syn-magmatic 
metamorphism were not found in zircon grains of the 
metapelitic enclaves (Sarkar et  al. 2014). However, Nd 
model ages of the charnoenderbites that are 600–800 mil-
lion years older than the intrusive ages documented in 
this study open the possibility for alternative geodynamic 
interpretations. The arc signature seen in these intrusive 
meta-igneous rocks could equally be inherited from older 
continental crust (late Archean), which itself formed by 
arc accretion, and then re-melted to form the charnoender-
bites. This process would also generate rocks with intrusive 
ages younger than the Nd model ages, but at the same time, 
some zircon grains from the older crust are most likely to 
be incorporated in the newly generated melt and would act 
as seeds for new zircon growth. But inherited zircon cores 
were not found in a single zircon grain from the several 
charnoenderbites that have been dated. Though this lack 
of evidence does not completely exclude the possibility 
of crustal remelting, it favors the interpretation of juvenile 
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melts. Further isotopic studies (e.g., O and Hf isotope data 
of the zircons to test their juvenility) are required to resolve 
this issue. Due to the complete absence of inherited zircon 
cores in all dated charnoenderbites and based on the argu-
ment of field relationships (i.e., incorporated migmatitic 
metapelites in charnoenderbite), we prefer the model of a 
juvenile arc undergoing crustal contamination with older 

continental sediments, explaining Nd model ages older 
than the intrusive ages.

The presence of a ca. 1,750–1,700 Ma old magmatic arc 
in the Eastern Ghats Belt is critical in understanding the 
accretionary history of supercontinent Columbia, which 
formed at ca. 2.1–1.8  Ga (Zhao et  al. 2002; Rogers and 
Santosh 2002). Columbia is believed to have undergone a 

Fig. 9   Model showing 
sequences of tectonic evolution 
of the Ongole domain (simpli-
fied after Dasgupta et al. 2013) 
with constraints from new geo-
chronological data. See text for 
details of the sequences a to d
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long lived (1.8–1.2 Ga) subduction-related episodic growth 
due to the accretion along some of its continental margin 
involving Laurentia, Baltica, South America, Australia 
and China (Zhao et al. 2004). Petrological and geochemi-
cal studies indicate that the large accretionary magmatic 
belts include juvenile volcanogenic sequences and grani-
toid suites resembling those of present day magmatic arcs 
(Zhao et al. 2004). Bose et al. (2011) proposed to include 
the SE margin of India as an accretionary magmatic belt 
during Columbia formation based on geochronological 
constraints. This is in agreement with our geochronological 
and geochemical data.

The period of ca. 1,710–1,630  Ma was probably a 
period of quiescence as evidence for major tectonother-
mal activity is absent. Reactivation of subduction pro-
cesses led to mafic magmatism inducing UHT metamor-
phism at low pressures between ca. 1,630 and 1,600 Ma 
(Fig.  9b). The heat from mafic magmas resulted in 
remelting of some older rocks and emplacement of felsic 
magmas during metamorphism (Fig.  9b). Subsequent to 
subduction of the back-arc basin, arc-continent collision 
resulted in a thickened crust and the rocks experienced 
a higher-pressure lower-temperature second metamor-
phism dated at ca. 1,540 Ma (Fig. 9c). The evolution of 
the Ongole magmatic arc has similarities with the Areac-
hap magmatic arc in South Africa, which magmatically 
grew until ca. 1,240 Ma and was juxtaposed with the cra-
ton at ca. 1,200  Ma (Pettersson et  al. 2007). The over-
all compressional history in the Ongole domain changed 
to extension dominated tectonics at ca. 1,450  Ma with 
the opening of an ocean basin (Upadhyay 2008) and 
emplacement of alkaline rocks in a rift setting along the 
craton-mobile belt contact (Fig. 9d). Thus, all the tecton-
othermal events including the UHT metamorphism are 
considered to be a part of this accretionary process dur-
ing the growth of the Paleo-Mesoproterozoic superconti-
nent Columbia.

Conclusions

Based on field observations, U–Pb zircon geochronology 
and geochemical data presented in this paper, we draw the 
following conclusions.

(1)	 U–Pb zircon ages indicate that a widespread magmatic 
activity in the Ongole domain started in the Paleoprote-
rozoic at ca. 1,750 Ma resulting in the emplacement of 
evolved calc-alkaline granitoids and some mafic rocks. 
The magmatic activity lasted for ca. 40 Ma giving rise 
to different generations of magmatic rocks having 
complex crosscutting field relationships.

(2)	 The Paleoproterozoic magmatic rocks preserve trace 
and rare earth element characteristics that are analo-
gous to modern day continental arcs.

(3)	 These magmatic rocks along with metapelitic enclaves 
experienced a high-grade (UHT) metamorphism dur-
ing the late Paleoproterozoic (ca. 1,610  Ma) attrib-
uted to further magmatic activities. This was followed 
by a second metamorphism at lower temperatures but 
higher pressures during early Mesoproterozoic (ca. 
1,540 Ma), marking the collision of the magmatic arc 
with the Indian continent.
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