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The assembly of Late NeoproterozoiceCambrian supercontinent Gondwana involved prolonged sub-
duction and accretion generating arc magmatic and accretionary complexes, culminating in collision and
formation of high grade metamorphic orogens. Here we report evidence for mafic magmatism associated
with post-collisional extension from a suite of gabbroic rocks in the Trivandrum Block of southern Indian
Gondwana fragment. Our petrological and geochemical data on these gabbroic suite show that they are
analogous to high Fe tholeiitic basalts with evolution of the parental melts dominantly controlled by
fractional crystallization. They display enrichment of LILE and LREE and depletion of HFSE with negative
anomalies at ZreHf and Ti corresponding to subduction zone magmatic regime. The tectonic affinity of
the gabbros coupled with their geochemical features endorse a heterogeneous mantle source with
collective melt contributions from sub-slab asthenospheric mantle upwelling through slab break-off and
arc-related metasomatized mantle wedge, with magma emplacement in subduction to post-collisional
intraplate settings. The high Nb contents and positive NbeTa anomalies of the rocks are attributed to
inflow of asthenospheric melts containing ancient recycled subducted slab components and/or fusion of
subducted slab materials owing to upwelling of hot asthenosphere. Zircon grains from the gabbros show
magmatic crystallization texture with low U and Pb content. The LA-ICPMS analyses show 206Pb/238U
mean ages in the range of 507e494 Ma suggesting Cambrian mafic magmatism. The post-collisional
mafic magmatism identified in our study provides new insights into mantle dynamics during the
waning stage of the birth of a supercontinent.

� 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Magmatism in post-collisional settings provides important in-
formation on mantle processes, crustal reworking, and crust-
mantle interaction. The geodynamic processes associated with
post-collisional tectonics include slab breakoff, lithospheric
delamination and/or convective removal of the lithosphere (e.g.
Kay and Kay, 1993; Davies and von Blanckenburg, 1995; Molnar
et al., 1998). In the case of slab break-off which involves the
detachment of high density oceanic slab from the continental
lithosphere, magmatism propagates through extensional fractures
of Geosciences (Beijing).
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and is of limited extend, immediately following the collisional
event (Davies and von Blanckenburg, 1995; Gerya et al., 2004;
Dokuz, 2011). In convective removal, the lowermost part of the
lithosphere coupled with the upper part of the lithospheric mantle
sinks down triggering asthenospheric upwelling and generating
mixed magmas from juvenile crust and subduction-modified lith-
ospheric mantle (e.g. Houseman et al., 1981; Conrad and Molnar,
1999; Krystopowicz and Currie, 2013). The mantle upwelling and
heat input result in lithospheric extension providing pathways for
magma migration and emplacement. Gabbroic magmas are
sourced from either asthenospheric mantle or lithospheric mantle
with distinct geochemical features (McDonough, 1990; Lightfoot
et al., 1993; Ewart et al., 1998; Sklyarov et al., 2003). Mafic dykes
derived from mantle magmas undergo crystallization differentia-
tion and contamination by the crustal materials both in the
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magma chamber and during ascent (DePaolo, 1981) and provide
important clues to a variety of geological processes and tectonic
environments.

The assembly of the Gondwana supercontinent occurred during
the latest NeoproterozoiceCambrian and was preceded by a pro-
longed subduction-accretion history from early to late Neo-
proterozoic building extensive continental arcs, and culminating
in the collisional amalgamation of continental fragments and
accompanying high grade metamorphism that reached up to
ultrahigh-temperature granulite facies conditions (e.g., Santosh
Figure 1. Generalized geological and tectonic framework of southern Peninsular India show
et al., 2014; Santosh et al., 2016, 2017).
et al., 2009, 2017; Collins et al., 2014; He et al., 2016). Southern
Peninsular India occupied the central part of the Gondwana su-
percontinent and preserves the records of the subduction-collision
history associated with the birth of Gondwana. However, no
detailed information is available from this region on the post-
collisional magmatism.

In this study, we report a suite of gabbroic dykes and sills from
the Trivandrum Block in the southern part of Peninsular India
(Fig. 1) which provide important insights into the post-collisional
extensional collapse of the Gondwana orogen and accompanying
ing the major crustal blocks and intervening shear/suture zones (modified after Collins
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mafic magmatism. We present petrologic, geochemical and zircon
UePb geochronological data that indicate slab break-off andmantle
upwelling leading to the formation and emplacement of mafic
magmas within post-collisional setting.
2. Geological setting

The Southern Granulite Terrane (SGT) at the southern part of
Peninsular India is a collage of crustal blocks varying in age from
Mesoarchean through Neoarchean and Paleoproterozoic to late
Neoproterozoic (Fig. 1; Collins et al., 2007, 2014; Clark et al., 2009,
2015; Santosh et al., 2009, 2016, 2017). These blocks were welded
together at various times including Mesoarchean, Neoarchean and
late NeoproterozoiceCambrian along major suture zones, some of
which are now represented by major transpressional shear zones
(Chetty and Rao, 2006). The Trivandrum Block is located at the
southern part of the SGT and is bound by the Achankovil shear/
suture zone to the north and the Nagercoil Block to the south
(Fig. 2). This crustal block is dominantly composed of granulite
facies metasediments (khondalites represented by garnet-, silli-
manite- and cordierite-bearing metapelites and leptynites repre-
sented by garnet-bearing felsic gneisses) interlayered with
charnockites (orthopyroxene-bearing anhydrous granulites with or
without garnet) and minor mafic granulites and calc-silicate rocks
(Chacko et al., 1987; Santosh, 1987). Santosh et al. (2003) reported
ArcheanePaleoproterozoic detrital zircons from the metasedi-
ments of Trivandrum Block and late NeoproterozoiceCambrian
metamorphism. Collins et al. (2007) suggested that the protoliths of
many of the metasedimentary gneisses in the Trivandrum Block
were sourced from Paleoproterozoic and Neoarchean rocks which
Figure 2. Geological framework of the southern part of the Madurai Block and th
were deposited later than 1900 Ma. Paleoproterozoic monazites
were also identified from metasedimentary rocks of the Trivan-
drum Block in an earlier study (Bindu et al., 1998). Collins et al.
(2007) correlated their source to Paleoproterozoic sedimentary
rocks in central Madagascar and suggested that they both were
sourced from the same East African rocks. Metamorphic zircon and
monazite ages from the Trivandrum Block all cluster around late
NeoproterozoiceCambrian (Bindu et al., 1998; Santosh et al., 2003,
2006; Collins et al., 2007; Kröner et al., 2015, among others),
correlated with tectonics associated with the final assembly of
the Gondwana supercontinent. However, recent studies reveal
that the basement rocks of the Trivandrum Block are mostly Pale-
oproterozoic (Kröner et al., 2015), with suspected multiple meta-
morphism both during late Paleoproterozoic and late
NeoproterozoiceCambrian (Liu et al., 2016; Harley and
Nandakumar, 2016).
3. Sampling and petrography

This study focuses for the first time on the gabbroic rocks
occurring as sills, dykes and boudinaged blocks within granulite
facies metasediments (khondalites/leptynites) of the Trivandrum
Block. The rock is dark-colored and fine-grained and is composed of
equidimensional mosaic of xenomorphic grains. The width of these
dykes and sills ranges from 10 cm to more than 1 m. The core of the
mafic dykes/sills is generally fine grained and dark composed of
clinopyroxene and plagioclase. Accessory minerals are mainly
hornblende and magnetite. The rim domains of the dykes/sills in
contact with metasedimentary host rocks additionally carry
orthopyroxene and minor quartz and garnet. Chilled margins are
e Trivandrum Block to the south showing sample locations of present study.
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not distinctly observable and in some cases, the dykes/sills show
minor gradational boundary, indicating that the surrounding rocks
were still hot at the time of emplacement of the dykes/sills. The
host metapelites carry cordierite, sillimanite and garnet along
aluminous compositional bands or garnet and biotite in more
psammitic varieties. Field relations suggest that the gabbroic dykes
and sills intruded into the metapelitic rocks after the peak meta-
morphic event, although the host rocks and themafic intrusions are
co-folded and fractured in some localities indicating common late
stage deformational history.

The representative localities investigated and sampled in this
study are shown in Fig. 2 and a summary is given in Table 1. At
Naruvamoodu (PG-1, Fig. 3a), a large quarry face exposes a series of
closely spaced mafic sills (Fig. 3a) emplaced parallel to the
compositional planes of the host metapelites. Gabbro dykes and
sills occur as boudinaged layers and boudins within the gneissic
units at several other localities in the Trivandrum block including
Venjaramoodu (PG-20), Vattapara (PG-6), Chullalam (PG-5) and
Kilimanoor (PG-12). Boulders and blocks of fine grained gabbroic
rocks stand out in weathered and lateritised gneisses at Nagaroor
(PG-13), Melattumuzhu (PG-9) and Kataikonam (PG-10). The host
rocks are mainly khondalites (garnet-sillimanite-cordierite granu-
lites), leptynites (felsic garnet gneisses with or without biotite) and
Table 1
Sample details analyzed for petrology, geochemistry and zircon geochronology in
this study.

No. Sample No. Location Latitude and longitude Rock types

1 PG-1 Naruvamoodu N8�2803200

E77�00031.9900
Gabbro

2 PG-2 Mukkunimala N8�27049.2900

E77�01015.1100
Gabbro

3 PG-3 Puvadakonam N8�27016.8000

E77�01055.3000
Gabbro

4 PG-4 Killiyoor N8�5053.7200

E77�12047.0300
Gabbro

5 PG-5 Chullalam N8�40044.5000

E76�58020.6200
Gabbro

6 PG-6 Vattappara N8�3503300

E76�5701.6700
Gabbro

7 PG-7 Mottakuzhi N8�34015.5800

E76�55048.8300
Gabbro

8 PG-8 Chengottukonam N8�3505.1100

E76�5305600
Gabbro

9 PG-9 Melattumuzhi N8�42053.8600

E76�55025.2600
Gabbro

10 PG-10 Kattaikonam N8�3607.7200

E76�53044.8400
Gabbro

11 PG-11 Ayiruppara N8�3606.2900

E76�53036.5400
Gabbro

12 PG-12 Kilimanoor N8�46013.2800

E76�52059.6200
Gabbro

13 PG-13 Nagaroor N8�4408.8500

E76�50050.9200
Gabbro

14 PG-14 Ozhukupara N8�46042.9200

E76�52016.5400
Gabbro

15 PG-15 Kunnanpara N8�24049.7500

E76�58027.1300
Gabbro

16 PG-16 Ponmudi N8�45025.9700

E77�705.5300
Gabbro

17 PG-17 Chemaruthmukku N8�45055.3900

E77�52024.3100
Gabbro

18 PG-18 Unnanpara N8�4602.7100

E76�4800.0100
Gabbro

19 PG-19 Aramthanam N8�3607.7200

E76�53044.8400
Gabbro

20 PG-20 Venjaramudu N8�41029.8000

E76�54055.5100
Gabbro
charnockites (orthopyroxene-bearing greasy green granulites with
or without garnet).

Under thin section, the gabbroic rock is composed of inter-
locking grains of clinopyroxene and plagioclase with hornblende,
magnetite and biotite as the major accessories and apatite and
zircon as minor minerals (Fig. 4). Orthopyroxene, garnet and quartz
occur toward the margin domains of the dykes/sills. The following
mineral assemblages are identified: (1) Clinopyroxene þ
Plagioclase þ Magnetite þ Hornblende; (2) Clinopyroxene þ
Orthopyroxene þ Plagioclase þMagnetite þ Hornblende þ Biotite;
(3) Orthopyroxene þ Clinopyroxene þ Plagioclase þ Garnet
þ Biotite þ Magnetite þ Quartz.

4. Analytical techniques

4.1. Whole rock geochemistry

Fresh samples of the gabbros were crushed using a jaw crusher
and was fine powdered in an agate mortar. Major elements were
analyzed at the National Geophysical Research Institute (NGRI),
India by XRF (Phillips� MAGIX PRO Model 2440), with a relative
standard deviation of <3% (Krishna et al., 2007). The sample
powders were dissolved in reagent grade HF:HNO3 acid mixture in
Savillex screw top vessels for trace element analyses including rare
earth (REE) and high field strength (HFS) elements. The analysis
was performed using HR-ICP-MS (Nu ATTOM�, Nu Instruments,
UK) at the National Geophysical Research Institute (NGRI), Hyder-
abad using 103Rh as an internal standard. Replicate analyses of so-
lution of standard G-2 (USGS) ensured drift correction and
calibration. The precision and accuracy are better than RSD 5% for
most of the trace elements, and RSD 10% in the case of HREE
(Satyanarayanan et al., 2014). Anomalies of HFSE relative to
neighboring REE are given as Nb/Nb*, Zr/Zr*, Hf/Hf* and Ti/Ti*. Mg#
is calculated as Mg/(Mg þ FeT). The chondrite and primitive mantle
normalization values are from Sun and McDonough (1989).

4.2. Zircon UePb geochronology

Conventional heavy liquid and electro-magnetic techniques
were employed for the separation of zircon grains from crushed
rock samples, followed by handpicking and mounting in epoxy
resin discs. The discs were then polished to expose the grains and
carbon coated. Internal morphology of the zircons was examined
using cathodoluminescence (CL). Zircon UePb analysis was carried
out at National Key Laboratory of Continental Dynamics of North-
west University, by using laser ablation inductively coupled plasma
spectrometry (LA-ICP-MS) following procedures given in Yuan et al.
(2004). The laser spot diameter and frequency were 30 mm and
10 Hz, respectively. Zircon 91500 was employed as a standard and
the standard silicate glass NIST was used to optimize the instru-
ment. The raw data were processed using the GLITTER program to
compute isotopic ratios and ages of 207Pb/206Pb, 206Pb/238U, and
207Pb/235U. Data for common Pb was collected following the
method outlined in Andersen (2002), and the ages were calculated
by ISOPLOT 4.15 software (Ludwig, 2003).

5. Geochemistry

5.1. Major elements

Major and trace element compositions of thirteen mafic dykes/
sills from Mukkunimala, Puvadakonam, Killiyoor, Chullalam, Vat-
tappara, Mottakuzhi, Melattumuzhi, Ayiruppara, Nagaroor, Ozhu-



Figure 3. Representative field photographs of the gabbroic studies analyzed in this study. (a) Layer-parallel intrusions of mafic dykes emplaced within garnet-sillimanite-cordierite
bearing metapelites (khondalites) at Naruvamoodu. (b) Mafic dyke showing sharp contact with host khondalite at Vattappara. (c) Set of folded mafic dykes emplaced within
khondalite/leptynite units at Kilimanoor.
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Figure 4. Representative photomicrographs showing the mineral assemblages in the gabbroic rocks of present study. Cpx: clinopyroxene, Opx: orthopyroxene, Pl: plagioclase, Hbl:
hornblende, Bt: biotite, Mt: magnetite. All photos in crossed nicols.
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kupara, Kunnanpara, Chemaruthmukku and Aramthanam areas of
the Trivandrum block are presented in Supplementary Table 1. The
studied samples are characterized by a restricted range of SiO2
contents (45.1e50.3 wt.%), moderate to high TiO2 (0.98e4.81
wt.%), moderate concentrations of MgO (5.05e7.13 wt.%) and
CaO (8.61e12.6 wt.%), with elevated abundance of Al2O3
(11.9e16.32 wt.%) and Fe2O3 (14.83e20.4 wt.%). The Mg# values
and total alkali content for the samples range from 19 to 29 and 0.9
to 3.85 respectively. The studied samples plot in the field of gabbro
in the total alkali vs. silica (TAS) diagram (Fig. 5; after Cox et al., 1979
and adapted from Wilson, 1989). Thus, these dykes/sills are clas-
sified as dominantly gabbros and they are chemically analogous to
high Fe tholeiitic basalts as reflected from their plots on Jensen’s
diagram (Fig. 6a). This observation is in accordance with the
distinct tholeiitic nature of the studied samples on AFM ternary
plot (Fig. 6b) of Irvine and Baragar (1971). The gabbros clearly
correspond to the tholeiite series on FeOT vs. FeOT/MgO plot
(Fig. 6c) and low K-tholeiite to medium-K calc-alkaline series in the
K2OeSiO2 diagram (Fig. 6d).
5.2. Trace and rare earth elements

The transitional compatible trace element chemistry for the
studied samples is marked by depleted Ni (17.24e59.97 ppm), Cr
(23.73e101.03 ppm) and Co (50.57e85.74 ppm) concentrations.
The large ion lithophile elements (LILE) viz. Rb, Sr and Ba show
variable compositions in the range of 0.9e21.61 ppm,
14.12e165.2 ppm and 6.92e236.63 ppm respectively. Among the
high field strength elements (HFSE), Nb (3.4e30.2 ppm), Zr
(13e441 ppm) and Y (17.5e69.3 ppm) display moderate to elevated
abundance, whereas Hf, Ta, and Th record relatively lower con-
centrations (Supplementary Table 1). These rocks show variable
total REE contents ranging from 32.8 ppm to 164.4 ppm. Chondrite
normalized REE patterns (Fig. 7a,c,e) of the gabbros show slight to
moderate enrichment in LREE and flat to fractionated HREE pat-
terns with negligible to negative Eu anomalies and mild positive
anomalies of Ce. The (La/Sm)N ¼ 0.5e2.43, (Sm/Yb)N ¼ 0.96e2.53,
(Gd/Yb)N ¼ 1.03e2.3 and (La/Yb)N ¼ 0.65e3.6 collectively suggest
feeble to pronounced LREE/MREE and LREE/HREE fractionation



Figure 5. Total alkali vs. silica diagram in which the studied rocks plot in the field of
gabbro (after Cox et al., 1979, and adapted from Wilson, 1989).
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patterns with moderate to prominent MREE/HREE fractionation.
Primitive mantle-normalized trace element abundance patterns
(Fig. 7b,d,f) show distinct negative anomalies for Th, ZreHf and Ti
conforming to relative HFSE depletion with LILE and LREE enrich-
ment. The multi-element patterns for these rocks are marked by
pronounced positive anomalies at Nb and Ta indicating enrichment
of these elements over LILE and LREE.
6. Zircon UePb geochronology and trace elements

6.1. Zircon UePb geochronology

Representative cathodoluminescence (CL) images of the zircon
grains from the three gabbro samples of PG-6, PG-15 and PG-17
analyzed in this study are shown in Figs. 8e10, respectively. The
UePb analytical data are given in Supplementary Table 2, and
plotted in concordia diagrams together with age data histograms
andprobability curves in Figs.11e13. Abrief descriptionof the zircon
characteristics and age results from individual samples is given as
below. For different samples with or without different age groups,
the weighted mean age is presented with two types of uncertainty:
analytical uncertaintyand total uncertainty. For example, 206Pb/238U
weighted mean age of 507.3 � 3.6 [10.8] Ma (MSWD¼ 1.13, N ¼ 27)
indicates that 3.6Ma is the analytical uncertainty, and the 10.8Ma is
the total uncertainty (SQRT: analytical uncertainty2 þ systematic
uncertainties2; see Spencer et al., 2016, 2017).

Zircon grains from sample PG-6 are colorless or slightly
brownish. They are prismatic and stumpy with size mostly larger
than 80 mm � 100 mm and aspect ratios higher than 1:1. In CL im-
ages, all the zircons display striped zoning and show clearly
magmatic origin (Fig. 8). Zircon grains from sample PG-15 are also
colorless and range from 60 mm � 80 mm to 100 mm � 200 mm in
size with aspect ratios of 3:1 to 1.5:1. In CL images, they show
weakly patch zoning or striped zoning (Fig. 9). Some grains are
mostly homogeneous without any clear zoning. The zircon grains in
sample PG-17 are larger in size than those in samples PG-6 and PG-
15. They show 100 mm� 200 mm size with aspect ratios higher than
2:1. In CL images, all the zircon grains display weakly oscillatory
zoning or striped zoning (Fig. 10) suggesting magmatic origin.
Thirty-five zircon spots were analyzed in sample PG-6 and the
results show low contents of Pb (17.37e32.79 ppm with one
exception of 165.04 ppm) and U (43.79e97.72 ppm), with relatively
lower Th contents (8.07e17.28 ppm, only one exception of
36.46 ppm) (Supplementary Table 2). Among the 35 zircon spots,
34 analysis including 27 concordant ones and 7 discordant ones
show 206Pb/238U spot ages in the range of 483 � 18
Ma to 554 � 20 Ma. The concordant plots yield a 206Pb/238U mean
age of 507.3 � 3.6 [10.8] Ma (MSWD ¼ 1.13, N ¼ 27) (see Fig. 11aec)
which is considered as the crystallization age of this rock. In this
zircon group, one analysis from the discordant spots shows an older
206Pb/238U age of 554 � 20 Ma which may suggest the crystalliza-
tion age of the inherited zircons. The other zircon grain displaying
the highest Pb content and lowest U and Th contents in the
analyzed zircons from this sample is discarded in the concordia
plots due to the large error.

Thirty-five zircon grains were analyzed from the gabbro sample
PG-15. The results show very low Pb and U and contents, however
they display slightly larger ranges than those of zircons in sample
PG-6 (Supplementary Table 2). The dominant zircon plots are
concordant and divided into three groups. One group includes
seven zircon grains which are rounded in shape. Among these, five
are concordant spots and the other two are discordant ones. The
seven zircons display 206Pb/238U spot ages ranging from
561�19Ma to 581� 20Ma and yield an older 206Pb/238Umean age
of 572.9� 8.6 [14.3] Ma (MSWD¼ 0.63, N¼ 5) (see Fig. 12aed). The
main zircon group with 19 concordant analysis and 8 discordant
ones are the grains with prismatic feature and showing 206Pb/238U
spot ages of 492 � 16 Ma to 539 � 18 Ma. In this group, the
concordant spots yield a younger 206Pb/238U mean age of
505.1�3.9 [10.8] Ma (MSWD¼ 0.54, N¼ 19) (see Fig. 12a,b,e,f). The
remaining one zircon spot is discordant suggesting lead-loss and
shows 206Pb/238U age of 630 � 21 Ma indicating inherited zircon in
the basement rocks. The 206Pb/238U mean age of ca. 573 Ma is also
considered as the age of the inherited zircons probably caught up
from the basement rocks. The 206Pb/238U mean age of ca. 505 Ma is
taken to present the crystallization age of this rock.

Twenty-six zircon grains were analyzed from the gabbro sample
PG-17. The UePb data show very low contents of Pb
(1.85e4.87 ppm), U (5.50e14.42 ppm) and Th (0.33e1.61 ppm)
(Supplementary Table 2). All the plots are concordant and display
206Pb/238U mean age of 494.3 � 3.8 [10.6] Ma (MSWD ¼ 0.36,
N ¼ 26) (see Fig. 13aec). The single age population in this rock
corresponds to its crystallization age.

6.2. Zircon trace elements

Trace element analysis was performed on the magmatic zircon
domains of the three samples which were dated using UePb
geochronology by LA-ICPMS. The chondrite-normalized REE dia-
grams (normalizing values are after Sun and McDonough, 1989) are
presented in Fig. 14. The analytical data are presented in
Supplementary Table 2.

Most of the zircons from the gabbros are enriched in heavy REE
compared to light REE, and showa distinct positive Ce anomaly aswell
as negative Eu anomaly. The contents of REE range from 121 ppm to
315 ppm for sample PG-6, 139 to 335 ppm for sample PG-15 and 136
ppm to 321 ppm for sample PG-17 with two analysis in this sample
showing higher REE contents of 487 ppm and 665 ppm, respectively.

Thirty-three analyses from gabbro sample PG-6 preserve highly
fractionated chondrite-normalized LREE and HREE profiles
((La/Sm)N¼0.005e0.016)withmoderate europiumanomalies ((Eu/
Eu*) ¼ 0.136e0.368) and moderately fractionated chondrite-
normalized HREE patterns (YbN ¼ 237e648). Twenty-five analyses
from gabbro sample PG-16 show the same features of REE patters



Figure 6. (a) Plots of studied samples reflecting High Fe tholeiitic character in TiO2eAl2O3eMgO diagram (after Jensen, 1976). (b) (Na2O þ K2O)eFeOTeMgO (AFM) diagram (after
Irvine and Baragar, 1971) showing the tholeiitic trend for the studied dykes. The dividing line is after Irvine and Baragar (1971). (c) FeOT vs. FeOT/MgO plot for the studied rocks
reflecting their tholeiitic composition. (d) SiO2 vs. K2O diagram showing the plots of gabbros corresponding to low K tholeiite to medium K calc alkaline series. The compositional
fields are after Rollinson (1993).
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with highly fractionated chondrite-normalized LREE and HREE
profiles ((La/Sm)N ¼ 0.001e0.019), moderate-highly europium
anomalies ((Eu/Eu*) ¼ 0.085e0.349) and moderately fractionated
chondrite-normalized HREE patterns (YbN ¼ 259e635). Twenty-six
analyses from gabbro sample PG-17 also yield the same features of
REE patters as those in gabbro samples PG-6 and PG-15. The data
display highly fractionated chondrite-normalized LREE and HREE
profiles ((La/Sm)N ¼ 0.005e0.023) and moderate europium anom-
alies ((Eu/Eu*) ¼ 0.254e0.563) with moderately fractionated
chondrite-normalized HREE patterns (YbN ¼ 291e1261).

The uniformity in REE patterns may represent the same source
materials for the gabbros in this study.
7. Discussion

7.1. Tectonic implications

The gabbro dykes and sills show intrusive relations act with the
host metapelites and the field settings suggest emplacement after
the peak metamorphism of the surrounding basement rocks.
However, lack of chilled margins, minor gradational contacts in
some cases, and the co-folded nature suggest that both the dykes/
sills and the host rocks were subjected to common late stage tec-
tonics. The dominant clinopyroxene-plagioclase assemblage in
these rocks is typical of gabbroic suites with the marginal portions
showing orthopyroxene, garnet and quartz suggesting interaction
with the aluminous host rocks. Geochemically, the rocks are char-
acterized by enrichment of LILE (e.g. Rb, Sr, Ba), LREE and depletion
of HFSE (e.g. Zr, Hf) relative to typical primitive mantle values with
negative anomalies at ZreHf and Ti on primitivemantle normalized
multi-element spider diagram (Fig. 7). These geochemical signa-
tures including high LILE/HFSE and low HFSE/LILE ratios are char-
acteristically attributed to a subduction zone magmatic regime
associated with typical island arc environment (Sheraton et al.,
1990; Zhao et al., 1995; Yang et al., 2016a,b). On TiO2eMnOeP2O5
triangular diagram, the studied samples plot in the field of island
arc tholeiite (IAT) corroborating an arc-tholeiite environment for
the generation of parent magmas (Fig. 15). The arc affinity of these
rocks is further reflected on the FeO*/MgO vs. TiO2 plot (Fig. 16a)
where the samples cluster in the arc front domain. However,
primitive mantle-normalized trace element abundance patterns



Figure 7. Chondrite normalized REE patterns and Primitive mantle-normalized multi-element plots for the studied dykes. Normalizing factors are from Sun and McDonough (1989).
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showing positive anomalies at Nb and Ta warrants speculation on
involvement of an asthenospheric mantle component containing
recycled oceanic slab components from ancient subduction pro-
cesses. On TiO2 vs. Al2O3 binary diagram (Fig. 16b), the studied
samples straddle the fields for within plate and arc related setting
thereby reflecting a geodynamic transition from arc to intraplate
affinity and substantiating ocean closure to collisional tectonics at
active continental margins (Santosh, 2010, 2013; Polat, 2012; Ray
et al., 2013; Santosh et al., 2015, 2017). The geochemical signa-
tures of the gabbros are in compliance with the generation of
parent melts from heterogeneous source region and their
emplacement in a transitional tectonic environment extending
from subduction to post-collisional intraplate conditions. The
elevated Nb abundances and distinct NbeTa positive anomalies for
these rocks invoke involvement of an upwelling asthenospheric
component carrying recycled, residual, oceanic crust of Precam-
brian subduction events (Hofmann, 1997; Safonova et al., 2008;
Cabral et al., 2013). Therefore, the tectonic discrimination param-
eters together with distinct trace element signatures point toward
contribution from the subduction-accretion-collision processes for
the origin and emplacement the gabbro dykes. Continental colli-
sions at the waning stages of subduction process lead to steepening
and tearing of the subducted slab followed by break-off. This pro-
gressive disruption of the subducted slab provides a window to the
hot, sub-slab asthenospheric mantle to migrate and rise through
this gap (Keskin, 2003, 2007; Ferrari, 2004). The upwelling and
inflow of asthenospheric mantle at shallow depth through a slab
window results in adiabatic decompression melting. Mixing be-
tween two distinct mantle domains including the subduction-
modified, metasomatized mantle wedge and the upwelled
asthenospheric melts through slab break-off generates magmas
that accumulate and pond at the base of sub-continental litho-
spheric mantle (SCLM) and fractionates in a sub-surface magma
chamber in a post-collisional, intraplate tectonic regime. Post-



Figure 8. CL images of zircon grains in sample PG-6 showing age values in Ma and
analyzed spots.

Figure 9. CL images of zircon grains sample PG-15 showing age values in Ma and
analyzed spots.

Figure 10. CL images of zircon grains sample PG-17 showing age vaHfes in Ma and
analyzed spots.
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collisional extension, lithospheric fracturing and rifting permit the
evolved melts to migrate upward to shallower crustal domains.
These mechanisms provide the most viable explanation to account
for the distinct geochemical and tectonic affiliations for the studied
rocks. The gabbroic rocks do not resemble typical intracontinental
plume-generated or typical island arc related magmatism, and we
infer that these rocks were emplaced as post-collisional intrusions
in an extensional setting associated with termination of conver-
gence and slab-break-off. The magma parental to these rocks
was derived through (1) partial melting of subduction-related,
metasomatized mantle wedge in a continental arc setting; (2)
interaction with upwelling asthenospheric melts following slab
break-off. The high Nb contents and positive NbeTa anomalies of
the studied rocks are attributed to inflow of asthenospheric melts
containing ancient recycled subducted slab components and/or
fusion of subducted slab materials owing to upwelling of hot
asthenosphere through slab break-off. The accumulation of parent
melts beneath SCLM and sub-surface magma chamber processes
triggered reworking of older crustal components.

7.2. Crustal contamination and crystallization history

The ascent of mantle-derived magmas through the continental
lithosphere to the surface makes crustal contamination inevitable,
either through assimilation-fractional crystallization (AFC) or
thermal erosion of floor rocks, due to their higher liquidus tem-
perature (Hawkesworth et al., 1984; Mahoney, 1988; Carlson, 1991;
Hergt et al., 1991; Gallagher and Hawkesworth, 1992; Saunders
et al., 1992; Sweeney et al., 1994; Song et al., 2001, 2008. Trace
element compositions provide appropriate geochemical tracers to
decipher the open and closed system magmatic processes like
crustal assimilation and fractional crystallization (Lassiter et al.,
1995; Condie, 2003; Reichow et al., 2005; Shellnutt et al., 2014).
The studied samples have K2O/P2O5 ratios ranging from 0.4 to 11.7
suggesting variable input from silicic crustal components from
older sialic basement or wall rock (of granitic composition) and
assimilation during ascent of parent melts. The TiO2/P2O5 ratios
(4.4e14.3) also suggest that the parental melts were affected by
contamination from granitic continental crust (Carlson and Hart,
1988). Thompson et al. (1984) considered the La/Nb ratio as a
suitable index of crustal contamination in magmas and suggested
that OIB, continental alkali basalts and kimberlites have La/Nb < 1,
whereas that of CFB magmas ranges from 0.5 to 7. The La/Nb ratios
(0.5e2.1) of the studied samples are in accordance with variable
degrees of crustal contamination of parent magma in an intraplate
setting marked by extensional tectonics (Peate et al., 1999; Song
et al., 2001). The Nb/Th ratio in Archean basalts is considered as a



Figure 11. Concordia plots, age data bar charts and histograms of zircon grains in sample PG-6.
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monitor of the extent and timing of extraction of continental crust
from themantle (Sylvester et al., 1997). The Nb/Th ratio of primitive
mantle is 8, whereas in continental crust it is w1.1 (Taylor and
McLennan, 1985; Sun and McDonough, 1989; Rudnick and Gao,
2003). This geochemical feature suggests Nb depletion with
distinct enrichment in Th within crust attesting to subduction-
related magmatism and associated accretionary processes at an
active continental margin considered to be a principal mechanism
for Precambrian crustal growth (Polat, 2012; Santosh, 2013;
Santosh et al., 2013, 2017). Besides considering contamination by
continental crust as one of the factors, the wide variation in Nb/Th
ratios for the studied samples (3.7e66.15) in conjunction with
enhanced Nb contents and positive NbeTa anomalies suggest at
least three conditions that possibly influenced the genesis of pre-
cursormagma for these rocks from a heterogeneous sub-arcmantle
source. These are: (1) recycled, residual slab components (RSC) of
Precambrian subduction events entrained by upwelling astheno-
spheric mantle through slab window; (2) subducted oceanic slab
melts metasomatizing the mantle wedge peridotite during slab-
break-off; (3) melting of Nb-bearing metasomatic phases like
amphibole in the mantle wedge (Sajona et al., 1996; Keskin, 2003;
Liao et al., 2018; Saha et al., 2017).

The overall major oxide compositions of the gabbros suggest
that the evolution of parental melts was dominantly controlled by
fractional crystallization process. The studied samples have low
Mg# (19e29) endorsing an evolved chemistry marked by extensive
fractional crystallization of magma either in magma chamber or
during ascent. Ni and Cr concentrations of the studied rocks are
lower than that of primary mantle melts (Ni > 200 ppm,
Cr > 400 ppm) of an olivine dominated source, thereby implying
widespread fractional crystallization processes and pronounced
magmatic evolution. Lower concentrations of compatible transition
metals support the contention that these rocks are not derived from
primary magmas and have experienced considerable fractional
crystallization prior to eruption. Low Mg# for the studied samples
attests to their derivation from a mantle more Fe-rich than normal



Figure 12. Concordia plots, age data bar charts and histograms of zircon grains in sample PG-15.
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Figure 14. Chondrite normalized REE patterns for the zircons from gabbros in Tri-
vandrum Block. Normalizing factors are from Sun and McDonough (1989).

Figure 13. Concordia plots, age data bar charts and histograms of zircon grains in
sample PG-17.
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MORB-OIB compositions. The evolved nature of these and relatively
high Zr contents are equated with magmatic differentiation
controlled by extensive fractional crystallization over a wide range
of pressure. The major and trace element variation patterns and
relatively higher total alkali contents (0.9e3.85) of the gabbros
point toward fractional crystallization and crustal assimilation of
the parent magma.
7.3. Mantle processes: role of asthenosphere and subduction
components

The tectonic affiliations of the gabbros coupled with their
distinct geochemical features endorse a heterogeneous mantle
source with collective melt contributions from sub-slab astheno-
spheric mantle upwelling through slab break-off and arc-related
metasomatized mantle wedge in a subduction-collision regime at
active continental margin. In oceanic and continental convergent
margin systems, the two principle contributors to arc magmatism
are the metasomatized peridotite in the mantle wedge and
the subducting oceanic lithosphere (McCulloch and Gamble, 1991;
McCulloch,1993; Yogodzinski et al., 1995; Saccani et al., 2004, 2011;
Tatsumi, 2005; Kimura and Yoshida, 2006; Dilek et al., 2008; Sato
et al., 2013; Shuto et al., 2013; Iwamori and Nakamura, 2015;
Santosh et al., 2015). Magma compositions in island arcs are
influenced by the tectonic framework along the arc, geometry of
the subducting plate, modification and enrichment of depleted
mantle wedge by influx of materials released from subducting
oceanic slab (slab-dehydrated fluids, silicate slab melts and sub-
ducted sediments) and melting conditions in the mantle wedge
(Woodhead et al., 1993, 2001; Ewart et al., 1998; Bourdon et al.,
2002; Foley et al., 2002; Schuth et al., 2009). The entire episode
of subduction, from its initiation to termination, is marked by a
gradual progress from early decompression melting of a depleted
lherzolitic mantle to fluid-fluxed hydrous melting of fertile



Figure 15. MnOeTiO2eP2O5 triangular diagram (after Mullen, 1983) classifying the studied rocks as island arc tholeiites (IAT).

Figure 16. (a) Plots of the studied rocks in the “arc front” field of FeO*/MgO vs. TiO2 diagram indicating their tectonic affinity to convergent plate margin setting. (b) TiO2 vs. Al2O3

diagram (after Muller et al., 1992) showing the plots of gabbros straddling the fields for within plate and arc related setting.
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Figure 17. (a) Nb/Yb vs. Th/Yb (after Pearce, 2008) showing the plots of gabbros falling
in the mantle array between N-MORB and E-MORB compositions and corresponding to
the domain of active continental margins. Abbreviations: CA-calc-alkaline; TH-
tholeiitic; SHO-shoshonite. (b) Sm/Yb vs. Sm plot (after Zhao and Zhou, 2007) corre-
sponding to 5%e15% melting of spinel to spinel-garnet lherzolite mantle. Melting
curves are after Aldanmaz et al. (2000). DM and PM represents depleted and primitive
mantle respectively. A pair of mode and melt mode curves are drawn for spinel
lherzolite (Kinzler, 1997) and garnet lherzolite (Walter, 1998).
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harzburgitic mantle that has been significantly modified by sub-
duction derived fluids/sediments, to melting of subducted slab.
Basaltic magmas of tholeiitic to calc-alkaline compositions are
generated by partial melting of mantle wedge metasomatized by
relative contributions from various subduction-derived compo-
nents including slab-dehydrated fluids and subducted sediments
during juvenile and matured stages of subduction (Elliott et al.,
1997; Elburg et al., 2002; Ganguly et al., 2016).

The trace elemental budget of magmatic rocks generated at
subduction zones reflect contribution of mantle wedge and slab
derived components (Defant and Drummond, 1990; McCulloch and
Gamble, 1991; Plank and Ludden, 1992; Konig et al., 2010). The
slightly depleted to elevated abundances of LREE and LILE relative
to depletion of HREE and some HFSE in the studied rocks account
for selective transport of elements from slab to wedge. The fluid
mobile large ion lithophile element (LILE) having low ionic poten-
tial were released with the fluids dehydrated from the subducted
oceanic slab and entered the mantle wedge resulting into fluid-
driven metasomatism and partial melting. However, the high
field strength elements (HFSE) due to their fluid immobile nature
were retained in the dehydrated slab in a subduction regime (Stern
et al., 1991; Pearce et al., 1992; Plank and Langmuir, 1993, 1998;
Konig et al., 2010). The migration of slab-dehydrated fluids pro-
motes mobilization of elements and contributes to 3%e25% of
melting of mantle wedge at a depth of 30e50 km and at
1250e1350 �C mantle temperatures (Plank et al., 2013; Kimura and
Nakajima, 2014). Therefore, fluid transportation from slab to
mantle wedge and its role in subduction zonemagmatism supports
the contention that island arc tholeiites contain 1e8 wt.% of sub-
duction derived hydrous fluids compared to the mid oceanic ridge
basalts (MORB, 0.2 wt.%) and ocean island basalts (OIB, 0.8 wt.%;
Saal et al., 2002; Fei et al., 2013; Kimura and Nakajima, 2014; Volker
et al., 2014). Thus, it is envisaged that slightly depleted to enriched
LILE compositions and relative depletion of selected HFSE in the
studied samples are inherited from the parent basaltic melts
derived through partial melting of a depleted mantle wedge met-
asomatized by influx of slab-dehydrated, LILE rich fluids (Saunders
et al., 1980; Pearce et al., 1995; Aldanmaz et al., 2008; Ganguly et al.,
2016).

The sub-arc mantle not only represents residues of basaltic melt
extraction but also preserves evidence of compositional changes
induced by melt impregnation, crystallization of silicate minerals
and interaction between solid and liquid components of mantle
melting (Pearce et al., 1999; Aldanmaz and Koprubasi, 2006).
Slightly depleted LREE patterns in some of the studied ultramafic
samples indicate progressive extraction of basaltic melt producing a
refractory lithospheric mantle. During arc magmatism, the initial
mantlemelting andmelt extraction episode is followed by chemical
modification of the refractory mantle wedge by the fluids/melts
derived from the subducting slab (Kerrich et al., 1998; Saha et al.,
2015). However, the overall LREE enrichment of these rocks rela-
tive to HREE, the LREE/HREE and MREE/HREE fractionation trends
are attributed to themodification of subduction zonemantlewedge
by subduction components derived from ocean sediment and
altered oceanic crust, transferred by melts derived from the sub-
ducted slab. Partial melting of metasomatizedmantle wedge is held
responsible for the observed relative enrichment of LILE and LREE
with HFSE depletion in arc magmas (McCulloch and Gamble, 1991;
Pearce et al., 2000). Accordingly, the sub-arc mantle wedge and
fluids/melts derived from dehydrated subducted slab are potential
contributors to arc magma sources, and their influence on subduc-
tion zone magmatism can be identified using distinct geochemical
fingerprints preserved in the parent magmas and their derivatives
(Perfit et al.,1980; Pearce and Peate,1995;Maruyama et al., 2009). It
has been advocated that mantle wedge metasomatism by silicate
melts primarily accounts for enrichment in LREE and to a lesser
extent in highly incompatible elements like Th, U, Ba. Fluid meta-
somatism of mantle wedge does not affect LREE concentrations
which are primarily controlled by impregnation of LREE enriched
silicate melt fractions. Therefore, impregnation of sub-arc mantle
wedge by silicatemelts stands as the principal factor contributing to
LREEenrichmentoverHREE in the studiedgabbros. Thegeochemical
signatures of the studied rocks provide evidence for involvement of
both silicate melts and slab-dehydrated fluids in the process. The
low Th/Ce ratios (0.003e0.322), high Ba/Nb (1.74e23.7) and Ba/Th
(21.31e1567.1) ratios for these rocks suggest that the mantle source
was probably metasomatized by slab fluids with minor melts
derived from either subducted oceanic slabs or pelagic sediments
(Hawkesworth et al., 1997).

On Nb/Yb vs. Th/Yb diagram (Fig. 17a; after Pearce, 2008) the
plots of these gabbros are falling in the mantle array between N-
MORB and E-MORB compositions and corresponding to the domain
of active continental margins. The samples exhibit pronounced
NbeTa positive anomalies in the primitive mantle-normalized
multi-element diagrams which associate them with plume-
related or asthenosphere-derived parent magmas containing
NbeTa rich, recycled residual slab components (RSC). The fusion of



Q.-Y. Yang et al. / Geoscience Frontiers 10 (2019) 263e284278



Q.-Y. Yang et al. / Geoscience Frontiers 10 (2019) 263e284 279
subducted slab-components by the upwelling of hot astheno-
spheric mantle through the slab window ensuing slab break-off
during subduction-collision activities may be considered as
another factor contributing to the elevated Nb abundances and
positive NbeTa anomalies. In terms of TheNb-LREE compositions,
the studied rocks with high Ce/Nb and low Th/Nb reflect the
involvement of depletedMORB type mantle (DMM) in their genesis
(Saunders et al., 1988; Safonova et al., 2008; Safonova, 2009).
However, the variable (Nb/La)PM, (Nb/Th)PM, (Th/Nb)PM and (Th/
La)PM ratios (Supplementary Table 1) collectively attest to contri-
butions from subduction-derived component (SDC) in the melting
process and suggest that parental melts for the studied volcanic
rocks were derived from a chemically heterogeneous source that
experienced extensive interaction between depleted MORB type
mantle (DMM), subduction-derived components (SDC) and recy-
cled residual slab component (RSC) under transitional geodynamic
conditions marked by subduction processes at active continental
margin followed by slab break-off, asthenospheric upwelling and
mixing with sub-arc mantle wedge, continental collisions and post-
collisional tectonics.

7.4. HFSE-REE systematics: magma generation and melting
conditions

The HFSE and REE, being resistant to alteration, serve as useful
geochemical proxies to distinguish different possible melt sources
for mantle-derived magmas (Erlank and Kable, 1976; Pearce and
Norry, 1979; Le Roex et al., 1983). The enrichment-depletion char-
acters of the mantle source are assessed in terms of HFSE concen-
trations and HFSE/HFSE ratios (Pearce and Parkinson, 1993; Pearce,
2008). The studied samples have higher Nb (3.4e30.2 ppm) and
variable Zr (13e441 ppm) contents compared to the N-MORB
(Nb ¼ 2.33 ppm, Zr ¼ 74 ppm) implying their generation from a
depleted to enriched mantle source (Sun and McDonough, 1989).
Metasomatism by melts/fluids released from the subducting slab
and interaction between mantle wedge and asthenospheric melts
(McKenzie, 1989; Gibson et al., 1995) are the possible models
responsible for the formation of the enriched mantle source.
Different mantle sources responsible for the generation of Cenozoic
island arc lavas have been identified on the basis of Nb/Ta, Zr/Hf and
Zr/Sm ratios (Konig and Schuth, 2011; Xiong et al., 2011) and these
are (1) depleted MORB source in the sub-arc mantle wedge, (2)
MORB like source with signatures of slab melts having rutile-
eclogite residues of cold, deep slabs and (3) melts from hot
shallow slabs having amphibole-garnet residue. The studied dykes
have Zr/Hf (24.5e45.7) ratios greater than the primitive mantle
value of 36, while Zr/Sm (7.1e16.5, except one sample having Zr/
Sm¼ 34.3) ratios are lower than the primitive mantle (Zr/Sm¼ 25).
The Nb/Ta ratios of the studied samples range from 3.5 to 7.4 in
comparison with primitive mantle value of 17. These geochemical
parameters are consistent flux-induced metasomatism of mantle
wedge and crystallization of amphibole in the parent melt (Elliott
et al., 1997; Munker et al., 2004). The fractionated Nb/Ta ratios
with positive NbeTa anomalies on primitive mantle normalized
multi-element diagram are consistent with greater garnet-melt
and Cpx-melt partition coefficients under elevated pressures
(20e75 kbar) and hydrous conditions (5e27 wt.%; Green et al.,
2000). Klimm et al. (2008) suggested that accessory residual pha-
ses such as rutile, titanite and allanite in the source and their
transport through fluids and hydrous melts control Nb/Ta
Figure 18. Combined age data histograms of the various crustal blocks in southern India an
rocks of present study corresponding to post-collisional magmatism, distinct from the othe
collision. Data for Trivandrum Block and Achankovil Shear Zone after Santosh et al. (2006) an
Sri Lankan blocks after Santosh et al. (2014), He et al. (2016a,b).
fractionation in arc system. According to Fulmer et al. (2010),
amphibole plays a more important role at pressures 525 kbar in the
NbeTa budget of subduction zone magmas generated under hy-
drous conditions. The fractionated Nb/Ta values for the studied
gabbros are attributed to crystallization of amphibole from slab-
derived, silica-rich aqueous fluids that fractionate Nb from Ta in
the residual fluids. The Zr/Nb ratios of these rocks depict a wide
range from 1.7 to 14.6 in conformity with that of N-MORB (Zr/
Nb ¼ 11e39) and recent oceanic primitive arc tholeiites (Zr/
Nb ¼ 9e87) thereby indicating depleted to enriched nature of the
mantle wedgemarked by interaction between depletedmantle and
subduction-derived fluids and melts (Sun and McDonough, 1989;
Pearce and Peate, 1995). NdeHf compositions of arc magmas
reveal that in comparison with Hf, Nd behaves as a mobile element
in slab-derived fluids/melts. It has been suggested that subduction-
metasomatized mantle wedge have increased concentrations of Nd
compared to Hf. The LREE-HFSE chemistry of rocks is marked by
elevated abundances of Nd with relative Hf depletion resulting into
high Nd/Hf ratios ranging from 5.5 to 15.6, indicative of meta-
somatic overprints of mantle wedge melts, were controlled by
addition of slab derived fluids and melts. Elevated Ba/Th ratios
suggest contributions from both subducted slab sediments and
aqueous fluids released by slab dehydration (McCulloch and
Gamble, 1991; Elliott et al., 1997; Elburg et al., 2002; Stern, 2002).
Therefore, the subduction signatures in these rocks reflect a com-
bination both fluids and sediment input as also observed in the Late
Paleozoic volcanic rocks from western Chinese Tianshan (Yang
et al., 2014). Geochemical signatures of modern arc-related mag-
matism suggest that Ba/Nb ratio is an effective geochemical proxy
indicating the fluid/water content in themantle source, while Ba/La
can be used as a tracer for the total slab-derived input into the
mantle wedge (Cervantes andWallace, 2003; Yang et al., 2014). The
Ba/Nb ratios for the studied samples ranging from 1.7 to 23.7
corroborate the presence of hydrous minerals (e.g. phlogopite or
amphibole) in the source region, while their Ba/La (3e41) ratios
reflect metasomatism of refractory mantle wedge by variable in-
puts from slab-derived fluids, melts and sediments augmenting
strong subduction overprints in the resultant magmas (Carr et al.,
1990; Patino et al., 2000; Jenner et al., 2009).

Rare-earth element compositions are sensitive to mantle
melting conditions and provide important constraints in under-
standing the degree and depth of partial melting because their
relative abundances in mantle-derived melts are strongly depen-
dent on the extent of partial melting and the nature of aluminous
phase (spinel or garnet) occurring in the mantle source of perido-
titic composition (Lassiter et al., 1995; Reichow et al., 2005; He
et al., 2010; Manikyamba et al., 2015). The higher distribution co-
efficients of HREE (Yb) and Y for garnet account for their dominant
control over the degree and depth of mantle melting (Song et al.,
2006). However, La, Sm and Gd are incompatible and have low
garnet/melt partition coefficients (Irving and Frey, 1978; Kelemen,
1990; Rollinson, 1993). La/Yb is strongly fractionated when
melting occurs in the garnet stability field and slightly fractionated
during melting in the spinel lherzolite domain (Yaxley, 2000; Xu
et al., 2005; Lai et al., 2012). The La/Yb ratio gives a measure of
LREE/HREE fractionation and is particularly sensitive to the amount
of garnet left in the restite which in turn reflects the degree of
melting of a garnet lherzolite source (Condie, 2001). The studied
mafic dykes have (La/Yb)N ratios ranging from 0.65 to 3.5 that
corroborate feeble to pronounced LREE/HREE fractionation
d Sri Lanka showing the major age peaks. Note the youngest age peaks for the gabbroic
r late Neoproterozoic age peaks in the various blocks associated with subduction and
d Collins et al. (2007), for southern Madurai Block after Santosh et al. (2017), and for the



Figure 19. Schematic plate tectonic model illustrating (a) subduction-accretion during
Neoproterozoic; and (b) collision, slab break-off, asthenospheric upwelling and
emplacement of gabbroic magma in the Trivandrum Block. See text for explanation.
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corresponding to low degree melting in a mantle regime having
spinel to garnet lherzolitic composition. The La/Sm ratios for the
studied samples ranging from 0.5 to 2.43 indicate that the melting
domain extended over a variable depth range from the stability
field of spinel to garnet with respective occurrence of spinel and
garnet as stable phase in the mantle restite. Sm/Yb ratio can be a
useful tool to constrain themantle sourcemineralogy, for Sm, being
an incompatible element, is affected significantly by variation in the
source mineralogy (e.g., garnet or spinel), whereas Yb is compatible
with garnet but not with clinopyroxene or spinel (Aldanmaz et al.,
2000; Zhao and Zhou, 2007; Liu et al., 2012). Sm/Yb ratios of spinel-
lherzolite source partial melts are similar to those of mantle and
thus, form a horizontal melting trend that lies within, or close to, a
mantle array defined by depleted mantle (DM, McKenzie and
O’Nions, 1991) and enriched subcontinental lithospheric mantle
(SCLM, Aldanmaz et al., 2000). On the other hand, partial melts
from a garnet-lherzolite source (with garnet residue) will have
significantly higher Sm/Yb ratios than mantle source. The studied
rocks have Sm/Yb ratios varying between 0.96 and 2.53 implying a
mantle source of spinel-garnet lherzolite. On Sm/Yb vs. Sm plot
(Fig. 17b, after Zhao and Zhou, 2007) the samples are falling on the
melting curves of spinel lherzolite and extending up to the spinel-
garnet lherzolite melting domain thereby reflecting 5%e15%
melting of spinel to spinel-garnet lherzolite mantle. Further, rela-
tively low Ce/Y ratios (<2) for these rocks (0.24e1.04) suggest that
the parent melts were generated within the spinel-garnet stability
at a depth of approximately 60e80 km (McKenzie and Bickle,1988).
Dy/Yb ratio is considered as an important geochemical proxy to
distinguish between the spinel and garnet stability fields during
partial melting (Jiang et al., 2009; Yang et al., 2014). Partial melting
in the garnet stability field results into high Dy/Yb ratios (>2.5),
whereas melting in the spinel stability field accounts for low Dy/Yb
ratios (<1.5). The Dy/Yb ratios for the studied gabbros (1.3e2.13)
commensurate with mantle melting under spinel-garnet facies
condition. Furthermore, Gd/Yb ratios for these rocks (1.03e2.3)
attest to melting of spinel and garnet lherzolite mantle sources.

7.5. Implications of trace element and UePb age data

The zircon grains from the gabbros show patchy or striped
zoning with only few gains displaying faint oscillatory zoning
typical of zircon grains in mafic magmatic rocks. Their lowU and Pb
content are also typical of zircon grains crystallizing from mafic
magmas. Zircon is considered to be relatively rare or absent inmafic
and ultramafic rocks, although several studies have reported zircon
grains even in ultramafic rocks such as peridotites, pyroxenites and
in kimberlites (Rudnick et al., 1999; Bea et al., 2001; Katayama et al.,
2003; Yang et al., 2016a,b). The formation of zircon grains in such
cases have been correlated to melt-peridotite metasomatism (Liu
et al., 2012) with Zr supplied by the infiltration of subduction
zone fluids. Zircon crystallized through such process where
plagioclase is also a crystallizing phase would display prominent
positive Ce and negative Eu anomalies (e.g., Liu et al., 2012; Hu
et al., 2017).

Among the zircon grains from three samples analyzed in this
study, those in samples PG-6 and PG-17 show a single major pop-
ulation that yields concordant age data and 206Pb/238Umean age of
507e494Ma. Themajor age peak in the third sample (PG-15) is also
similar at 505 Ma, but this rock also carries another older popula-
tion of xenocrystic zircons that yield a mean age of 573 Ma. The
zircon UePb age data clearly show that the gabbroic magma was
emplaced during Cambrian.

In Fig. 18 we compile the available age data from various crustal
blocks/units in southern India (Trivandrum, Achankovil, Southern
Madurai) and the adjacent terranes in Sri Lanka (Wanni, Vijayan,
Highland and Kadugannawa) and compare these with the results
from our study. The Trivandrum Block and Achankovil Shear Zone
data include metasediments with detrital zircon sourced from
multiple age provenance, although both data also reveal the
prominent Late Neoproterozoic age peak corresponding to regional
metamorphism associated with the assembly of Gondwana. The
southern Madurai Block shows prominent Neoproterozoic age
peaks related to prolonged arc magmatism associated with sub-
duction before the final collisional assembly. Blocks in Sri Lanka
share a similar history during the Neoproterozoic, culminating in
latest NeoproterozoiceCambrian ages associated with Gondwana
assembly.

However, the late Cambrian ages of the gabbroic rocks dated in
this study are distinct, and younger than the ages related to the
magmatic andmetamorphic ages of the Neoproterozoic subduction-
collision events in all these terranes. A similar age peak is also
present in the Vijayan Complex of Sri Lanka. Thus, the age data
clearly indicate that the mafic magmatism reported in this study
occurred in a post-collisional setting, possibly during orogenic
collapse and extension following the assembly of Gondwana, with
magmatism aided by asthenospheric upwelling in response to slab
break-off.

In Fig. 19 we show a schematic plate tectonic sketch to illustrate
the subduction-collision and post-collisional extension with slab
break-off triggering asthenospheric upwelling and mafic magma-
tism. The continental block to the north is represented by the
Madurai Block and to the south is the Nagercoil Block. The meta-
sediments in the khondalite belt of Trivandrum Block is envisaged
as an accretionary complex that also involves fragments of
Paleoproterozoic basement. This model is consistent with the
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geochemical and geochronological data presented in this study
suggesting asthenospheric input in mafic magmatism within a
post-collisional setting.

8. Conclusions

The suite of gabbro dykes and sills intruding granulite facies
metapelites of the Trivandrum Block are characterized by the
dominant assemblage of clinopyroxene-plagioclase. Their overall
major oxide compositions suggest that the evolution of parental
melts was dominantly controlled by fractional crystallization. The
rocks show enrichment of LILE and LREE and depletion of relative to
typical primitive mantle values with negative anomalies at ZreHf
and Ti suggesting subduction zone magmatic regime. Geochemical
features suggest transition from arc to intraplate affinity with
parental melts derived from heterogeneous sources and magma
emplacement under subduction to post-collisional settings. The
gabbros straddle the mantle array between N-MORB and E-MORB
compositions and correspond to the domain of active continental
margins. Trace element data suggest low degreemelting in a mantle
regime having spinel to garnet lherzolitic composition. The zircon
grains from the gabbros show magmatic crystallization textures
with low U and Pb content. They yield 206Pb/238U mean age of
507e494 Ma with one sample carrying additional xenocrystic zir-
cons with a mean age of 573 Ma. The zircon UePb age data clearly
show that the gabbroic magmawas emplaced during Cambrian. The
Cambrian ages of the gabbroic rocks dated in this study are distinct,
and younger than the ages related to the magmatic and meta-
morphic ages of the Neoproterozoic subduction-collision events in
all these terranes. A similar age peak is also present in the Vijayan
Complex of Sri Lanka. Thus, the age data clearly indicate that the
mafic magmatism reported in this study occurred in a post-
collisional setting, possibly during orogenic collapse and extension
following the assembly of Gondwana, with magmatism aided by
asthenospheric upwelling in response to slab break-off.
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