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Abstract: The Nagercoil block situated at the southernmost tip of India occupies a key position in
the East Gondwana collisional tectonic models. The Nagercoil block is dominated by Orosirian
I-type charnockite massifs that host numerous gabbroic emplacements. Our present understanding
about the crustal architecture of the Nagercoil block is derived mostly from these charnockites, while
detailed studies on gabbros are lacking. We present new petrology, geochemistry, and zircon U-
Pb/Hf isotopic data of gabbros from the Nagercoil block to understand their petrogenesis and tectonic
significance. The results reveal that these are formed by the partial melting of a subduction-modified
lithospheric mantle source in a continental arc setting. Zircon U-Pb geochronology results reveal that
the gabbros were emplaced between 561 and 531 Ma. Hafnium isotopic studies on zircons argue for
a mid-Mesoproterozoic melting source with near-juvenile magmatic signatures. The Hf-Tpy ages
together with the available data from the terrane point to the involvement of the adjacent Achankovil
unit as a possible melting source contributor. The genetic link between the Achankovil unit and Sri
Lanka together with the remarkable similarity in ages and isotopic characteristics of mafic rocks from
both these terranes point to their coeval formation during the East African Orogeny associated with
the final stages of the Gondwana supercontinent assembly.

Keywords: gabbro; zircon U-Pb/Hf geochronology; Southern Granulite Terrane; Nagercoil block

1. Introduction

The Precambrian granulitic terrane of southern India or the Southern Granulite Terrane
(SGT) occupies a central position in the Gondwana supercontinent reconstruction models
(Figure 1). This vast granulitic terrane has a crustal evolutionary history ranging from
the early Archean to Cambrian with imprints of multiple magmatic, metamorphic, and
deformation episodes [1-7]. In this protracted history, the Neoproterozoic assembly of SGT
and its counterparts is known for high geotherm prevalence associated with intense crustal
reworking and melting during the Himalayan-scale collision orogen referred to as the East
African Orogen (EAQO; 650-480 Ma; [5] and references therein). This collisional orogeny
culminated in widespread HT-UHT metamorphism and the associated magmatism that
affected vast tracts of the Precambrian crust in erstwhile Gondwana supercontinent frag-
ments such as India, Sri Lanka, Madagascar, Antarctica, and Africa. Mafic magmatic rocks
in these collisional belts are helpful for understanding crust-mantle processes responsible
for their generation and their tectonic settings during the orogeny.
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Figure 1. Simplified geological map of Southern Granulite Terrane (SGT; modified after [2]). Madurai
block (MB), Trivandrum block (TB), Nagercoil block (NB), Western Dharwar Craton (WDC), Eastern
Dharwar Craton (EDC), Moyar-Bhavani-Cauvery shear system (MBCS), Palghat-Cauvery shear
system (PCSS), Suruli shear zone (SSZ), Karur-Kambam-Painavu-Trichur shear zone (KKPTSZ),
Achankovil shear zone (ASZ), and Kambam UHT Belt (KUB). Inset shows the map of Indian peninsula:
Deccan Volcanic Province (DVP), Bastar Craton (BC), Eastern Ghats Granulite Terrane (EGGT),
Godaveri Graben (GG), and Cuddapah Basin (CB).

In SGT, though the mafic emplacements are reported in close spatial association
with the HT-UHT granulites from all crustal blocks, less attention has been given to
understanding their petrological, geochemical, and geochronological properties in detail.
Collecting such information is vital to probe the genetic link between magmatism and
metamorphism in the terrane and unravel its evolutionary history. The present study
focuses on the mafic rocks reported from the southern tip of the SGT known as the Nagercoil
block (Figure 2). We present new whole-rock geochemistry, mineral chemistry, and zircon
U-Pb/Hf isotopic data of these rocks to understand their age and petrogenesis and to
correlate with similar rocks from adjacent terranes within the SGT as well as from other
Gondwanan fragments.
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Figure 2. Geological map of Nagercoil block with sampling locations.

2. Geology of the Study Area

SGT is a collage of polydeformed crustal blocks (from north to south named Salem,
Madurai, Trivandrum, and Nagercoil blocks) that are separated by crustal-scale shear zones
(Figure 1) [1,2,4,6,8-10]. SGT is limited to the north by the Archaean granite-greenstone
terranes of the Dharwar craton [11,12], separated by the E-W trending crustal-scale shear
zone known as the Moyar Bhavani Cauvery Shear System (MBCS) [4,13]. The Salem block
comprises late Archaean to early Proterozoic metamorphic and Mesoarchean to Neoarchean
magmatic rocks [7-9,14-16]. The Madurai block, south of Salem, hosts charnockite massifs,
granitoids, migmatites, metapelites, quartzites, calc silicates, and alkaline intrusives with
emplacement and metamorphic ages ranging from Archean to Neoproterozoic [4,17]. Two
major shear zones dissect the Madurai block, namely the Karur-Kambam-Teni-Painavu-
Trissur shear zone (KKPTSZ) [9] and Suruli shear zone (SSZ) [18]. This crustal block is
also known for the preservation of Ediacaran-Cambrian UHT metamorphic rocks with P-T
estimates up to 1100 °C and 12 kbar with clockwise/anticlockwise P-T evolution [3,19-23].
The Madurai block is separated from the southern Trivandrum and Nagercoil blocks by the
Achankovil shear zone (ASZ) [24,25], which is marked by a distinct younger whole-rock
Nd model age (1.5-1.2 Ga) [17,26-28] and U-Pb zircon age (1.5-0.95 Ga) [2,29,30].

In the earlier literature, the Trivandrum-Nagercoil blocks and Achankovil shear zone
were considered a large supracrustal belt named the Kerala Khondalite Belt (KKB) [31,32].
The Trivandrum block is dominated by granitoid leucogneisses and garnetiferous metased-
iments, whereas massive charnockites and metamorphosed mafic rocks dominate the
Nagercoil block. Both these blocks share similar Rb-Sr, Sm-Nd whole-rock, as well as
U-Pb zircon ages [2,9,17,26,28,33-37], all indicating their contiguity. U-Pb zircon data for
the charnockite protoliths from these domains report Paleoproterozoic (ca., 1.85 Ga) em-
placement ages with Orosirian juvenile magmatic signatures [2,36,37]. The well-preserved,
protracted Ediacaran-Cambrian metamorphism is exposed by in situ chemical and isotopic
analysis of monazite and zircon from different lithologies across these domains [35,38].
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3. Field Relation and Petrography

For the present study, seven gabbro samples from different parts of the Nagercoil
block were collected (Figure 2). These rocks form meter-scale-thick intrusions/enclaves
within charnockites with widths up to two meters, occasionally forming pinch and swell
structures (Figure 3a). Chilled margin contacts exist between the charnockite and mafic
rocks (Figure 3b). Occasionally, coarse-grained pegmatoidal charnockites are also noticed
parallel to these mafic bands. Field occurrence suggests that the rocks were subjected to
a later-stage deformation after their emplacement into the host charnockite. Under the
microscope, the samples exhibit interlocking grains with orthopyroxene, clinopyroxene,
hornblende, plagioclase, and opaques (mostly ilmenite) (Figure 4a,b) and a minor amount
of quartz. Biotite (up to 2%) is found only in two samples and is found as long, slender, and
pale-yellow grains, occasionally cross-cutting orthopyroxene and clinopyroxene. At places,
clinopyroxenes show an exsolution pattern typical of low Ca varieties (Figure 4c). Crystals
and blebs of K-feldspar within plagioclase are also observed in the matrix (Figure 4d).
Accessory phases mainly constitute zircon and apatite.

Figure 3. Field photographs of gabbros from Nagercoil block. (a) Gabbro band within massive
charnockite; (b) Contact between gabbro and charnockite.
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Figure 4. (a,b) Photomicrographs illustrating major mineral assemblages in gabbros; (c) Biotite cross-
cutting orthopyroxene and clinopyroxene; (d) Crystals and blebs of K-feldspar within plagioclase
associated with orthopyroxene and clinopyroxene.

4. Major and Trace Element Geochemistry

The major element concentration of six samples was analysed using a Bruker Pioneer
S8 Tiger WD-XRF at NCESS following the analytical protocol described in [22]. For trace
element determination, these sample powders were dissolved in a reagent grade HF: HNO3
acid mixture in Savillex screw-top vessels. These solutions were analysed using an Agilent
7800 Quadruple ICP-MS at the LAM-ICPMS facility at the National Geophysical Research
Institute, Hyderabad. ®Rh was used as the internal standard for sample analysis. During
the analytical session, standards G-2, JG-2, GA, and AGV-2 were repeatedly analysed to
ensure drift correction and calibration. Major and trace element plots were prepared using
GCDkit 5.0 [39] by utilising the chondrite values from [40] and primitive mantle values
from [41]. Geochemical data of the samples are presented in Supplementary material 1.

The samples are characterised by low SiO, (48.16-51.73wt %), TiO, (0.82-1.61wt
%), Al,O3 (13.61-16.47 wt%), MnO (0.15-0.22 wt%), CaO (9.03-9.79 wt%), moderate and
varying FeOr (10.11-16.23 wt%), MgO (4.9-7.66 wt%), and NayO (2.69-3.47wt %) and
low amounts of K,O (0.64-1.13 wt%) and P,Os (0.17-0.36 wt%). The Mg number is low
and varies from 39 to 60. Moreover, these samples display low Ni (44.91-114.3 ppm)
and Cr (114.6-250.2 ppm), moderate V (175.7-364 ppm), and a limited amount of Sc
(40.35-53.59 ppm). In the TAS diagram (the silica versus total alkali) (Figure 5a) [42],
the samples fall within the gabbro field, whereas the tholeiitic nature of the studied sam-
ples is demonstrated in the AFM diagram (Figure 5b) [43]. Chondrite-normalised REE
patterns of the samples are characterised by LREE enrichment (Smy;/Layn = 0.80-0.36)
and near-flat to slightly fractionated HREE (Lun/Gdy = 0.84-0.40) with slightly neg-
ative Eu (Eu/Eu* = 1.03-0.74) and weakly positive Ce anomalies (Ce/Ce* = 1.05-0.98)
(Figure 6a). The primitive mantle-normalised multi-element variation diagram shows rela-
tive enrichment of large ion lithophile elements (LILEs) and weakly negative anomalies of
high-field-strength elements (HFSEs), including Nb, Zr, and Ti (Figure 6b).
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Figure 5. (a) TAS diagram [42]; (b) AFM diagram [43].
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Figure 6. (a) Chondrite-normalised REE diagram of gabbros; (b) primitive-mantle-normalised trace
element diagrams of gabbros.

5. Mineral Chemistry

Three representative samples were analysed for mineral chemistry using CAMECA
5X-100 EPMA at the Department of Geology and Geophysics, Indian Institute of Technology,
Kharagpur. The instrument was operated at an accelerating voltage of 15 kV, 20 nA beam
current, and 1-2 um beam diameter. Natural silicate and oxide standards were used for
calibration, and raw data were corrected using the ZAF program. EPMA data of different
mineral phases are provided in Supplementary material 2.

Pyroxenes: Pyroxene from the samples show a near-homogeneous chemical composition
across different samples. Orthopyroxenes are characterised by low Al,O3 (1.45-0.47 wt%)
with Xjjg ranging between 0.59 and 0.47. Similar to orthopyroxenes, clinopyroxenes from
the studied samples have low Al,O3 contents (2.71-1.82 wt%) with Xyjg ranging between
0.69 and 0.58. In the pyroxene classification diagram, most of the clinopyroxenes fall within
the diopside-augite field, whereas orthopyroxenes show intermediate composition between
enstatite and ferrosilite (Figure 7a).
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Figure 7. (a) Wollastonite-enstatite-ferrosilite diagram showing compositions of orthopyroxene
(green circle) and clinopyroxene (maroon circle). (b) Anorthite-albite-orthoclase diagram showing
compositions of orthoclase (green circle) and plagioclase (maroon circle), (c) Si (pfu) vs. Xmg diagram
showing compositions of calcic amphibole.

Amphiboles: Amphiboles from the samples are characterised by high Al,O3 contents
varying between 10.77 and 0.987 wt%. The high Ca and (Na + K) contents (1.95-1.89 pfu
and 0.90-0.78 pfu, respectively) classify them as calcic amphiboles. In the amphibole
classification diagram (Figure 7b), the studied calcic amphiboles fall within the field of
magnesiohastingsite with an Xyg value ranging between 0.65 and 0.59.

Feldspar: Feldspar is dominantly plagioclase and is high in Na with an average compo-
sition of Angp.49 Absg.58 Orp.4. K-feldspar is also identified in two samples with an average
composition of Orgs97 Abz4 Ang (Figure 7c).

Biotite: Biotite is restricted to two samples with near-homogeneous composition and is
characterised by high TiO; contents (up to 4.84 wt%) with Xy, values ranging between
0.64 and 0.68.

6. Zircon U-Pb Ages, Trace Element, and Hf Isotopes

Zircons from the samples were separated using the conventional Wilfley table-magnetic
separation technique. Separated grains were manually handpicked, mounted on a stan-
dard epoxy disc of 25 mm diameter, and polished to expose their internal structure. The
grains were further examined by cathodoluminescence (CL) and Backscatter Electron (BSE)
imaging using a TESCAN Vega4 scanning electron microscope at NGRI, Hyderabad. U-Pb
isotope and trace element analyses of zircons were performed at the Isotope Geochemistry
Facility (IGF), NCESS, using a Teledyne CETAC, Nd: YAG (213 nm) solid-stated state laser
coupled with an Agilent 7800 quadrupole ICPMS. The analytical protocol was according
to [21]. For U-Pb analysis, the 91500 zircon [44] was used as the primary standard, whereas
Plesovice [45] and BB11 zircon [46] were monitored for quality checks. Data reduction and
the calculation of ratios and ages were performed offline using Iolite 4.4 [47] and the calcu-
lated isotopic ratios and elemental concentrations were processed using Isoplot 4.15 [48].
For in situ trace element determination, NIST 610 [49] was used as the primary reference
standard for time-drift correction and quality monitoring, with 2Si (IS value = 14.98%) as
the internal standard. Ti-in-zircon crystallisation temperatures [50] were calculated using
agio2 = 1 and aTip = 0.6. The hafnium isotopic composition of zircons was analysed at the
Isotope Geochemistry Facility (IGF), NCESS using a Teledyne CETAC, Nd: YAG (213 nm)
solid-state laser coupled with a Nu Plasma 3 Multicollector ICPMS. Zircons analysed for
U-Pb dating were reanalysed, and spots were positioned close to the previous crater due to
spatial limitations. The analytical protocol was according to [22]. 91500 zircon [44] was used
as the primary standard, whereas Plesovice [45] was monitored for quality check. Data re-
duction and ratios were calculated offline using the Hf isotope package in Iolite 4.4 [47]. The
176Lu decay constant of 1.865 x 10~ !.yr~! [51] was used to calculate initial Hf isotopic ra-
tios (17°Hf/177Hf). The initial epsilon Hf and two-stage-depleted mantle model ages (Tpyy)
were calculated using chondritic uniform reservoir (CHUR) ratios of 1761f /177Hf = 0.0332
and 7°Lu/V7Hf = 0.282772 [52], and depleted mantle ratios of 7°Hf/177Hf = 0.283251 [53]
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and YLu/Y7Hf = 0.0384 [54]. All uncertainties were reported in 20 confidence levels. The
zircon U-Pb, trace element, Ti-in-zircon temperatures, and Hf isotope data are presented in:
Supplementary material 3, 4, and 5.

Zircons from the samples are spherical, oval, or irregular-shaped grains ranging from
80 to 200 um with an aspect ratio of 2:3. In CL images, they display structureless fir
tree zoning or sector zoning and rarely chaotic textures with the local appearance of flow
domains. Among these, some zircons show core-rim textures in which either the core or rim
is homogeneous. Occasionally, the outer and inner domains also preserve well-developed
oscillatory zoning with skinny bands (Figure 8).

100pm

100pm

Figure 8. Cathodoluminescence images of selected zircon grains from gabbros. Yellow circles mark
the position of the laser spot for U-Pb dating with 2%Pb /23U ages (in Ma) and red circles mark the
position of Hf isotope with ¢Hf;y analysis. Laser spot sizes are scaled to size.
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Sample NB8: Twenty-one spots were analysed from the sample, which shows a Th/U
distribution between 0.26 and 0.38. 2%°Pb /233U ages of the sample range between 520 and
554 Ma with nineteen grains defining a weighted mean 2%Pb /23U age of 529 + 4 Ma
(MSWD = 3.3). Additionally, thirteen grains represent a coherent concordia popula-
tion at 531 + 4 Ma (MSWD = 1.4), which is in agreement with the weighted mean age
(Figure 9a). Chondrite-normalised REE patterns of zircons display strongly positive Ce
(Ce/Ce* =79.5-5.2) and weakly negative Eu (Eu/Eu* = 1.1-0.09) anomalies together with
LREE depletion and HREE enrichment (Figure 10a). The Ti concentration in zircons ranges
between 23.9 and 2.8 ppm, estimating Ti-in-zircon temperatures between 894 and 678 °C.
The Hf isotopic composition of zircons shows initial ”6Hf /17 Hf values between 0.282311
and 0.282191 with eHfy) ranging between —4.64 and —9.26 (Figure 11a), whereas Tpy ages
of the samples are between 1.47 and 1.30 Ga (Figure 11b).
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Figure 9. (a—f): U-Pb geochronological data of zircons analysed from gabbros presented in Wetherill
diagrams: (a) NBS, (b) NB15, (c) NB17, (d) NB20, (e) NB36, and (f) NB44. Blue circles represent
concordia population and grey circles represent discordant spots. Inset shows weighted mean
206pp /2381 ages.
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Figure 10. (a—f): Chondrite-normalised REE pattern of zircons from gabbros: (a) NBS, (b) NB15,
(c) NB17, (d) NB20, (e) NB36, and (f) NB44.
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Sample NB15: Twenty spots analysed from the samples display 2%°Pb /23U ages
between 546 and 583 Ma with Th/U ratios ranging between 0.24 and 0.31. Nineteen spots
among these define a weighted mean 2%Pb /238U age of 558 + 4 Ma (MSWD = 3.3), which
is supplemented by a concordia age of 557 + 3 Ma (MSWD = 1.5) defined by sixteen spots
(Figure 9b). Chondrite-normalised REE patterns of zircons from the sample display LREE
depletion and HREE enrichment with strongly positive Ce (Ce/Ce* = 22.8-5.5) and weakly
negative Eu (Eu/Eu* = 0.78-0.16) anomalies (Figure 10b). The Ti concentration in zircons
ranges between 13.5 and 4.0 ppm, estimating Ti-in-zircon temperatures between 828 and
709 °C. The Hf isotopic composition of zircons shows initial ”°Hf /17”Hf values between
0.282274 and 0.282174 with eHf(y) ranging between —5.60 and —8.86 (Figure 11a), whereas
Tpm ages of the samples are between 1.49 and 1.35 Ga (Figure 11b).

Sample NB17: Thirty spots analysed from the samples show Th/U ratios between 0.21
and 1.04 and 2%Pb /238U ages between 507 and 566 Ma. Among these, twenty-four spots
from the sample define a weighted mean 2%°Pb /23U age of 531 + 4 Ma (MSWD = 2.5),
whereas twenty-two grains define a concordia population at 532 &+ 3 Ma (MSWD = 2.2)
(Figure 9¢). Chondrite-normalised REE patterns of zircons display LREE depletion and
HREE enrichment with strongly positive Ce (Ce/Ce* = 106-3.2) and weakly negative Eu
(Eu/Eu* = 1.5-0.29) anomalies (Figure 10c). The Ti concentration in zircons ranges between
19.8 and 2.8 ppm, estimating Ti-in-zircon temperatures between 872 and 679 °C. The Hf
isotopic composition of zircons shows initial 7®Hf/17”Hf values between 0.282412 and
0.282344 with ¢Hf () ranging between —0.84 and —3.37 (Figure 11a), whereas Tpy ages of
the samples are between 1.26 and 1.16 Ga (Figure 11b).

Sample NB20: Seventeen spots analysed from the samples demonstrate the 2°°Pb /238U
age spread between 5024 and 581 Ma with Th/U ratios between 0.27 and 0.41. Fourteen
spots among these define a weighted mean 2°°Pb /238U age of 544 + 7 Ma (MSWD = 3.9),
which is supported by a concordia age population at 543 £ 5 Ma (MSWD = 0.18) defined
by eleven spots (Figure 9d). Chondrite-normalised REE patterns of zircons show LREE
depletion and HREE enrichment with strongly positive Ce (Ce/Ce* = 34.9-3.5) and weakly
negative Eu (Eu/Eu* = 0.73-0.11) anomalies (Figure 10d). The Ti concentration in zircons
ranges between 46.2 and 4.0 ppm, estimating Ti-in-zircon temperatures between 982 and
710 °C. The Hf isotopic composition of zircons shows initial ’°Hf/17”Hf values between
0.282369 and 0.282242 with ¢Hf() ranging between —2.16 and —6.20 (Figure 11a), whereas
TpwMm ages of the samples are between 1.39 and 1.22 Ga (Figure 11b).

Sample NB36: Sixteen spots analysed from the samples show Th/U ratios between 0.21
and 1.04 and the 2°Pb /23U age spread between 511 and 581 Ma. Fifteen spots from these
define a weighted mean 2%°Pb /238U age of 531 4- 6 Ma (MSWD = 3.3), while fourteen grains
define a concordia age at 533 = 5 Ma (MSWD = 1.8) (Figure 9e). Chondrite-normalised REE
patterns of zircons display LREE depletion and HREE enrichment with strongly positive
Ce (Ce/Ce* = 19.5-3.5) and weakly negative Eu (Eu/Eu* = 1.2-0.18) anomalies (Figure 10e).
Ti-in-zircon temperature estimates range between 891 and 710 °C, which corresponds to a
Ti concentration of 23.4 to 4.0 ppm. The Hf isotopic composition of zircons shows initial
176Hf /177Hf values between 0.282398 and 0.282242 with ¢Hf; ranging between —1.30
and —7.12 (Figure 11a), whereas Tpy ages of the samples are between 1.40 and 1.18 Ga
(Figure 11b).

Sample NB44: Thirty-seven spots analysed from the samples exhibit Th/U ratios
between 0.25 and 0.46 and 2%°Pb /233U ages between 540 and 574 Ma. Thirty-three spots
from this group define a weighted mean 2°°Pb /238U age of 559 + 3 Ma (MSWD = 3.9), which
is supplemented with a concordia age population at 561 + 2 Ma (MSWD = 0.47), defined
by twenty-nine spots (Figure 9f). Zircon-chondrite-normalised REE patterns display LREE
depletion and HREE enrichment with strongly positive Ce (Ce/Ce* = 44-8.9) and weakly
negative Eu (Eu/Eu* = 0.84-0.10) anomalies (Figure 10f). Ti-in-zircon temperatures are
estimated between 909 and 721 °C as defined by Ti concentrations between 27 and 4.6 ppm.
The Hf isotopic composition of zircons shows initial 17°Hf /1”7Hf values between 0.282282
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and 0.282235 with eHf() ranging between —5.08 and —6.74 (Figure 11a), whereas Tpy ages
of the samples are between 1.40 and 1.34 Ga (Figure 11b).

7. Discussion
7.1. Petrogenesis of Mafic Rocks in Nagercoil Block

The studied gabbros are characterised by their tholeiitic affinity with strong enrich-
ment of LILE/LREE and depletion in HREE elements. These geochemical characteristics,
together with negative anomalies for Zr, Hf, and Ti and high LILE-to-HFSE ratio, are
suggestive of their origin in an arc-related environment, possibly by the involvement of
subduction of a modified enriched mantle source [55,56]. The arc affinity of the samples
is further validated by the La/Yb vs. Nb/La (Figure 12a) [57] and TiO, vs. Al,O3 dia-
gram [58], where the gabbros fall within the arc field (Figure 12b). The FeO*/MgO vs. TiO,
values of the samples indicate that they were primarily derived from the arc front [59]
(Figure 12c). Furthermore, the low Nb/La (0.14-0.61) ratios of these gabbros are partly
similar to those from the lithospheric mantle (0.3-0.4) rather than asthenospheric mantle
(>1), suggesting that they were likely originated from a depleted lithospheric mantle [60].
This is further demonstrated by their positive Nb and Ta anomalies [59] together with
high La/Nb (7.24-1.63) and La/Ta (44.36-14.24) and low Zr/Ba (0.24-0.14) ratios [61,62].
However, a significant variation in trace element pair ratios such as Nb/U (30.87-7.05),
Ta/U (3.54-1.20), and Ce/Pb (6.27-1.97) from MORB is also noticed for the samples. This is
further demonstrated in the Nb/Yb vs. Th/Yb diagram [63] where the gabbros fall away
from the MORB-1IOB array (Figure 12d), which suggests that the composition of gabbros
does not directly reflect the composition of the primary melt, rather a modified melt com-
position [64]. The overall trend of the sample pointing toward the volcanic arc array in
the Nb/Yb vs. Th/Yb diagram suggests the influence of subduction-related processes in
their generation.
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Even though the subduction-modified primary melt composition is proposed for the
generation of these rocks, the extremely low Nb/Ta (<9) implies the presence of a possible
contaminant in modifying their parental composition. This is further demonstrated by the
wide variation in K,O/P,0s5 (6.71-2.06) and TiO, /P,Os ratios (7.00-2.28) in the sample,
suggesting the incorporation of the silicic crustal component with granitic composition [65].
A close correlation with the ratios of incompatible elements such as Zr/Sm (7.52-3.98),
Sm/La (0.50-0.23), TiO, /Zr (0.07-0.03), and Th/Yb (0.48-0.25) in gabbros with the average
composition of host charnockite [17] validates the involvement of basement charnockites
in modifying the parental melt composition of these gabbros. To assess the extent of crustal
contamination and source composition, we used assimilation and fractional crystallisation
(AFC) modelling using the La/Sm vs. Lu/Yb bivariant plot (Figure 13). AFC modelling
was carried out using the ‘PetroGram’ excel spreadsheet [66] where non-modal fractional
melting was performed using spinel- and garnet lherzolite compositions as end members
(compositions are from [67,68]). Primitive mantle (PM) values from [41] were used as the
primary melt composition for constructing the AFC line, and the average composition of
charnockites from the Nagercoil block [17] was used as the contaminant. The modelled
output reveals that the gabbros in the Nagercoil block can be generated by ~1% to 1.5%
partial melting of a mantle source composed of a ~50/50 contribution from spinel and
garnet lherzolite with an AFC up to ~87%. This argument of the spinel-garnet lherzolite
contribution in primary melt generation is further supported by their Ce/Y values (<2.5)
that are in agreement with the primary melt generation from the spinel-garnet stability
field [69].
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Figure 13. Assimilation and fractional crystallisation (AFC) model showing La/Sm vs. Lu/Yb
bivariant diagram for gabbros. PM: Primitive Mantle.

7.2. Neoproterozoic Mafic Magmatism in Nagercoil Block and Its Tectonic Significance

Zircon grains from the gabbros are characterised by structureless fir tree to sector
zoning with poorly developed core-rim structures, which is commonly found in zircons
from mafic rocks [70]. The magmatic origin of these rocks is further demonstrated by their
low Th/U ratios, which is also typical of zircons crystallising from mafic magmas [71]. U-Pb
dating of zircons from the samples yield well-defined concordia and a coherent weighted
mean population bracketed between 561 and 531 Ma. These ages can be interpreted
as the timing of mafic emplacements in the terrane. These ages also closely follow the
timing of granulite facies metamorphism recorded in the terrane [34-38]. The intrusive
relationship of these gabbros with the host charnockites and the similarity in the timing of



Minerals 2022, 12, 1509

14 of 21

their emplacement and metamorphism in the terrane suggest synchronous emplacement of
these rocks with the regional-scale metamorphic event.

Trace element signatures of zircons from gabbros are characterised by LREE depletion
and HREE enrichment along with prominent negative europium and positive cerium
anomalies, all indicative of their igneous origin [72]. The formation of zircons in mafic
rocks is rare owing to their low Zr and free SiO; concentrations. In such a scenario, zircon
formation is mainly assisted by metasomatism with Zr supplied from subduction zone
fluids and is expected to retain zircons from the slab residue as inherited grains [73].
In the present study, high-Hf and low-Zr/Hf-ratio zircons represent their growth in a
fractionated melt [74], whereas prominent positive Ce and negative Eu anomalies indicate
coeval plagioclase crystallisation. The involvement of fractional crystallisation in the
zircon formation is further demonstrated by the negative correlations between Ti and Hf
concentrations. Trace element signatures zircons can also be used to identify the tectonic
setting for their formation. Zircons from the gabbros are characterised by their high
U/Yb (>1) ratio, which indicates their arc affinity [75], whereas, in the Y vs. U/Yb zircon
discrimination diagram ([76], Figure 14), all samples fall within the continental zircons
field. These inferences of zircon formation during fractional crystallisation in a continental
arc environment are consistent with the observations based on whole-rock geochemistry.
Hafnium isotopic signatures of zircons show initial 17°Hf/17”Hf ratios ranging between
0.282412 and 0.282174 with eHf() ranging between —0.84 and —9.26, whereas Tpy ages
fall between 1.49 and 1.16 Ga. The tight population of initial 7*Hf/“Hf ratios and a
narrow Tpy age range suggest the formation of these gabbros from a near-uniform mid-
Mesoproterozoic (Ectasian) isotopic reservoir. These Tpy ages are consistent with the
previous studies on gabbros from the area [34]. However, they are younger than the
Paleoproterozoic Hf-Tpy [2,77] and Nd-Tpy ages [17,31] reported from charnockites and
orthogneisses in the region. The negative to near-positive eHf() of the zircons suggests low-
degree reworking of the mid-Mesoproterozoic source for the generation of parental melt.
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Figure 14. Y vs. U/Yb zircon discrimination diagram [76].

7.3. Geodynamic Significance

The Nagercoil block preserves three major crustal growth/metamorphic episodes: (1) 1.9
to 2.0 Ga I-type charnockite emplacement with juvenile magmatic signatures [2,34,36,37];
(2) 0.55 Ga granulite facies metamorphism [35,36,38]; (3) 0.55 mafic emplacement [34].
Traditionally, the Nagercoil block has been treated as an exotic tectonic unit with African
ancestry. It resided with the Congo-Tanzania-Bangweulu continent that subsequently
became amalgamated into India during the Ediacaran-Cambrian Gondwana supercon-
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tinent amalgamation [36]. This argument was strictly based on the lack of a 1.9-2.0 Ga
magmatic/metamorphic record elsewhere in the south Indian shield. Alternatively, the
Nagercoil block was also proposed as a Paleoproterozoic magmatic arc generated with
the subduction-collision of crustal fragments within the Columbia supercontinent [37],
which is further validated by the increased recognition of 1.9 Ga magmatic/metamorphic
episodes from other parts of SGT [22,56]. As contrasting models have been proposed for
the tectonic evolution of the Nagercoil block, the present study attempts to address the
issue based on the new data generated for gabbros along with available results published
so far from the terrane.

Based on the new geochemical and zircon U-Pb/trace element fingerprinting of the
samples, it can be interpreted that the parental melts of these gabbros were generated by the
partial melting of the subduction-modified lithospheric mantle source, emplaced and subse-
quently metamorphosed to granulite facies conditions between 561 and 531 Ma. The present
tectonic models proposed for the emplacement of gabbros in the adjacent Trivandrum block
argues for a collision between Madurai and Nagercoil blocks during the East African
collisional orogeny resulting in subduction, slab breakoff, and asthenospheric upwelling
processes along the Achankovil shear zone during the late Neoproterozoic period [6,59].
However, a similar model cannot be envisaged for the samples from Nagercoil, considering
the Hf-Tpy model ages of these gabbros. Hf-Tp)y; model ages of the samples range from
1.16 to 1.48 Ga, pointing to a mid-Mesoproterozoic melting source. Available Hf-Tpy and
Nd-Tpym model ages from Madurai and Nagercoil blocks are dominantly Paleoprotero-
zoic [2,17,22,34,37,78], except for the eastern part of central Madurai and southeastern part
of Madurai and Trivandrum blocks [2,17,30,31]. Among these, rocks from the eastern part
of the central Madurai block are reported with Cryogenian emplacement ages and negative
eHfy) signatures (moderately reworked). In contrast, the Tonian rocks from SE Madurai
and Trivandrum blocks (roughly equivalent to the Achankovil unit [31]) are characterised
by positive to near-positive eHf(y signatures (juvenile to less reworked) [2,30,79,80]. These
domains also fall within the youngest Nd-model aged terrane in the SGT, with Nd-Tpy
ages ranging between 2000 and 1200 Ma [17]. Considering the source age and eHf ;) values
of studied gabbros, a mid-Mesoproterozoic melting source with a juvenile to less reworked
signature is required for their formation. These requirements agree with the isotopic char-
acteristic of the Achankovil unit [31]. Hence, Neoproterozoic subduction along the ASZ
is unlikely as this could generate gabbros either with juvenile isotopic signatures or with
moderately to strongly reworked isotopic signatures with Paleoproterozoic melting source
age. A similar argument can also be proposed for the emplacement of gabbros in the
Trivandrum block, considering their similarities in geochemistry and emplacement age.
However, the idea remains ambiguous due to the lack of zircon Hf isotopic data from
gabbros in the Trivandrum block.

As these gabbros are interpreted to be formed by the melting of a mid-Mesoproterozoic
source, possibly contributed from the southeastern Achankovil unit, the formation of these
rocks in the Nagercoil block can be explained in connection with the tectonic evolution
of the Achankovil unit. The Achankovil unit represents a younger Nd-model-age terrane
reported with Tonian U-Pb ages and juvenile Hf isotopic signatures [2,17,30,31]. Based
on the age and isotopic signatures, the Achankovil unit has been previously correlated
with the Wanni Complex of Sri Lanka [26,31], although recent studies suggest a linkage
between the Wanni Complex and eastern Madurai block [4,34,78,81,82]. In this context,
the correlation of the Achankovil unit with its Sri Lankan counterpart remains enigmatic.
An alternative is the Vijayan complex of Sri Lanka, a Grenville age magmatic suit pre-
dominantly emplaced between 1100 and 1000 Ma with mid- to early-Mesoproterozoic Hf
and Nd model ages [77]. However, the formation of the Vijayan complex is correlated
with the formation of the Rodinia supercontinent [77]. Hence, a scenario can be assumed
where the mid-Mesoproterozoic subduction-modified melting source responsible for the
formation of gabbros in Nagercoil (and Trivandrum block) could have been contributed by
the active subduction process operated along the southeastern margin of accreted India
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and Sri Lanka that resulted in the formation of the Vijayan complex and Achankovil unit
during Rodinia assembly. This argument is further supported by the age and isotopic
characteristics of gabbros reported from the Highland Complex of Sri Lanka, which are
proposed to be formed by subduction-collision tectonics operated between Highland and
Vijayan complexes during the mid-Neoproterozoic [83].

7.4. Gabbros from Nagercoil Block: An Alternate Heat Source for Neoproterozoic Regional-Scale
High-T Metamorphism

SGT (mainly Madurai and Trivandrum blocks) is known for the proliferous preser-
vation of Neoproterozoic high- to ultrahigh-temperature metamorphic rocks with a gen-
eralised clockwise P-T trajectory [3,22,84]. These HT-UHT metapelites are prominently
distributed along the Suruli shear zone in the Madurai block (also known as the Kambam
UHT belt) [4,19,21-23] and Trivandrum/Achankovil shear zones [35,85-87], which are
ascribed to be formed during the collisional orogen prevalent during the final stage of the
Gondwana supercontinent assembly [3,5,19,22]. The presence of Neoproterozoic HT-UHT
metamorphism is not only restricted to SGT but also spread throughout other Gondwanan
fragments, including Antarctica [88], Sri Lanka [89], and Madagascar [90]. In such colli-
sional orogens, the formation of regional-scale UHT metamorphic rocks can be designated
to develop different tectonic scenarios [91]. In SGT and other Gondwanan terranes, the
heat source models for UHT rock formation have been poorly explored. Recent studies
from the Madurai block suggest that the UHT metamorphism in the terrane resulted from
crustal thickening and HPE enrichment, based on 1-D numerical modelling [3]. However,
an alternate model has been proposed, suggesting coeval mafic magmatism as the possible
heat source for regional-scale UHT metamorphism [23].

Other than Madurai, the Trivandrum block proximal to the Nagercoil block is also
reported for HI-UHT metapelites with metamorphic conditions reaching up to P-T values
of 5-9.5 kbar and 700-1040 °C [27,81,86,87,92]. Numerical modelling studies [93] suggest
that granulite formation in the Trivandrum block exclusively by HPE enrichment is un-
likely without adding heat from an external source. Considering these aspects, the coeval
mafic emplacements reported from the Nagercoil block [34] and Trivandrum block [59]
can be proposed as an alternative heat source for HT-UHT granulite formation in the area.
This assumption cogitates the fact that voluminous, syn-metamorphic mafic or ultramafic
emplacements reported in regional-scale granulite terranes can be considered a primary
heat source for HT-UHT granulite formation [94-97]. This argument is further supported
by the close spatial association as well as coeval emplacement ages of mafic granulites
with regional-scale HT-UHT granulites across different Gondwana fragments including
the Madurai block (our data, under review), Sri Lanka [83,98], and Antarctica [99], char-
acterising Neoproterozoic mafic emplacement as a pervasive event recorded across east
Gondwana fragments.

8. Conclusions

Petrology, geochemistry, and U-Pb/Hf geochronology of gabbros from the Nagercoil
block, south India provide a detailed understanding about their age, petrogenesis, and
tectonic significance. The gabbros were formed by the partial melting of a subduction-
modified lithospheric mantle source with a 50/50 contribution from spinel/garnet lherzolite
in a continental arc setting. LA-ICPMS U-Pb zircon ages constrain their emplacement
between 561 and 531 Ma. LA-MC-ICPMS zircon hafnium isotopic studies reveal near-
juvenile magmatic signatures with mid-Mesoproterozoic Hf-Tpy model ages. These results
provide pristine evidence for the genetic linkage between gabbros and the Achankovil unit
of south India, where the latter is perceived as the contributor of melting source. The age,
geochemistry, and isotopic characteristics of the gabbros enable correlation with similar
rock types from Sri Lanka, suggesting their coeval evolution. The study also suggests
mafic magmatism as an alternative heat source for regional-scale HT-UHT metamorphism
pervasive across Gondwanan terranes.
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Supplementary material 3: U-Pb zircon data of gabbros; Supplementary material 4: Zircon REE data;
Supplementary material 5: Zircon Hf isotope data.
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