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Abstract

Reverse fractionation modeling considering energy-constrained assimilation-fractional crystallization is performed to esti-
mate primary magma compositions, degree of crustal contamination, pressure—temperature of equilibrium with mantle, and
potential temperatures for the origin of the Paleoproterozoic (~2.37-1.88 Ga) basaltic dikes in central and eastern Dharwar
Craton and sills and volcanics in the adjoining Cuddapah Basin, southern India. Mineral thermobarometry indicates that the
dikes crystallized at upper crustal conditions (~ 1-6 kbar/~1120-1210 °C). Hence, the reverse fractionation calculations
are performed at low pressures by adding olivine + plagioclase + clinopyroxene, olivine + plagioclase and only olivine in
equilibrium with melt, and simultaneously subtracting an upper crustal partial melt in small steps until the melt is multiply
saturated with lherzolite at a high pressure. The results indicate that the basalts are 5-30% contaminated, and their enriched
light rare earth element (REE) patterns can be attributed to upper crustal assimilation. The upper crust was pre-heated to
665-808 °C during dike emplacement. The primary magmas of all basalts were last equilibrated with spinel lherzolite at
10-16.5 kbar/1291-1366 °C, and they resemble pooled polybaric incremental melts generated along a~ 1450 °C adiabat. The
estimated mantle potential temperatures (1293-1515 °C) are similar to Paleoproterozoic ambient mantle temperatures. All
basalts and their primary magmas show lower chondrite-normalized Dy\/Yby ratios than the plume-derived mid-Proterozoic
Mackenzie dikes of Canadian Shield, and the primary magmas show flat REE patterns indicating spinel lherzolite melting.
The low estimated potential temperatures, low Dy\/Yby ratios, and a spinel-bearing mantle source are at odds with an origin
of the basalts from mantle plumes.

Keywords Dharwar Craton - Paleoproterozoic dike swarm - Primary magma - Basalt - Lherzolite - Crustal contamination

Introduction

Flood basalt volcanism is thought to result from high degrees
of melting in the upper mantle caused by upwelling of a hot
mantle plume from depth (Morgan 1971; Sleep 1990; Davies
1999). The hallmark of a mantle plume is a high potential
temperature, Tp, defined as the temperature of the mantle if
it were to adiabatically decompress and reach the Earth’s
surface without melting. The excess potential temperature
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associated with a mantle plume relative to the ambient
mantle, A Tp, is ~100-250 °C (McKenzie and Bickle 1988;
Watson and McKenzie 1991; Kinzler and Grove 1992a,b;
Presnall et al. 2002; Herzberg et al. 2007; Putirka et al.
2007; Krein et al. 2021). Herzberg et al. (2010) concluded
from petrological modeling that the Tp of ambient mantle
was ~ 1500-1600 °C at 2.5-3.0 Ga that decreased to the
present-day value of ~ 1350 °C in accordance to the Earth’s
thermal history model of Korenaga (2008). High potential
temperatures of ~ 1700 °C estimated for the Archean and
Paleoproterozoic komatiites (Herzberg 2022, and references
therein) have been used as evidence to support their origin
from mantle plumes.

The origin of radiating mafic dike swarms such as the
mid-Proterozoic Mackenzie swarm of the Canadian Shield
has been linked to mantle plumes (Ernst and Baragar 1992;
Baragar et al. 1996). Several researchers contend that the
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different Paleoproterozoic (~2.37-1.89 Ga) basaltic dike
swarms intruding the central and eastern Dharwar Cra-
ton (CDC and EDC, Fig. 1) of the Indian Shield, believed
to be remnants of ancient flood basalt provinces, also

originated from mantle plumes (Halls et al. 2007; French
et al. 2008; Ernst and Srivastava 2008; French and Hea-
man 2010; Kumar et al. 2012a,b; Belica et al. 2014; Mishra
2015; Stark et al. 2019). Their conclusions are based on
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geometric reconstructions of the piercing points of radial
dike swarms across continents using geochronological and
paleomagnetic data. However, considering oroclinal bending
due to later tectonic deformation, Soderlund et al. (2019)
showed that the pre-2.08 Ga swarms were originally linear,
and the plume center reconstructions based on the current
orientations of the dikes are incorrect. Furthermore, Anand
et al. (2003) estimated a Tp of ~ 1500 °C for the ~1.89 Ga
old sills and volcanics within the adjoining Cuddapah Basin
that are genetically related to the ~1.89-1.88 Ga old EDC
dikes, and explained their result by secular cooling of the
Earth without invoking a plume. Sheppard et al. (2017) also
presented geological arguments to preclude the involvement
of a plume in the origin of the Cuddapah Basin sills and
volcanics. In addition, Shellnutt et al. (2018) concluded from
isotopic and trace element data that the ~ 1.88 Ga old dikes
from the neighboring Bastar Craton, genetically related to
the ~ 1.89-1.88 Ga old EDC dikes and Cuddapah Basin sills
and volcanics, originated from a subcontinental lithospheric
mantle source, not from an asthenospheric source. Srivas-
tava et al. (2015) demonstrated the futility of trace element
discrimination diagrams that often indicate incorrect or
ambiguous tectonic settings. This study attempts to estimate
mantle potential temperatures for the origin of the CDC/
EDC dikes and Cuddapah Basin sills and volcanics using
their major element compositions. The primary magmas of
the basalts and their pressure—temperature (P-T) conditions
of equilibrium with mantle are modeled with the reverse
fractionation technique that has been previously used for
mid-ocean ridge, ocean island, arc, and flood basalts (Till
et al. 2012, 2013; Grove et al. 2013; Chatterjee and Sheth
2015; Till 2017; Chatterjee 2021; Krein et al. 2021). There
is trace element evidence of upper crustal contamination in
the basalts. Hence, the energy-constrained assimilation-frac-
tional crystallization (EC-AFC) formulation of Spera and
Bohrson (2001) and Bohrson and Spera (2001) is incorpo-
rated in the modeling that provides estimates of the degree
of crustal contamination as well as the temperature of the
upper crust during magmatism. Abundances of the trace ele-
ments including Ni, Rb and the rare earth elements (REE)
in the primary magmas are also modeled, providing further
insight into the origin the CDC/EDC and Cuddapah Basin
basalts.

Geological setting

The Dharwar Craton (~ 600,000 km?) in southern India is
one of the several Archean cratonic blocks that comprise
the Indian shield (Naqvi and Rogers 1987) (Fig. 1). It is
composed of ~3.4-3.0 Ga old tonalite-trondhjemite-gran-
odiorite (TTG) gneisses and Neoarchean greenstone belts
with basaltic volcanics that are intruded by late Neoarchean
calc-alkaline and potassic granitoids (Friend and Nutman

1991; Chardon et al. 2011; Manikyamba and Kerrick 2012;
Jayananda et al. 2013a,b). The oldest rocks representing
the cratonic nucleus occur in the western Dharwar Craton
(WDC). A steep mylonitic shear zone along the eastern
margin of the Chitradurga schist belt has been traditionally
considered the eastern boundary of WDC (Swami Nath et al.
1976; Gupta et al. 2003). Based on recent petrologic, geo-
chronologic and isotopic data, the region to the east of the
shear zone has been divided into the central and the eastern
Dharwar cratonic blocks (CDC and EDC) along the Kolar-
Kadiri-Hungund belt (Peucat et al. 2013; Jayananda et al.
2013a). Charnockites near the southern margin of CDC/
EDC originated by metamorphism of magmatic protoliths
at~2.48 Ga as a result of a collision between the CDC/EDC
block and the Southern Granulite Terrane (SGT, Ghosh et al.
2004; Clark et al. 2009).

The EDC is separated from the Eastern Ghats Belt to the
east by the crescent-shaped Cuddapah Basin that contains
a sequence of gently east-dipping, Proterozoic sedimentary
rocks (Nagaraja Rao et al. 1987) (Fig. 1). Near the base of
the sequence in the eastern part of the basin, the sediments
are intercalated with basaltic pillow lavas in the Vempalle
Formation, and basaltic sills and tuffs in the overlying
Tadpatri Formation (Sheppard et al. 2017, and references
therein). The basaltic exposures are parallel to the arcuate
southwestern margin of the basin and coincide with an ellip-
tical region of gravity high (— 55 mGal) surrounded by grav-
ity lows (— 100 mGal) that indicate the presence of a dense
(~3.0 g cm ™) lopolithic intrusion in the upper crust (NGRI
1978; Bhattacharji and Singh 1984; Bhattacharji 1987,
Singh et al. 2004). A sill (1899 +20 Ma, Anand et al. 2003;
1885.4 £ 3.1 Ma, French et al. 2008) in the lower part and a
felsic tuff (1862 +9 Ma, Sheppard et al. 2017) in the upper
part of the Tadpatri Formation provide evidence for a pro-
tracted ~ 30 Myr period of volcanism during sediment depo-
sition. The basin may have started forming before~ 1.9 Ga
by rifting between the EDC and the Napier complex of East
Antarctica (Mohanty 2011), and it evolved into a foreland
basin after collision with the Eastern Ghats Belt in the late
Paleoproterozoic (Collins et al. 2015).

Paleoproterozoic mafic dike swarms of different trends
and ages are widespread in the CDC and the EDC (Halls
1982; Murty et al. 1987; Radhakrishna and Joseph 1996;
Poornachandra Rao 2005; Halls et al. 2007; French and
Heaman 2010; Soderlund et al. 2019; Samal et al. 2021)
(Fig. 1). The individual dikes can be traced in length from
a few meters to hundreds of kilometers, and their widths
vary between 1 m and ~400 m. At least nine different
dike swarms have been identified (S6derlund et al. 2019;
Samal et al. 2021). The dominantly ENE- to NE-trending
(some ESE-trending at the SGT contact)~2.37 Ga old
dikes of the Bangalore-Karimnagar swarm orthogonally
cut across the NNW-SSE structural grain of the craton.
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These dikes were emplaced within a short interval of <5
Myr (2369-2365 Ma, Halls et al. 2007; French and Hea-
man 2010; Kumar et al. 2012a; Liao et al. 2019; Soderlund
et al. 2019). The N- to NNE-trending ~2.25 Ga old dikes of
the Ippaguda-Dhiburahalli swarm to the north and south of
Cuddapah Basin were also emplaced within a short, ~6 Myr
time interval (2257-2251 Ma, Nagaraju et al. 2018a; Soder-
lund et al. 2019). The N- fto NNW-trending ~2.22 Ga old
dikes of the Kandlamadugu swarm includes the well-known
Kandlamadugu dike to the southwest of Cuddapah Basin
and the ~400 km long, ~2.21-2.22 Ga old, arcuate Nelahalu
dike parallel to the western margin of the CDC (French and
Heaman 2010; Kumar et al. 2012b; Soderlund et al. 2019).
The subparallel NW- to WNW-trending ~2.21 Ga old dikes
of the Anantapur-Kunigal swarm including the Somala dike,
and the NW- to WNW-trending ~2.18 Ga old dikes of the
Mahabubnagar-Dandeli swarm including the Dandeli and
Bandepalem dikes were emplaced within ~30 Myr each
other, and the younger dikes probably intruded through some
of the older magma pathways (French and Heaman 2010;
Nagaraju et al. 2018a,b; Soderlund et al. 2019). Several
NE-, NW- and N-trending ~2.08 Ga old dikes of the Devar-
abanda swarm around the Cuddapah Basin form a radial
swarm with the center inside the basin (Kumar et al. 2015;
Soderlund et al. 2019). Two ENE-trending ~ 1.89-1.88 Ga
old dikes of the Hampi swarm to the west of the basin
(Chatterjee and Bhattacharji 2001; Halls et al. 2007) are
coeval with the Tadpatri sill within Cuddapah Basin (Anand
et al. 2003; French et al. 2008). Some of the ~2.08 Ga old
dikes and the ~ 1.89—1.88 Ga old dikes are parallel to the
older~2.37 Ga and~2.21 Ga old dikes, indicating that the
younger dikes were perhaps emplaced by reactivation of
older magma pathways and preexisting fractures (cf. Bhat-
tacharji 1987). In addition, several NW-trending ~ 1.84 Ga
old dikes of the Dharmapuri swarm (Belica et al. 2014)
and NW- to WNW-trending ~1.79 Ga old dikes of the
Pebbair swarm (Soderlund et al. 2019) are subparallel to
the ~2.21 Ga old dikes, and may have also intruded through
preexisting magma pathways.

Several researchers have correlated the CDC/EDC dike
swarms with swarms on other continents using U-Pb geo-
chronological and paleomagnetic data, and have recon-
structed the location of plume centers from which the dike
swarms supposedly originated (Halls et al. 2007; French
et al. 2008; French and Heaman 2010; Kumar et al. 2012a,b;
Stark et al. 2019). These studies suggest that the ~2.37 Ga
(Bangalore-Karimnagar), ~2.21-2.18 Ga (Anantapur-Kuni-
gal and Mahabubnagar-Dandeli) and ~ 1.89 Ga (Hampi) old
dike swarms originated from mantle plumes with centers
located ~ 300 km west, ~ 1000 km NNW, and ~ 600 km east
of the CDC/EDC, respectively. Halls et al. (2007) proposed
the location of the ~2.37 Ga old plume center to the west
of the Dharwar Craton by correlating the Dharwar dikes

@ Springer

with the ~2.41 Ga old dikes of the Yilgarn Craton. How-
ever, Belica et al. (2014) argued against a link between the
Yilgarn Craton and the Dharwar Craton at 2.41-2.37 Ga cit-
ing age disparity and a~25° latitudinal separation between
the two cratons. French and Heaman (2010) also proposed
that the Dharwar and Yilgarn dikes are unrelated, and they
were emplaced on different continental masses through
discrete events. Thus, the locations of the purported plume
centers are highly uncertain. Furthermore, Soderlund et al.
(2019) argued against the involvement of plumes for the pre-
2.08 Ga old CDC/EDC dikes by showing that the swarms
were initially linear, and their fan-shaped orientations origi-
nated by later tectonic deformation. Hence, the plume center
reconstructions are flawed.

Previous petrological work

The Cuddapah Basin sills and volcanics mostly comprise
subalkaline tholeiitic basalts (Chatterjee and Bhattacharji
1998; Anand et al. 2003). A few of the Vempalle samples are
alkalic. The major sill complex in the Tadpatri Formation
consists of basaltic rocks with mafic xenoliths composed
of olivine + orthopyroxene + clinopyroxene + plagioclase
(Ol + Opx + Cpx + P1) near the base, grading into leuco-
cratic gabbro near the top. The minor sills consist of non-
cumulate, differentiated basalts. In general, the Cuddapah
Basin basalts can be related by fractional crystallization of
olivine, clinopyroxene and plagioclase. Thermobarometry
shows that the basalts crystallized at a pressure of ~5 kbar
(~ 18 km depth) and temperatures of 1019-1154 °C (Chat-
terjee and Bhattacharji 1998). These P-T conditions are con-
sistent with differentiation within a crustal magma chamber
under Cuddapah Basin postulated from gravity data (NGRI
1978). The basalts have low loss-on-ignition values indi-
cating minor hydrothermal alteration (Anand et al. 2003).
They show negative Nb—Ta anomalies in their incompat-
ible element patterns and high La/Nb (1.3-3.8, cf. primitive
mantle: 0.99) and Th/Nb (0.23-1.45, cf. primitive mantle:
0.12) ratios (Anand et al. 2003; McDonough and Sun 1995).
Mixing models based on La/Nb and Ce/Y ratios indicate that
the non-cumulate basalts comprising most of the Cuddapah
Basin lavas and sills are ~ 10-15% contaminated and some
minor sills are 20-35% contaminated by the local granitic
crust (Anand et al. 2003). The isotopic compositions of the
basalts (eNd(t)= — 10 to+ 1, 87Sr/%0Sr,=0.7056 to 0.7082)
are also consistent with upper crustal contamination (Anand
et al. 2003). In addition, based on Fe-Nd and REE modeling,
Anand et al. (2003) suggested ~ 10-15% partial melting of
spinel lherzolite for the generation of the primary magmas
of the basalts. They estimated a mantle potential temperature
of ~1500 °C, and an initially 120 km-thick lithosphere that
was thinned to 70 km during magma generation. Moreover,
Anand et al. (2003) concluded that the ~ 1500 °C potential
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temperature can be explained by secular cooling of the Earth
without the involvement of a hot mantle plume.

The CDC and EDC dikes are mostly composed of basalts
and basaltic andesites. A few have picritic compositions
likely due to their cumulate nature. The dikes of all ages
show LILE and LREE enrichment and negative Nb-Ta
anomalies in normalized incompatible element plots, and
high Th/Nb ratios (0.23-0.73) (Kumar et al. 2012a,b; Sriv-
astava et al. 2014a,b, 2015; Liao et al. 2019). In a Th/Yb
versus Nb/Yb diagram, the ENE- to NE-trending dikes of
the ~2.37 Ga old Bangalore-Karimnagar swarm and the N-
to NNW-trending dikes of the ~2.22 Ga old Kandlamadugu
swarm plot above the MORB-OIB array and the data trend
toward upper continental crust (Kumar et al. 2012a, b).
These characteristics have been attributed to AFC-type frac-
tionation of low-Th/Nb parental melts, which are particu-
larly susceptible to Th enrichment and Nb depletion through
crustal contamination (Pearce 2008; Kumar et al. 2012a). In
addition, the eNd(t) values of the Karimnagar dikes (Ban-
galore-Karimnagar swarm, — 0.7 to+ 0.6, Liao et al. 2019)
and the Nelahalu dike (Kandlamadugu swarm,—2.9to—1.7,
Kumar et al. 2012b) have been attributed to crustal contami-
nation or an isotopically heterogeneous mantle source.

The origin of the ENE- to NE-trending dikes of
the ~2.37 Ga old Bangalore-Karimnagar swarm, N- to
NNW-trending dikes of the ~2.22 Ga old Kandlamadugu
swarm, and NW- to WNW-trending dikes of the~2.21 Ga
old Anantapur-Kunigal swarm were modeled by ~ 15-25%
batch melting of primitive mantle sources (Srivastava et al.
2014a, b, 2015). Furthermore, Srivastava et al. (2015) used
chondrite-normalized Dy,/Yby ratios and available petro-
genetic models to suggest that the ~2.37 Ga old Bangalore-
Karimnagar swarm originated by melting of spinel lherzo-
lite, whereas the ~2.21 Ga old Anantapur-Kunigal, ~2.18 Ga
old Mahabubnagar-Dandeli, and ~ 1.89-1.88 Ga old Hampi
swarms originated by melting of transitional spinel-garnet
lherzolite.

Sample locations, age and bulk compositions

Sixteen dike samples were studied in detail for the purpose
of mineral thermobarometry. Nine of these samples (D84,
D86, D88, 1A, 2/14, D9A, D11, D28, and D47) are from
ENE-trending dikes near the western, southwestern and
southern margins of Cuddapah Basin (Fig. 1). One of the
dikes (D11) has been previously dated at 2369 Ma (dike
JEF-99-7, French and Heaman 2010). All of the dikes in
this group are inferred to be of the same age and members
of the ~2.37 Ga old Bangalore-Karimnagar swarm. Sam-
ples D86, D88 and D9A are tholeiitic basalts (Rao et al.
1995), and D88 has a similar bulk composition to sev-
eral samples (EDC9/6,9,13) analyzed by Srivastava et al.
(2014a). D84 is a basaltic andesite, D28 is a picrobasalt,

and D47 is a trachyandesite (Murty et al. 1987). In addi-
tion, the tholeiitic basalt sample D8A is also from an ENE-
trending dike west of the basin (Fig. 1), but it belongs to
the younger ~ 1.89—1.88 Ga old Hampi swarm (1879 Ma,
Chatterjee and Bhattacharji 2001). It has a bulk composi-
tion (Murty et al. 1987) similar to the Dike-25 sample
studied by Halls et al. (2007).

All of the other samples are also tholeiitic basalts. One
sample (D75) from an NNE-trending dike near the south-
western margin of Cuddapah Basin (Fig. 1) belongs to
the ~2.25 Ga old Ippaguda-Dhiburahalli swarm, though
it has a bulk composition (Murty et al. 1987) similar to
some ~2.22 Ga old N- to NNW-trending dikes of the
Kandlamadugu swarm (Kumar et al. 2012b). Three sam-
ples (D89, D77 and D30) are from NW-trending dikes
parallel to the southwestern margin of Cuddapah Basin
(Fig. 1). These dikes cross-cut the Bangalore-Karimnagar
and Ippaguda-Dhiburahalli swarms, and are members of
the ~2.21 Ga old Anantapur-Kunigal swarm (French and
Heaman 2010). Sample D30 has a variable bulk composi-
tion with MgO contents between 8.3 wt% (Murty et al.
1987) and 11.2 wt% (Chatterjee and Bhattacharji 2001).
In addition, two samples (6/33 and K88) are also from
NW-trending dikes, but they are located near the north-
western margin of Cuddapah Basin (Fig. 1) and they
belong to the younger, ~2.08 Ga old Devarabanda radial
dike swarm (2083-2080 Ma, Kumar et al. 2015; Soderlund
et al. 2019).

Analytical methods

Textural studies and mineral analyses were performed on
a JEOL JXA-733 Superprobe electron probe microana-
lyzer (EPMA) at Massachusetts Institute of Technology,
Cambridge, MA, USA operating with a 15 kV accelerat-
ing voltage, a 10 nA beam current, and 1-10 pm beam
diameter. Typical counting times were 20-40 s per element
that yielded accumulated counts with 1o standard devia-
tions of 0.3-1.0% for major elements and 1-5% for minor
elements from counting statistics. The raw data were cor-
rected for matrix effects with the CITZAF package (Arm-
strong 1995).

Petrography and mineral chemistry

The analyzed samples primarily consist of augite and pla-
gioclase with ilmenite and magnetite as common acces-
sory minerals (Fig. 2, Table 1). Minor orthopyroxene and
pigeonite are present in some samples. Olivine and Mg-rich
amphibole are rare. Most of the samples have equigranular,
sub-ophitic and hypidiomorphic textures (Fig. 2a, d).
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Fig.2 Back-scattered electron
images of basaltic dike samples
(names at upper right corners)
from the CDC and EDC show-
ing a, d ophitic to sub-ophitic
texture dominated by plagio-
clase laths and clinopyroxene
crystals, b orthopyroxene
between olivine and clinopyrox-
ene, ¢ cumulus clinopyroxene
with interstitial plagioclase, e
olivine overgrowth on orthopy-
roxene, and f plagioclase and
amphibole inclusions in olivine

ENE- to NE-trending dikes of the ~2.37 Ga old
Bangalore-Karimnagar swarm

These dikes are dominantly composed of normally zoned
augite and plagioclase with accessory ilmenite, magnet-
ite, titanite, apatite and pyrite. The augite cores in samples
D86, D88, 1A, 2/14 and D11 have a restricted composition
range (Eny; 49Fs|, 14W035.4¢), Whereas the augite cores are
relatively Fe-rich in D84 (Eny¢Fs,; Wo35) and Mg-rich in
D9A and D28 (Enyg_59Fs;.14W037.4;) (Fig. 3a, Table S1).
Samples D9A and D28 also contain Mg-rich orthopy-
roxene (Eng, ;,Fs,43, W0, 5) and plagioclase with cores
that are more calcic (An;gAb,;) than in the other samples
(Ans,_ggAbs, 49) (Fig. 3a, b), and D28 contains olivine with
Fo,, composition (Fig. 2a, b, Table S1). The high bulk MgO
(13.8 wt%) and low Al,0; and CaO contents of sample
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D9A (Murty et al. 1987) are related to excess accumula-
tion of Mg-rich orthopyroxene. Orthopyroxene (Fe-rich)
also occurs in D86 (En,gFs¢;Wo,), and pigeonite (core:
Engg_64FS56.30W07_10) occurs in D84, D86, D88 and D11
(Fig. 3a). The jadeite and aegirine contents of the pyrox-
enes are < 2.5%. Minor quartz is present in samples D84 and
D86. Clinopyroxene is commonly rimmed by actinolite and
ferrohornblende. Secondary chlorite, epidote and albite are
also present. Clinopyroxene is absent in sample D47 that
contains ferroedenite, Fe-rich orthoamphibole and Ca-poor
plagioclase (An;,Abs).
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Table 1 Mineral assemblages

. - Latitude/Longitude
in the CDC and EDC basaltic

Ol Cpx Pgt Opx Pl Amp Mag Ilm

dikes

ENE-trending dikes (~2.37 Ga old Bangalore-Karimnagar swarm)
D84 13°37"20"N, 78°57'58"E
D86 13°35'06"N, 79°01'16"E
D88 13°37'40"N, 79°04'53"E
1A 14°09'47"N, 78°12'46"E
2/14 13°59'08"N, 77°34'00"E
D9A 14°27'59"N, 77°19'32"E
D11 14°14'17"N, 77°31'41"E
D28 14°33'07"N, 77°39'42"E
D47 14°24'35"N, 77°54'14"E

NNE-trending dike (~2.25 Ga old Ippaguda-Dhiburahalli swarm)

D75 14°10"33"N, 78°30'00"E

NW-trending dikes (~2.21 Ga old Anantapur-Kunigal swarm)

D77 14°07'51"N, 78°27'02"E
D89 13°39'16"N, 79°0721"E
D30 14°37'46"N, 77°41'19"E

NW-trending dikes (~2.08 Ga old Devarabanda swarm)

6/33 15°22'46"N, 77°37'18"E
K88 15°25'17"N, 77°43'14"E

ENE-trending dike (~1.89-1.88 Ga old Hampi swarm)

D8A 14°31'58"N, 77°25'08"E

X X X X X

X X X X X X

X X X X X

X X X X

X X X X

X X X X

X X X X X

X X X X X X
X X

X X X X

X X X

X X X

X X X X X X

X X X X X

X X X X X X X
X X X X X X

Ol olivine, Cpx clinopyroxene, Pgt pigeonite, Opx orthopyroxene, Pl plagioclase, Amp amphibole, Mag

magnetite, /lm ilmenite

N- to NNE-trending dikes of the ~2.25 Ga old
Ippaguda-Dhiburahalli swarm

The NNE-trending dike D75 consists of augite with thick
rims of actinolite and ferrohornblende, plagioclase, and
accessory epidote, ilmenite and pyrite. The augite and
plagioclase cores have compositions of En,,Fs,;Wos, and
An,,Ab,g, respectively (Fig. 3a, b, Table S1). The sample
also contains pigeonite (Eng Fs,sWo,;) and minor quartz.

NW- to WNW-trending dikes of the ~2.21 Ga old
Anantapur-Kunigal swarm

Dikes D89 and D77 locally cross-cut the ~2.25 Ga old
dike D75. They are mineralogically similar to D75, and
are also composed of augite with thick rims of actinolite
and ferrohornblende, plagioclase, and accessory epidote,
ilmenite and pyrite. However, compared to D75, the augite
(Enyg47Fs1Wo037.35) and plagioclase (Ang c4Absg40) cores
in D89 and D77 are Mg-rich and Ca-poor, respectively
(Fig. 3a, b, Table S1). Sample D30 has an equigranular
sub-ophitic texture, and it consists of reverse-zoned augite
(Ensj ssFsg 1sW034 36) and pigeonite (Ensg ¢7Fs7; 3;W0y0.11),
oscillatory zoned orthopyroxene (core: En,;_goFs;5.,,Wos,
rim: Eng)Fs;Wo,), and normally zoned plagioclase (core:

AnggAbs,, rim: AnysAbss) (Figs. 2d, 3a-d). It also contains
secondary orthoamphibole, chlorite and mica, and accessory
ilmenite and magnetite.

Radial dikes of the ~ 2.08 Ga old Devarabanda swarm

The NW-trending dike K88 is medium-grained and
has an ophitic texture. It dominantly consists of augite
(En;Fs;5sWo,4) and plagioclase (core: An;;Ab,g) with minor
olivine (Fog;), orthopyroxene (EnggFs,gWo,) and amphibole
(magnesiohastingsite, Mg/(Mg + Fe) =0.65), and acces-
sory chlorite, ilmenite and magnetite (Fig. 3a, b, Table S1).
Orthopyroxene occurs as discrete crystals, exsolution
lamellae in augite, and at the rims of olivine and clinopy-
roxene. Olivine-hosted inclusions of plagioclase, pyroxene
and amphibole (Fig. 2e, f) belong to an older generation of
basalt, and the olivine overgrowth probably formed through
influx of a younger batch of primitive magma. This suggests
that dike K88 was probably emplaced by reactivation of an
old magma pathway. Another NW-trending dike 6/33 con-
tains augite with lower Mg (EnsgFs,sWo34) and less calcic
plagioclase (core Ang;Abs;) compared to K88 (Fig. 3a, b). It
also contains Mg-rich pigeonite (En,,Fs;qWo,,), but it lacks
olivine, orthopyroxene and hornblende.
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Fig. 3 Composition of minerals in the CDC and EDC basaltic dikes: a, ¢ pyroxenes, and b, d plagioclase. ¢, d Compositional variation from core

to rim of orthopyroxene and plagioclase in sample D30

ENE- to NE-trending dikes of the ~ 1.89-1.88 Ga old Hampi
swarm

The ENE-trending dike D8A contains abundant cumulus
augite (core: Ens,Fs,,Wo34) and compositionally zoned
plagioclase (core: An,yAbs;). Augite accounts for>50%
of the rock volume (Fig. 2c). The sample also contains
minor pigeonite (Ens;Fs,;Wog) and hornblende (Mg/
(Mg+Fe)=0.64), secondary albite and mica, and accessory
ilmenite and magnetite.

Thermobarometry
Methods

The P-T conditions of crystallization were determined with
the clinopyroxene-anhydrous liquid thermobarometer of
Putirka et al. (1996) using mineral compositions in Table S1
and bulk compositions in Murty et al. (1987) and Rao et al.
(1995). The quoted uncertainties in the P-T calculated with
this thermobarometer are + 1.4 kbar and +27 °C. Appli-
cation of this thermobarometer requires that the Cpx is in
equilibrium with the bulk (liquid). Equilibrium is assessed
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from the Cpx-bulk Fe**-Mg distribution coefficient,
Kp(Fe**-Mg), the equilibrium value of which is 0.28 +0.08
(Putirka 2008). So, a knowledge of the bulk Fe?* content
(or the bulk Fe**'Fe ratio) is necessary. For samples that
contain equilibrium olivine and the equilibrium temperature
is independently known, the bulk Fe**Fe ratio can be calcu-
lated with Eq. 8 of Blundy et al. (2020). Olivine-melt equi-
librium is assessed by comparing the observed value of the
olivine-bulk Mn-Mg distribution coefficient, K,(Mn-Mg),
which is relatively constant over a wide range of P-T-fO,
conditions, with the equilibrium value predicted by the
lattice strain model (Blundy et al. 2020). If the observed
Kp(Mn-Mg) shows disequilibrium, the bulk composition is
adjusted by adding or subtracting olivine until olivine is in
equilibrium with the bulk (Blundy et al. 2020). This method
was attempted on the olivine-bearing samples K88 and D28,
the latter with a temperature of 1172 °C determined from
Cpx composition only (see below). However, the olivines
(Fog7.79) in these samples are not in equilibrium with the
bulk, as indicated by the higher observed Kp(Mn-Mg) val-
ues (0.8-1.0) than predicted (0.26-0.27) at 1172 °C, and
Eq. 8 of Blundy et al. (2020) yields negative Fe**/3 Fe ratios
(— 1.35 and — 1.65). Very large corrections (40—45% olivine
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subtraction) are required to the bulk to bring it in Mn-Mg
equilibrium with olivine, and the Fe**/Y Fe ratios after
correction are unreasonably high (0.36-0.58). So, Blundy
et al.’s method was not applied to determine bulk Fe**/Y Fe
ratios. Instead, the bulk Fe3+/ZFe ratios were determined
using the spinel-ilmenite equilibrium. First, oxygen fugacity
values were calculated from coexisting spinel and ilmenite
compositions (program QUILF4, Andersen and Lindsley
1988). Then, Eq. 6b of Putirka (2016a) was used to calcu-
late In(Xpe03/Xreo) Of the melt. Fe**/Fe** equals 2*Xpep05/
Xreo» and Fe**/Y Fe is 1/(1+ 1/(Fe**/Fe*™)). For samples in
which coexisting spinel and ilmenite are absent, the average
bulk Fe**/Y Fe ratio of the other samples was used in the
calculations.

The P-T were also calculated with the Cpx-composition
thermobarometer of Putirka (2008). The T-dependent baro-
metric expression (Eq. 32a) and P-dependent thermometric
expression (Eq. 32d) of Putirka (2008) were solved simulta-
neously to obtain P-T. These equations are based on multi-
ple regression of clinopyroxene compositions obtained from
partial melting experiments on basalts in the P-T range of
1 bar-75 kbar/800-2200 °C. The equations use the enstatite-
ferrosilite and diopside-hedenbergite components and cation
proportions of clinopyroxene calculated on the basis of 6
oxygen atoms. The quoted uncertainties are + 3.1 kbar
and + 58 °C for clinopyroxene crystallizing from anhydrous
melts. In addition, the P-T were also calculated with the
random forest machine learning-based algorithms of Hig-
gins et al. (2022) and Jorgenson et al. (2022) that provided
independent estimates of the uncertainties. Jorgensen et al.
(2022) use the same methodology as Higgins et al. (2022),
but they use an expanded dataset that includes Cpx in equi-
librium with alkalic liquids. These thermobarometers are
also based on clinopyroxene compositions obtained from
partial melting experiments on basalts that cover a P-T
range of 0.002-30 kbar/750-1250 °C.

The two-pyroxene thermobarometer of Putirka
(2008) (uncertainties: + 3.7 kbar and £ 60 °C) was
applied to calculate P-T in sample D30 that contains
Cpx and Opx showing equilibrium Fe-Mg distribution
(Kp(Fe?™-Mg) = 1.09 +0.14). In addition, samples K88
and D8A contain Mg-rich amphibole, whose compositions
were used to calculate temperatures with the thermometer
of Putirka (2016b) (uncertainty: + 30 °C).

Results

In the ENE-trending ~2.37 Ga old Bangalore-Karimna-
gar dikes, clinopyroxene crystallized at P-T conditions
of 0.8—1.5 kbar and 1119-1158 °C, as estimated with the
Cpx-anhydrous liquid formulations of Putirka et al. (1996)
(Table 2). Using only Cpx compositions, Putirka’s (2008)
formulations yielded P-T of 1.0-4.9 kbar (3.1 kbar)

and 1166—-1192 °C (+58 °C) (Table 3). The Higgins et al.
(2022) and Jorgenson et al. (2022) methods also yielded
low pressures (1 bar-2 kbar), but with lower uncertainties
(+1.1-1.5 kbar, and +0.3-2.0 kbar). The temperature esti-
mates are lower with both the methods of Higgins et al.
(2022) (1016-1150 °C, +20-89 °C) and Jorgenson et al.
(2022) (1115-1160 °C, +27-88 °C) compared to Putirka
(2008), but all three methods have overlapping uncertain-
ties (Table 3). Spinel and ilmenite equilibrated at subsoli-
dus temperatures (457-661 °C) and oxygen fugacity values
below the fayalite-magnetite-quartz buffer (AFMQ between
-0.4 and -3.2), and the calculated range of Fe3+/ZFe ratios
is 0.06-0.12.

In the NNE-trending dike D75 from the ~2.25 Ga old
Ippaguda-Dhiburahalli swarm, the estimated P-T of clino-
pyroxene crystallization are 0.9 kbar and 1119 °C with the
Cpx-only formulations of Putirka (2008). The methods of
Higgins et al. (2022) (2.0+ 1.1 kbar, 1032 + 82 °C) and Jor-
genson et al. (2022) (1 bar, 1112+21 °C) yielded similar
results.

In the NW-trending ~2.21 Ga old Anantapur-Kuni-
gal dikes, clinopyroxene crystallized at P-T conditions
of 4.0-5.7 kbar and 1169-1204 °C, as estimated with
the Cpx-anhydrous liquid formulations of Putirka et al.
(1996) (Table 2). The Cpx-only formulations of Putirka
(2008) yielded P-T of 2.6-5.4 kbar (+3.1 kbar) and
1169-1211 °C (£ 58 °C) (Table 3). The Higgins et al. (2022)
method yielded similar results (27 kbar, +0.3-4.0 kbar,
1016-1200 °C, +29-76 °C). The Jorgenson et al. (2022)
method also yielded similar results (1 bar-2 kbar, +0.5-10.0
kbar, 1135-1210 °C, £29-79 °C), but very high uncertain-
ties in pressure for sample D30 (Table 3) that may be related
to the high Cr,0; (> 1 wt%) content of the clinopyroxene
(Table S1). In sample D30, the Cpx-Opx thermobarometer
of Putirka (2008) yielded P-T of 5.5-5.7 kbar (+ 3.7 kbar)
and 1150-1178 °C (£ 60 °C) (Table 2). Thus, the P-T results
for sample D30 with the Cpx-anhydrous liquid, Cpx-only
and Cpx-Opx formulations are consistent with each other.
Sample D30 also registered a spinel-ilmenite equilibration
temperature of 638 °C and AFMQ of -1.06 with a corre-
sponding Fe>*/Y Fe ratio of 0.11.

In the NW-trending dike K88 from the ~2.08 Ga old
Devarabanda swarm, amphibole crystallized at a tempera-
ture of 986 °C, and in dike 6/33 from the same swarm, spinel
and ilmenite equilibrated at a temperature of 791 °C and a
AFMQ value of — 0.49 (Table 2).

In the ENE-trending dike D8A from the~1.89-1.88 Ga
old Hampi swarm, clinopyroxene crystallized at P-T con-
ditions of 5.1 kbar and 1202 °C, as estimated with the
Cpx-anhydrous liquid formulations of Putirka et al. (1996)
(Table 2). With the Cpx-only formulations of Putirka
(2008), the P-T are 3.8 kbar (3.1 kbar) and 1192 °C
(58 °C) (Table 3). The Higgins et al. (2022) (5.0+2.4
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Ta.ble 2 Mineral-liquid and Compositions used Kp(Fe?*-Mg) P (kbar) T (°C)* T(°C)® AFMQP lse“/z]:eC
mineral thermobarometry of the
CDC and EDC basalts ENE-trending dikes (~2.37 Ga old Bangalore-Karimnagar swarm)
D88  Cpx core, bulk? 0.30 1.5 1158
Spl, Ilm 554 -232  0.06
D86  Cpx outer core, bulkd 0.31 0.8 1119
Spl, Ilm 661 -037 0.12
D84  Spl, Ilm 623 -197  0.06
1A Spl, Ilm 645 —-2.02
2/14  Spl, Ilm 642 —-1.93
D11  Spl, IIm 457 -3.17
NW-trending dikes (~2.21 Ga old Anantapur-Kunigal swarm)
D77  Cpx core, bulk®® 0.37 5.0 1182
D89  Cpx core, bulk! 0.34 5.7 1197
Cpx core, bulk® 0.31 4.0 1169
D30  Cpx outer core, bulk® 0.27 4.4 1204
Cpx rim, bulk® 0.36 4.1 1202
Spl, Ilm 638 -1.06 0.11
Cpx and Opx outer core  1.14 5.7 1178
Cpx rim, Opx core 1.16 5.6 1154
Cpx rim, Opx outer core  1.11 5.5 1150
NW-trending dikes (~2.08 Ga old Devarabanda swarm)
K88 Amp 986
6/33  Spl, Ilm 791 -0.49
ENE-trending dike (~1.89-1.88 Ga old Hampi swarm)
DS8A  Cpx core, bulk®® 0.32 5.1 1202
Spl, Ilm 665 -054 0.16
Amp 785

Formulations: Cpx-bulk (anhydrous liquid): equilb. KD(Fe2+—Mg)=O.2SiO,08, Putirka et al. (1996),
Eq. T1 (£27 °C) and P1 (1.4 kbar); Spl-Ilm: Andersen and Lindsley (1988); Cpx-Opx: equilb.
Kp(Fe?*-Mg)=1.09 +0.14, Putirka (2008), Eq. 37 (+60 °C) and 38 (+3.7 kbar); Amp: Putirka (2016b),
Eq. 5 (230 °C); *with Cpx-bulk, Cpx-Opx, or Amp; "with Spl-Tim; with Eq. 6b of Putirka (2016a); bulk
compositions from 4Rao et al. (1995), *Murty et al. (1987)

Table 3 Cpx thermobarometry

siti P (kbar)* T (°C)* P (kbar) T (°C)° P (kbar)° T (°C)*
of the CDC and EDC basalts Composition (kbar) o (kbar) o (kbar) o

ENE-trending dikes (~2.37 Ga old Bangalore-Karimnagar swarm)

D88 Cpx core 4.9 1192 20+14 1110 + 67 00+03 1132 + 30
D86 Cpx outer core 4.6 1166 2.0+14 1016 + 89 00+1.0 1115 +£38
D9A Cpx core 1.0 1183  2.0x1.5 1038 + 47 1.0+2.0 1160 + 88
D28 Cpx core 24 1172 2.0+ 1.1 1150 + 20 0.7+2.0 1148 +27
NNE-trending dike (~2.25 Ga old Ippaguda-Dhiburahalli swarm)
D75 Cpx average 0.9 1119  20+1.1 1032 + 82 0.0+0.0 1112 + 21
NW-trending dikes (~2.21 Ga old Anantapur-Kunigal swarm)
D77 Cpx core 33 1169  2.0+0.3 1016 + 70 0.0+0.5 1135 +29
D89 Cpx core 52 1190  2.0+1.3 1083 + 76 0.0+0.8 1142 + 31
D30 Cpx core 2.6 1207 7.0+£4.0 1200 + 29 2.0+ 10.0 1210 £ 79
Cpx outer core 4.1 1211 7.0x+29 1193 + 30 05+63 1184 + 60
Cpx rim 54 1207 3.8+27 1146 + 40 00+1.3 1140 + 33
ENE-trending dike (~1.89-1.88 Ga old Hampi swarm)
D8A Cpx core 3.8 1192 50+24 1150 + 48 03+£27 1148 + 37

Cpx composition thermobarometers of *Putirka (2008), Eq. 32a (3.1 kbar) and 32d (+58 °C); bHiggins
et al. (2022); “Jorgenson et al. (2022)
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kbar, 1150448 °C) and Jorgenson et al. (2022) methods
(0.3+2.7 kbar, 1148 +37 °C) yielded similar results with
lower uncertainties. Amphibole crystallized at a temperature
of 785 °C, and spinel-ilmenite equilibrated at a tempera-
ture of 665 °C and AFMQ of -0.54 with a corresponding
Fe**/Y Fe ratio of 0.16.

In summary, clinopyroxene crystallized at P-T condi-
tions of 0.8-5.7 kbar and 1119-1211 °C in all samples, esti-
mated using the formulations of Putirka et al. (1996) and
Putirka (2008). The machine learning-based algorithms of
Higgins et al. (2022) and Jorgenson et al. (2022) yielded
similar pressures (1 bar-5 kbar) with lower uncertainties
(except for sample D30), but a larger range of temperatures
(1016-1210 °C). Spinel and ilmenite equilibrated at sub-
solidus temperatures (~460-665 °C, excluding 6/33) and
AFMQ values between -0.5 and -3. The average Fe**/Y Fe
ratio of the samples is 0.1. These results clearly indicate that
the dikes crystallized within the upper crust.

Primary magma and crustal contamination
modeling

Sample selection

At low pressures such as the <6 kbar pressures of crystal-
lization calculated above, primitive basalts evolve by crystal-
lizing olivine, followed by Ol+ PI, and then by Ol + Pl+Cpx
with decreasing temperature (Kinzler and Grove 1992a). The
olivine control line, the OI-PI cotectic, and the OI-PI-Cpx
cotectic together define the fractionation path of the basalt.
Any basalt whose composition has been modified by excess
crystal accumulation (i.e., a “cumulate” sample) would show
displacement from its fractionation path when plotted in the
OI1-P1-Cpx (from Qz) and Ol-Cpx-Qz (from Pl) pseudoter-
nary projections of the basalt tetrahedron according to the
methods of Tormey et al. (1987) and Grove (1993). For the
purpose of modeling, a total of 88 basalt samples from the
literature were considered (Murty et al. 1987; Rao et al.
1995; Chatterjee and Bhattacharji 1998; Anand et al. 2003;
Halls et al. 2007; French and Heaman 2010; Kumar et al.
2012a,b; Srivastava et al. 2014a,b, 2015). The bulk com-
position of each sample and its plagioclase lherzolite mul-
tiple saturation point (PL-MSP) at 1 bar-10 kbar pressures
predicted by the parameterized expressions of Kinzler and
Grove (1992a) were plotted in the pseudoternary projections.
The position of the PL-MSP and the constraints of Yang
et al. (1996) define the position of the Ol-PI-Cpx cotectic
at different pressures in the projections. Six of the samples
plot on their corresponding OI-P1-Cpx cotectics, indicating
that they represent unmodified basaltic liquids. The other
samples are variably displaced from their cotectics. The bulk
compositions of these samples were adjusted by subtracting
normative olivine so that they plotted on their respective

Ol-P1-Cpx cotectics. Thirty (including the six that plot on
their cotectics) of the 88 samples required <4% normative
olivine subtraction, and these were selected for primary
magma modeling (Table S2, locations in Fig. 1). The other
samples were not selected as their excess crystal contents
were deemed too high for meaningful adjustment to the bulk
composition.

Six of the selected samples are from inside the Cud-
dapah Basin: three from the Tadpatri sills (minor sills near
Krishnagiri and Yeraguntla-Vempalle, and top part of the
major sill near Pulivendla), and three from the Vempalle
volcanics near Gattimanikonda (Chatterjee and Bhattacharji
1998; Anand et al. 2003). They plot on their respective Ol-
PI-Cpx cotectics at 1 bar-6.5 kbar pressures (Table 4, S3),
consistent with the ~5 kbar pressure of crystallization esti-
mated by Chatterjee and Bhattacharji (1998).

From the remainder of the selected samples, 14 are from
the ENE- to NE-trending dikes of the ~2.37 Ga old Banga-
lore-Karimnagar swarm (four from CDC, 10 from EDC, Rao
et al. 1995; Halls et al. 2007; Srivastava et al. 2014a), five
are from the N- to NNW-trending dikes of the ~2.22 Ga old
Kandlamadugu swarm (three from CDC, two from EDC,
French and Heaman 2010; Kumar et al. 2012b; Srivastava
et al. 2014b), and five are from the NW- to WNW-trending
dikes of the ~2.21 Ga old Anantapur-Kunigal swarm (three
from CDC, two from EDC, Srivastava et al. 2015). Srivas-
tava et al. (2014a) identified two groups of basalts among the
Bangalore-Karimnagar dikes based on chondrite-normalized
Lay/Luy ratios (~2 and >2). The 14 selected samples of
Bangalore-Karimnagar dikes include 11 from the low Lay/
Luy group and 3 from the high Lay/Luy group. The selected
dike samples from all swarms plot on their 1 bar-3 kbar
Ol-PI-Cpx cotectics (Table 4, S3), indicating crystallization
pressures similar to those obtained from thermobarometry.

The selected samples are all subalkaline tholeiitic basalts
(Mg# 37-55) according to the total alkali versus silica clas-
sification (Fig. 4a). There is a broad negative correlation
between MgO and FeO' (Fig. 4b). The samples show chemi-
cal index of alteration (CIA) values of 3741, and they are
tightly clustered around average unaltered basalt and gab-
bro in an A-CN-K plot (Nesbitt and Young 1982; Babechuk
et al. 2014) (Fig. 4c). Hence, these samples have not been
altered by kaolinitization of feldspar, and their bulk K con-
tents have largely remained unchanged since formation. In
a Th/Yb versus Nb/Yb diagram (Fig. 4d), the samples plot
above the MORB-OIB array and toward upper continental
crust, and the trend of the data coincides with a model AFC
trend of Pearce (2008). A similar (but less obvious) trend
toward upper continental crust is also observed in a Zr/Y
versus Nb/Y diagram (Fig. 4e). In a Ce/Y versus La/Nb dia-
gram (Fig. 4f), the data plot along a mixing line between
melts of primitive mantle and an average CDC/EDC ana-
tectic granite, as shown previously for the Cuddapah Basin
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Table 4 P-T of crystallization and primary magma equilibration with lherzolite for the CDC, EDC and Cuddapah Basin basalts

Crystallization Reverse FC Reverse EC-AFC

Primary magma®

Primary magma®

P T  Depth F* P T Depth F°  AsmT,! MagT,® M,*/M;° Asm' Crust® P T Depth
kbar °C km % kbar °C km % °C °C % kbar °C km
ENE- to NE-trending dikes (~2.37 Ga old Bangalore-Karimnagar swarm)
D88 3 1150 11 64.1 85 1272 31 63.3 800 1179 0.391 122 a 11 1297 38
8-3 0.001 1107 0.004 68.8 13 1319 44 67.9 665 1138 0.307 175 a 16 1362 55
10-6 0.001 1102 0.004 73.0 11 1302 40 72.5 720 1154 0.506 270 b 16 1363 57
23-2 0.5 1146 2 633 9 1280 33 62.6 781 1162 0.235 72 b 11 1305 40
24-1 2 1151 7 652 95 1286 35 643 777 1174 0.324 112 b 12 1311 41
EDC9/6 0.001 1130 0.004 66.8 10 1292 36 65.9 750 1155 0.315 126 a 13 1322 44
EDCY9/12 1.5 1131 5 68.5 11 1303 39 672 718 1159 0.300 141 a 14 1340 49
EDCY9/13 2 1152 7 61.0 8 1268 29 59.2 808 1187 0.459 144 a 12 1311 41
EDCY9/16 2.5 1141 9 67.1 9.5 1285 35 65.5 755 1173 0.364 153 a 14 1335 47
EDC9/25 15 1135 5 674 9 1279 33 66.0 758 1169 0.377 156 a 13 1328 46
EDC9/28 1 1156 4 580 95 1287 35 57.7 1788 1169 0.219 6.3 a 11 1306 39
EDC8/9 1 1128 4 67.1 13 1320 44 66.5 692 1151 0.233 11.8 b 15 1351 52
EDC9/9 3 1127 11 65.6 85 1270 31 62.8 780 1194 0.643 295 a 15 1349 52
EDC9/23 25 1125 9 64.8 11 1299 39 63.5 725 1160 0.376 181 a 15 1348 52
N- to NNW-trending dikes (~2.22 Ga old Kandlamadugu swarm)
JEF-00-55 2.5 1133 9 657 9.5 1284 35 64.1 760 1177 0.459 203 a 15 1345 50
HD12 1.5 1128 5 537 13 1314 45 52.8 723 1151 0.284 127 b 15 1338 51
HD14 0.001 1114 0.004 58.6 12 1310 43 57.0 710 1147 0.350 173 b 16 1352 54
GD24 2 1137 17 53.0 12 1309 43 509 735 1162 0.299 129 b 15 1344 52
DCO08/4 1.5 1117 5 72.1 10 1290 36 714 1717 1155 0.383 192 a 14 1333 47
NW- to WNW-trending dikes (~2.21 Ga old Anantapur-Kunigal swarm)
EDD09/14 3 1123 11 740 12 1309 41 73.6 680 1153 0.296 162 a 15 1352 52
EDD09/21 2.5 1130 9 633 13 1323 46 61.8 716 1167 0.361 183 a 17 1372 58
DC12/02 2 1139 7 623 11 1303 40 61.4 720 1156 0.206 8.9 b 13 1327 46
DC12/05 1 1154 4 542 11 1304 40 523 762 1165 0.169 56 b 13 1327 46
DC12/09  0.001 1151 0.004 495 11 1297 38 48.1 778 1162 0.162 4.8 b 12 1315 43
Vempalle volcanics, Cuddapah Basin (> 1.89 Ga)
VOOMAO4 5 1172 18 56.8 8 1266 29 55.7 801 1185 0.225 59 a 10 1291 36
VOOMAS80 0.001 1110 0.004 64.1 9 1276 33 62.3 760 1159 0.519 234 a 14 1330 47
VOIMAS81 2.5 1144 9 615 9 1277 33 59.0 775 1180 0.415 160 a 14 1332 47
Tadpatri sills, Cuddapah Basin (~1.89 Ga)
B37 4 1152 15 716 85 1274 31 71.5 757 1168 0.215 7.8 a 11 1304 39
T98MA74 5.5 1171 20 635 8 1267 29 61.9 800 1206 0.418 140 a 12 1317 43
TO8SMA94 6.5 1188 24 577 12 1315 43 56.8 800 1224 0.421 142 a 16 1359 53

“primary magma (Mg# 73) equilibrated with Fog, olivine; ®calculated with Eq. 16 of Putirka (2008); “degree of fractionation; dTO: initial temper-
ature of assimilant (wall rock); °T;: magma temperature at which assimilation begins (assimilant reaches solidus assumed at 900 °C), “maximum
ratio of M,* (mass of partial melt of assimilant mixing with magma) to M, (mass crystallized from magma); ‘degree of assimilation of crustal

melt; faverage TTG gneiss from EDC (a) and CDC (b)

basalts by Anand et al. (2003). The CDC/EDC samples show
similar Th/Nb (0.20-0.60) and La/Nb (1.4-3.7) ratios to the
Cuddapah Basin samples (0.23-0.69 and 1.9-2.6) indicating
that upper crustal contamination may be similar in the two
groups (Fig. 4d, f, Table S2).
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In the Th/YD versus Nb/Yb and Ce/Y versus La/Nb dia-
grams (Fig. 4d, f), the data plot beyond the range of mixing
between primitive melts and lower continental crust, indi-
cating that the lower crust was not the contaminant. A good
match with the model AFC trend of Pearce (2008) (Fig. 4d)
shows that the primitive melts were probably contaminated
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Fig.4 Bulk composition of the selected CDC/EDC and Cuddapah
Basin basalts (data from Rao et al. 1995, Halls et al. 2007, and
Srivastava et al. 2014a for ENE- to NE-trending dikes, French and
Heaman 2010, Kumar et al. 2012b, and Srivastava et al. 2014b for
N- to NNW-trending dikes, Srivastava et al. 2015 for NW- to WNW-
trending dikes, and Chatterjee and Bhattacharji 1998, and Anand
et al. 2003 for Vempalle volcanics and Tadpatri sills within Cud-
dapah Basin), a Total alkali versus silica after Le Bas et al. (1986),
subalkalic-alkalic boundary from Macdonald and Katsura (1964),

with the upper crust through an AFC-type process. However,
contamination of the primitive melts during passage through
lithosphere containing fusible crustal material acquired by
previous subduction cannot be ruled out. In this scenario,
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b MgO versus total FeO, ¢ A-CN-K plot, average gabbro and basalt
(red dots) from Nesbitt and Young (1982) and Babechuk et al. (2014),
d MORB-OIB array and dashed line with arrow representing AFC
trend from Pearce (2008), e Plume array after Condie (2005), f Aver-
age CDC and EDC anatectic granites (green dots) from Jayananda
et al. (2018), dashed line with arrow shows mixing trend of primi-
tive melts with average CDC/EDC granite. d-f PM — primitive mantle
(McDonough and Sun 1995), and UCC and LCC — upper and lower
continental crust (Taylor and McLennan 1995)

the contamination occurred before the primary magma
crystallized.
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Calculation method: reverse FC model

Assuming that the CDC/EDC and Cuddapah Basin primary
magmas were already contaminated before crystallization
during passage through lithosphere, their composition and
P-T of equilibration with the metasomatized mantle were
determined through simple low-pressure reverse fractional
crystallization (Reverse FC) calculations (Till et al. 2012;
Chatterjee and Sheth 2015; Till 2017; Krein et al. 2021) (Fig.
S1). Starting from the composition of the sample, its low-
pressure fractionation path was modeled backward by adding
Ol +P1+Cpx (stage 1), Ol + PI (stage 2) and Ol-only (stage
3) in small steps (step size < 0.5%) until the melt reached its
lherzolite MSP at a high pressure. Equilibrium Fe**-Mg dis-
tribution between olivine-liquid (KD(F62+-Mg) =0.3, Roeder
and Emslie 1970) and Cpx-liquid (KD(F62+-Mg) =0.25), and
equilibrium Ca-Na distribution between plagioclase-liquid
(Grove et al. 1992) were maintained at each step of the cal-
culation. In stage 1, the melt moved toward the Ol-Cpx side-
bar in the Ol-Cpx-Qz projection following the constraints
of Yang et al. (1996) that define the intersection of the Ol-
PI-Cpx cotectic with the OI-PI cotectic. In stage 2, the melt
moved toward the olivine apex in the Ol-Cpx-Qz projection
and toward the OI-P1 sidebar in the OI-PI-Cpx projection.
In stage 3, the melt moved toward the olivine apex in both
projections. The phase proportions and the switching points
between stages 1-2 and 2-3 were adjusted so that the melt
moved toward its spinel lherzolite MSP (SL-MSP) at high
pressures predicted by Till et al.’s (2012) parameterized
expressions of experimental data. At the end of the calcula-
tion, the melt was in equilibrium with Fog, olivine, and it
plotted exactly on its SL-MSP at a specific high pressure.
The result was unique, as any deviation from the phase pro-
portions and switching points between stages would result
in a melt not on its lherzolite MSP at any pressure, though
it may show equilibrium with Fogy, olivine (Fig. S1). The
trace elements were modeled using the mineral-melt parti-
tion coefficients listed in Table S3.

Calculation method: Reverse EC-AFC model

In AFC, the magma mass changes through mass gained by
assimilation of partial melt of wall rock and mass lost by
crystallization of the magma. The masses of crystallized and
assimilated material depend on the heat budget, which is bal-
anced by heat lost by the magma through cooling and crys-
tallization when the temperature drops below the liquidus,
and heat gained by the wall rock through heating and partial
melting when the temperature exceeds the solidus. The mass
and heat balance constraints are combined together in the
AFC formulation (e.g. Thompson et al. 2002). The efficiency
of assimilation critically depends on the initial temperature
of the crust. Thompson et al. (2002) showed that a picritic
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magma assimilates tonalitic crust much more efficiently if
the crust is initially at 800 °C than at 200 °C. The AFC
process is complicated by localized convective heat transfer
and dynamic processes including melt segregation by com-
paction, deformation, and buoyancy instabilities, but these
local processes do not have large effects on the overall heat
sharing and melting relationships (Annen and Sparks 2002).

Spera and Bohrson (2001) considered energy-constrained
AFC (EC-AFC) within an adiabatically sealed system that
can be described in terms of a set of coupled ordinary dif-
ferential equations expressing conservation of energy
(enthalpy), total mass, and trace element abundances and
isotopic ratios. In this study, the primary magmas were mod-
eled by incorporating the EC-AFC formulation of Spera
and Bohrson (2001), and Bohrson and Spera (2001) in the
reverse fractionation calculations (Reverse EC-AFC). As in
the Reverse FC model, the low-pressure fractionation path
was modeled backward by adding Ol+ PI+Cpx (stage 1),
Ol + Pl (stage 2) and Ol-only (stage 3) in small steps while
maintaining equilibrium Fe?*-Mg distribution between oli-
vine-liquid and Cpx-liquid, and equilibrium Ca-Na distribu-
tion between plagioclase-liquid. In addition, a partial melt of
the upper crustal assimilant was subtracted in each reverse
fractionation step as described below.

The EC-AFC calculations were carried out using the
updated RKO7A_2011_1.xIsm spreadsheet (Spera and
Bohrson 2001; Bohrson and Spera 2001). This is a forward
modeling approach that requires knowledge of the initial
composition and temperature of the magma (i.e., tempera-
ture of the primary magma after rising to the upper crust,
T,.%), and the initial temperature of the upper crustal assim-
ilant (Tao). These parameters for each sample were deter-
mined through an iterative approach using the K content
of the magma. In the first iteration, the input K content of
the primary magma was calculated through the Reverse
FC method. The bulk compositions of this primary magma
and the sample were used to determine T, of the primary
magma and T, of the sample with Eq. 16 of Putirka (2008).
The starting value of T,” was 300 °C. The M, */M,, values
(ratio of mass of assimilated crustal melt to mass crystal-
lized) as a function of temperature obtained from the EC-
AFC forward model were used to subtract the appropriate
amounts of partial melt of crustal assimilant in each step of
the reverse fractionation. This yielded a tentative estimate
of the primary magma considering EC-AFC, whose K con-
tent, a recalculated T, ° (which changed slightly), and an
adjusted Ta0 were used as input in the second iteration. The
iterations were continued until the K contents of the sample
(at T,,, of the sample) and the melt in each step of the reverse
fractionation matched the K contents predicted by the EC-
AFC forward model (Fig. S2). The constraints of the reverse
fractionation method ensured that the primary magma plot-
ted on its SL-MSP and the evolving magma remained on its
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fractionation path. Although the K content was used in the
modeling, the Rb contents (where available for the sample)
also showed a good match with the Rb contents predicted
by the EC-AFC forward model (Fig. S2). The calculations
were carried out with an average CDC or EDC TTG gneiss
(Jayananda et al. 2018) (Table S2), depending on sample
location, as the upper crustal assimilant (Table S2). Partial
melts of the assimilant were subtracted in each step using
the M, */M, value that varies according to energy constraints
(in contrast to a constant “r” ratio, DePaolo 1981) during
fractionation. In the calculations, the solidus and liquidus
temperatures of the upper crustal assimilant were 900 °C
and 1000 °C, and the energy parameters were: crystallization
enthalpy, Ah,, =396 kJ/kg, isobaric specific heat of magma,
C,.m=1.484 kl/kg per K, fusion enthalpy, Ahg, =270 kJ/
kg, and isobaric specific heat of assimilant, Cp’az 1.37 kJ/
kg per K (Table 1 of Bohrson and Spera 2001). The equi-
libration temperature (T,,) was assumed as 1000 °C. The
gneiss-melt partition coefficients of the trace elements were
estimated from their contents in average TTG gneiss and
anatectic melt in Jayananda et al. (2018) (Table S2, S3). The
basalt-melt elemental partition coefficients were calculated
from the estimated proportions of fractionating phases and
mineral-melt elemental partition coefficients (Table S2, S3).

Reverse FC modeling results

The estimated compositions and P-T conditions of equilib-
rium of the primary magmas with lherzolite for the Reverse
FC models are provided in Tables 4 and S2. The primary
magmas are high-Mg basalts with MgO contents ranging
10-12 wt%. The fractionation trends for all samples are
similar. Stage 1, i.e., the last stage of fractionation, was the
longest during which the melts fractionated by an average of
39.9% (from 23.5 to 63.4%, Table S2). Phases were added
in average proportions of Ol:Pl:Cpx = 12:49:39 that resulted
in an increase in the average Mg# from 44 to 66 (Table S2).
During Stage 2 (intermediate stage), the melts fractionated
by an average of 21.2% (from 2.3 to 23.5%). Phases were
added in average proportions of Ol:P1=29:71, resulting in
an increase in the average Mg# from 66 to 71. During Stage
3, i.e., the earliest stage of fractionation, the primary mag-
mas fractionated by an average of 2.3%. Only olivine was
added, and the average Mg# increased from 70 to 73.

The calculations show that the ~1.89 Ga old samples
from inside the Cuddapah Basin are 57-72% fractionated,
and they were last equilibrated with spinel lherzolite at P-T
of 8—12 kbar and 1266-1315 °C (Table 4, S2). The ENE- to
NE-trending dike samples from the ~2.37 Ga old Bangalore-
Karimnagar swarm are 58—73% fractionated, and they were
last equilibrated with spinel lherzolite at P-T of 8—12.5 kbar
and 1268-1320 °C. The N- to NNW-trending dike samples
from the ~2.22 Ga old Kandlamadugu swarm are 53-72%

fractionated, and they were last equilibrated with spinel
lherzolite at P-T of 10-12.5 kbar and 1290-1314 °C. The
NW- to WNW-trending dike samples from the ~2.21 Ga old
Anantapur-Kunigal swarm are 50-74% fractionated, and
they were last equilibrated with spinel lherzolite at P-T of
10.5-13 kbar and 1297-1323 °C. All of these results signifi-
cantly overlap considering their uncertainties (see below),
and there are no systematic differences among the different
swarms. It is concluded that the samples were last equili-
brated with metasomatized spinel lherzolite in the P-T range
of 8-13 kbar/1266-1323 °C.

Reverse EC-AFC modeling results

The estimated compositions and P-T conditions of equi-
librium of the primary magmas with lherzolite and the
amounts of crustal contamination during fractionation for
the Reverse EC-AFC models are provided in Tables 4 and
S2, and shown in Figs. 5, 6, and 7. The primary magmas are
high-Mg basalts and picrites with MgO contents ranging
10.7-13.2 wt%. The fractionation trends for all samples are
similar. The basalts evolved by fractionating and assimilat-
ing crustal melt with maximum M, */M, ratios between 0.16
and 0.64. Stage 1, i.e., the last stage of fractionation, was the
longest during which the melts fractionated by an average of
38.1% (from 24.1 to 62.2%, Table S2). In this stage, phases
were added in average proportions of Ol:Pl:Cpx =13:49:38
that resulted in an increase in the average Mg# from 44
to 65 with concomitant decrease in SiO, and Na,O, and
increase in CaO and Al,O; (Fig. 6, Table S2). During Stage
2 (intermediate stage), the melts fractionated by an average
of 19.2% (from 4.9% to 24.1%). Phases were added in aver-
age proportions of Ol:P1=31:69, resulting in an increase
in the average Mg# from 65 to 70, decrease in SiO,, CaO
and Na,O, and increase in Al,O5 (Fig. 6). During Stage 3,
i.e., the earliest stage of fractionation, the primary magmas
fractionated by an average of 4.9%. Only olivine was added,
and the average Mg# increased from 70 to 73 as the SiO,,
Al,05, CaO and Na,O contents decreased (Fig. 6). The trace
element variations of the melts are shown in Fig. 7. The
compatible trace element Ni increased with increasing MgO
contents (Fig. 7a). The incompatible trace elements Rb and
the REE decreased with increasing MgO as also observed
for TiO, and K,O (Figs. 6b,h, 7b-d).

The calculations show that the ~1.89 Ga old samples
from inside the Cuddapah Basin were last equilibrated with
spinel lherzolite at P-T of 10-15.5 kbar and 1291-1359 °C
(Table 4, S2). They are 56-72% fractionated and 6-23%
contaminated with crust that was initially at a temperature of
757-801 °C, and assimilation started when the magma was
at 1159-1224 °C. The ENE- to NE-trending dike samples
from the ~2.37 Ga old Bangalore-Karimnagar swarm were
last equilibrated with spinel lherzolite at P-T of 10.5-16

@ Springer



28 Page 16 of 25

Contributions to Mineralogy and Petrology (2023) 178:28

O bulk (corrected) CpX40

o Primary magma

MSP, PL

O|42.5

I3'77.5

Fig.5 OI-PI-Cpx and Ol-Cpx-Qz pseudoternary projections from Qz
and Pl showing compositions of the selected CDC/EDC and Cud-
dapah Basin basalts and their primary magmas estimated through
Reverse EC-AFC calculations. Also shown are the average fractiona-

kbar and 1297-1363 °C. They are 58—73% fractionated and
7-30% contaminated with crust that was initially at a tem-
perature of 665-808 °C, and assimilation started when the
magma was at 1138-1194 °C. The N- to NNW-trending dike
samples from the ~2.22 Ga old Kandlamadugu swarm were
last equilibrated with spinel lherzolite at P-T of 13.5-15.5
kbar and 1333-1352 °C. They are 51-71% fractionated and
13-20% contaminated with crust that was initially at a tem-
perature of 710-760 °C, and assimilation started when the
magma was at 1147-1177 °C. The NW- to WNW-trending
dike samples from the ~2.21 Ga old Anantapur-Kunigal
swarm were last equilibrated with spinel lherzolite at P-T of
12-16.5 kbar and 1315-1366 °C. They are 48-74% fraction-
ated and 5-18% contaminated with crust that was initially at
a temperature of 680-778 °C, and assimilation started when
the magma was at 1153-1165 °C.

All of these results significantly overlap considering
their uncertainties (see below), and there are no system-
atic differences among the different swarms. Considering
all samples, the P-T range for last equilibration with spi-
nel lherzolite was 10-16.5 kbar/1291-1366 °C. These P-T
conditions are higher than the P-T estimated through the
Reverse FC models. The samples are mostly <20% con-
taminated except for three samples, one from the Vempalle
volcanics of Cuddapah Basin and two from the ENE- to NE-
trending ~2.37 Ga old Bangalore-Karimnagar dikes, that are
23-30% contaminated. The upper crust was already at high
temperatures (665-808 °C) at the time the dikes, sills and
volcanics were emplaced.
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tion path (black lines, only the average is shown for clarity) and pla-
gioclase lherzolite (PL) MSPs at 1 bar-10 kbar in 2 kbar intervals for
the average basalt, and the spinel lherzolite (SL) MSPs at 9-21 kbar
in 3 kbar intervals for its primary magma

Uncertainties

The uncertainties in the estimated compositions and P-T of
primary magmas arise from the uncertainties in the equi-
librium mineral-melt KD(F62+—Mg) coefficients, and the
mantle olivine composition that may vary between Fogg and
Foy,. If the primary magma is allowed to equilibrate with
olivine compositions between Fogg and Fog, using fixed
Kp(Fe?*-Mg) values, the uncertainty in the Mg# of the pri-
mary magma is + 6% (Mg# range: 68.5-77.5), and the uncer-
tainties in the MgO and FeO contents of the primary magma
are+ 12% and + 10% (represented by error bars in Figs. 5-7).
These uncertainties are larger than the uncertainties calcu-
lated by changing the KD(F62+-Mg) values. For example,
a+10% change in the Ol-melt and Cpx-melt Kj(Fe**-Mg)
values results in a+3% change in MgO and + 6% change in
FeO of the primary magma for the most fractionated (73%)
sample EDDQ9/14. For less fractionated samples such as
GD24 (51% fractionated), a+ 10% change in the Ol-melt
and Cpx-melt K(Fe?*-Mg) values results in a+2% change
in MgO and +3% change in FeO of the primary magma.
Using higher values of Kp(Fe**-Mg) results in an increase
in FeO and decrease in MgO, and the primary magma (Mg#
71.2-71.9) equilibrates with Fogg 5 gg ¢ 0livine. Using lower
values of KD(F62+—Mg) results in a decrease in FeO and
increase in MgO, and the primary magma (Mg# 74.7-74.0)
equilibrates with Fog, 4 ¢; 3 olivine.

Multiple regression of lherzolite saturated melt composi-
tions in experiments indicate that the P-T values at SL-MSP
are accurate within+ 1.5 kbar and+ 11 °C (Till et al. 2012;
Krein et al. 2021). However, the uncertainties in the P-T
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Fig.6 Bivariate plots showing the variation of major oxides and
CaO/Al,O; with MgO for the selected CDC/EDC and Cuddapah
Basin basalts and their parental and primary magmas estimated
through Reverse EC-AFC calculations. The fractionation path of each

of multiple saturation are larger if the primary magma is
allowed to equilibrate with olivine compositions between
Fogg and Fog,. In this case, the average uncertainties in pres-
sure and temperature are + 15% and + 3%, respectively (e.g.,
15+2.3 kbar, 1350440 °C), and the average uncertainty in
the estimated crustal assimilation is +20% (e.g., 10 +£2%).
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basalt is distinct but similar. For clarity, only an average fractionation
path (black lines) is shown. Melts labeled “First P1” and “First Cpx”
correspond to initiation of plagioclase and Cpx crystallization

Discussion

Crustal contamination

Application of EC-AFC in the reverse fractionation mod-
eling shows that the amount of upper crustal contamination
in the Cuddapah Basin basalts is 6-23% (Table 4). This is

in good agreement with the model mixing of 10-35% gra-
nitic crust with the Cuddapah Basin primary melts based on
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Fig.7 Bivariate plots showing the variation of trace elements with
MgO for the selected CDC/EDC and Cuddapah Basin basalts and
their parental and primary magmas estimated through Reverse EC-
AFC calculations. The fractionation path of each basalt is distinct but

La/Nb and Ce/Y ratios by Anand et al. (2003). The CDC/
EDC dikes also show 5-30% upper crustal contamination.
An important result of the Reverse EC-AFC modeling is
that the upper crust was already heated to high tempera-
tures (665—-808 °C) during emplacement of the various dike
swarms. Such thermal priming of the crust has been attrib-
uted to persistent magmatism for the Steens basalts in the
Columbia River flood basalt province (Moore et al. 2018,
2020). According to field observations, the ~2.37 Ga old
Bangalore-Karimnagar dikes cross-cut an older set of mafic
dikes (Padmakumari and Dayal 1987; Kumar and Bhalla
1983). The CDC crust was probably pre-heated to high tem-
peratures by the intrusion of the older dikes. Furthermore,
there is evidence of a major thermal pulse at~2.5 Ga fol-
lowed by slow cooling to~2.4 Ga in the CDC/EDC (Jay-
ananda et al. 2011, 2013b; Peucat et al. 2013). For example,
in the southern part of CDC, garnet dated at 2439 +36 Ma
and 2435+ 56 Ma in metapelite and calc-silicate gneiss
grew under granulite facies conditions (Jayananda et al.
2013b). Thus, the crust was at high temperatures ~ 65 Myr
(at least~ 10 Myr considering uncertainties) before the
emplacement of the ~2.37 Ga old dikes. The CDC/EDC
crust was also thermally primed by the intrusion of the
Ippaguda-Dhiburahalli swarm (~2.25 Ga)~5 Myr before
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MgO (wt%)

similar. For clarity, only an average fractionation path (black lines) is
shown. Melts labeled “First PI” and “First Cpx” correspond to initia-
tion of plagioclase and Cpx crystallization

the emplacement of the Kandlamadugu swarm (~2.22 Ga),
and the Anantpur-Kunigal swarm (~2.21 Ga) was emplaced
another ~ 10 Myr later. The prevailing high temperatures of
the crust is evident from the presence of anatectic granites
such as the 2221 +99 Ma old Yelagatti granitoid in northern
EDC (Rogers et al. 2007). The EDC crust was also probably
thermally primed by the intrusion of the Devarabanda swarm
at~2.08 Ga before the eruption of the Vempalle volcanics
(> 1.89 Ga) and intrusion of the Tadpatri sills (~1.89 Ga)
within Cuddapah Basin.

Potential temperatures

The apparent potential temperatures (Tp*, Krein et al. 2021)
for the origin of the CDC/EDC and Cuddapah Basin pri-
mary magmas, estimated from the P-T of multiple satura-
tion with spinel lherzolite with the Reverse EC-AFC models
(10-16.5 £2.3 kbar, 1291-1366 + 40 °C) and an adiaba-
tic slope (dT/dP) of 1.5 °C/kbar, are 1233-1385 °C. The
Reverse FC models indicate lower P-T of multiple satu-
ration with spinel lherzolite, reflecting equilibrium with a
metasomatized mantle. The Reverse FC results were not
used to estimate potential temperatures. The true poten-
tial temperature (Tp) depends on the style and degree of
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melting (Krein et al. 2021). To assess the approximate
degree of melting, the compositions of the calculated CDC/
EDC and Cuddapah Basin primary magmas based on the
Reverse EC-AFC models are compared with model melts
of spinel lherzolite (Behn and Grove 2015) (Fig. 8). The
N- to NNW-trending dike samples from the ~2.22 Ga old
Kandlamadugu swarm show a restricted range of FeO and
Si0,, indicating ~ 10-20% melting at 15-20 kbar pressure
according to the isobaric batch melting models. The NW- to
WNW-trending dike samples from the ~2.21 Ga old Anan-
tapur-Kunigal swarm show a restricted range of Na,O and
CaO/Al,0;, indicating 15-20% batch melting at pressures
between ~ 15 kbar and > 20 kbar. Most of the ENE- to NE-
trending dike samples from the ~2.37 Ga old Bangalore-
Karimnagar swarm are similar to the NW- to WNW-trending
Anantapur-Kunigal dike samples. Hence, their pressure and
degree of batch melting are probably similar. The Cuddapah
Basin samples show a negative correlation between FeO and
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Fig.8 Compositions of the CDC/EDC and Cuddapah Basin primary
magmas compared with model melts of spinel lherzolite (Behn and
Grove 2015). Dashed lines: isobaric batch melts at 10, 15 and 20

Na,O, and positive correlations between SiO, and Na,O,
and between FeO and CaO/Al,O;. These trends also sug-
gest 10% to>20% batch melting at pressures between ~ 12
kbar and > 20 kbar. However, all CDC/EDC and Cuddapah
Basin primary magmas estimated above probably represent
pooled melts as their average compositions are similar to a
pooled melt generated by polybaric incremental melting at
pressures between 26 and 9 kbar along a 1450 °C adiabat
(Behn and Grove 2015). Assuming ~ 10-20% melting, Tp
may be ~60-130 °C higher than the estimated Tp* for nar-
row to fully pooled melts (Table S2 of Krein et al. 2021).
Thus, the range of Tp may be 1293-1515 °C.

The estimated T}, values of all samples are similar to pre-
dicted ambient mantle temperatures in the Paleoproterozoic
according to various thermal history models of the Earth
(see Fig. 10 of Herzberg 2022). Even the highest estimated
Tp (1515 °C) is not higher than the Paleoproterozoic ambi-
ent mantle temperature predicted by the model of Korenaga
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Fig. 9 Chondrite-normalized (McDonough and Sun 1995) REE pat-
terns of basalts and their primary magmas (Reverse EC-AFC models)
from a ENE- to E-trending, b N- to NNW-trending, and ¢ NW- to

(2008). Thus, there is no indication of a mantle plume based
on the above estimates of Tp. However, magma may lose
heat during its passage through the lithosphere, especially
in dike swarms where lateral flow may be important (Ernst
and Baragar 1992; Ernst et al. 2019). In this case, the above
Tp estimates may be lower than the actual Tp. To further
assess the origin of the CDC/EDC and Cuddapah Basin
basalts, their REE patterns are compared in the following
section with the Mackenzie dikes of Canadian Shield that
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WNW-trending dikes of the CDC/EDC, and d sills and flows within
the Cuddapah Basin. The range for the Mackenzie dikes (Baragar
et al. 1996) is shown by two dashed lines

are evidently derived from a mid-Proterozoic mantle plume
(Ernst and Baragar 1992; Baragar et al. 1996).

Plume origin?

The Mackenzie dikes are composed of subalkaline tholei-
itic basalts with Mg# ranging 41-50 (averages in Table 6
of Baragar et al. 1996), similar to the CDC/EDC and Cud-
dapah Basin basalts considered above (Mg# 37-55). They
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also consist of plagioclase, pyroxene, and Fe-Ti oxides with
rare olivine, and their estimated P-T of emplacement are <5
kbar/~1025-1225 °C (Baragar et al. 1996). Thus, the major
element compositions and emplacement conditions of the
Mackenzie dikes are similar to the CDC/EDC dikes and
Cuddapah Basin sills.

The incompatible trace element patterns of the Macken-
zie basalts show LILE enrichment relative to HFSE, LREE
enrichment relative to HREE, enriched Nb-Ce plateaus, and
negative anomalies for Sr, Ti and K (Baragar et al. 1996).
Their eNd(t) values are mostly between 0 and + 2, indicat-
ing little contamination with the continental crust. By com-
parison, all CDC/EDC and Cuddapah Basin basalts show
prominent negative anomalies for Nb, but not for K (Sriv-
astava et al. 2015), and they show evidence of upper crustal
contamination in incompatible trace element ratio diagrams
(Fig. 44, e, ). Their eNd(t) values (-10 to+ 1) also suggest
variable degrees of contamination (Anand et al 2003; Kumar
et al. 2012b; Liao et al. 2019). Compared to the Mackenzie
basalts, the REE abundances of the CDC/EDC and Cud-
dapah Basin basalts are lower, but they also show LREE
enrichment relative to HREE (Figs. 9, S3). When the basalts
are corrected only for fractionation (primary magmas with
Reverse FC, Table S2), their chondrite-normalized Lay/Smy
and Dy,/Yby ratios remain largely unchanged (Fig. S3). But
when they are corrected for fractionation and upper crus-
tal assimilation (primary magmas with Reverse EC-AFC,
Table S2), their Lay/Smy ratios decrease while their Dyy/
Yby ratios remain similar (Figs. 9, 10, S3). High Lay/Smy
ratios of basalts may result from upper crustal contamination
or through clinopyroxene-dominated fractional crystalliza-
tion occurring at high pressures. Since the thermobarometric
calculations do not show evidence of high-pressure crystal-
lization, the elevated Lay/Smy ratios of the CDC/EDC and
Cuddapah Basin basalts are probably due to upper crustal
contamination.

Compared to the CDC/EDC and Cuddapah Basin basalts,
the Dy\/Yby ratios of the Mackenzie basalts are distinctly
higher (Fig. 10), indicating a deeper origin from a garnet-
bearing source (Baragar et al. 1996). By contrast, the lower
Dyy/Yby ratios of all CDC/EDC and Cuddapah Basin
basalts and their primary magmas, and the flat REE patterns
of most of the primary magmas (Reverse EC-AFC models)
(Figs. 9, S3) indicate melting of a primitive spinel lherzo-
lite source (see modeling by Shellnutt et al. 2018). Some
of the primary magmas even show Lay/Smy <1 (Fig. 10),
indicating the possibility of a depleted source. This does not
preclude origin from a plume because plumes are chemi-
cally heterogeneous, often containing both enriched and
depleted components (White 2010). However, neither the
CDC/EDC and Cuddapah Basin basalts nor their primary
magmas exhibit a deep melting signature such as the high
Dy\/YDby ratios observed in the plume-derived Mackenzie
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Fig. 10 Bivariate plot of chondrite-normalized (McDonough and Sun
1995) REE ratios for the CDC/EDC dikes, Cuddapah Basin sills and
flows, and Mackenzie dikes (Baragar et al. 1996). The filled symbols
represent primary magmas (Reverse EC-AFC models)

basalts (Fig. 10). Thus, there is no indication from the REE
data of a plume-related origin for any of the CDC/EDC and
Cuddapah Basin basalts.

The non-plume origin for all CDC/EDC dikes and Cud-
dapah Basin sills and volcanics agrees with the studies of
Anand et al. (2003), Sheppard et al. (2017), Shellnutt et al.
(2018), and Soderlund et al. (2019), whose conclusions are
based on petrological modeling, and geological, isotopic,
trace element, and field structural data. The ~ 1300-1500 °C
potential temperatures estimated in this study (Reverse EC-
AFC models) and Anand et al. (2003) are lower than the
estimated temperatures (> 1575 °C) for the late Archean
komatiitic amphibolites from Kolar schist belt (CDC-EDC
boundary, Rajamani et al. 1985) that may have originated
from a mantle plume. Herzberg (2022) also concluded that
Archean and Paleoproterozoic komatiites with temperatures
of ~ 1700 °C may have originated from mantle plumes, but
the ~ 1550 °C temperatures estimated for the ~1.88 Ga
tholeiitic intrusives of the Circum-Superior LIP indicate that
a plume was not involved in their origin. Dike emplacement
is controlled by factors such as crustal stress, crustal hetero-
geneity, magma viscosity and intrusion rates (Rivalta et al.
2015; Kjgll et al. 2019). A discussion of these mechanisms
is beyond the scope this paper.

Conclusions
Mineral thermobarometry indicates that the CDC/EDC
dikes around Cuddapah Basin crystallized at upper crus-

tal P-T conditions of ~ 1-6 kbar and ~ 1120-1210 °C. Spi-
nel and ilmenite equilibrated at subsolidus temperatures
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(~460-660 °C) and oxygen fugacity values below the
fayalite-magnetite-quartz buffer (AFMQ values of -0.5 to -3)
that correspond to bulk Fe**/3 Fe ratios of 0.06-0.16. Thirty
selected CDC/EDC and Cuddapah Basin basalts of different
ages from the literature (with minor correction in bulk com-
position for crystal accumulation) plot on their Ol-P1-Cpx
cotectic boundaries at 1 bar-6.5 kbar pressures, consistent
with the pressure estimates from mineral thermobarometry.
Primary magmas modeled through reverse fractionation
calculations incorporating crustal assimilation (Reverse
EC-AFC) show that they were last equilibrated with spinel
lherzolite at P-T conditions of 10-16.5 kbar (+2.3 kbar) and
1291-1366 °C (+40 °C). Considering EC-AFC, the models
show that the basalts are mostly <20% contaminated with
the upper crust except for three samples that are 23-30%
contaminated. The upper crust was thermally primed to high
temperatures (665-808 °C) at the time of emplacement of
the different dike swarms. A comparison with model melts
of spinel lherzolite (Behn and Grove 2015) shows that
basalts can be generated by ~ 10% to >20% batch melting
at~12-25 kbar pressures. The estimated primary magmas
all basalts probably represent polybaric incremental pooled
melts generated along a~ 1450 °C adiabat. The estimated
range of mantle potential temperatures is 1293-1515 °C.
These potential temperatures are not higher than ambient
mantle temperatures in the Paleoproterozoic according to
different thermal history models of the Earth, and are incon-
sistent with an origin of the basalts from mantle plumes.
The incompatible element and REE patterns of the basalts
are distinct from the plume-derived mid-Proterozoic Mac-
kenzie basalts of the Canadian Shield, the latter showing
higher chondrite-normalized Dyy/Yby ratios indicative of
melting of a garnet-bearing mantle source. By contrast, the
lower Dyy/Yby ratios of all CDC/EDC and Cuddapah Basin
basalts and flat REE patterns of their primary magmas indi-
cate origin from a shallower, spinel-bearing mantle source.
The basalts show LREE enrichment over HREE, and their
Lay/Smy ratios are higher than the Lay/Smy ratios of the
primary magmas, which can be attributed to upper crustal
contamination. The estimated low potential temperatures,
melting in the spinel lherzolite stability field, and the REE
characteristics of the basalts and their primary magmas do
not support an origin of the CDC/EDC and Cuddapah Basin
basalts from mantle plumes.
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