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Article history: Distinguishing high-grade mafic-ultramafic rocks originally crystallized from within-plate basaltic
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Available online 25 May 2023 magma. Proterozoic metamorphosed mafic dykes occur throughout the Chhotanagpur Gneissic Complex
(CGC) of eastern Indian shield. The E-W trending mafic dykes from the Saltora area in the southeastern
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metamafics are enriched in LILE, depleted in HFSE, and display strong fractionation of LREE, nearly flat
HREE patterns in a chondrite-normalized REE diagram, and show tholeiitic differentiation trend. Their

Chhotanapgpur Gneissic Complex geochemical affinity is towards rift-related, continental within-plate basalts. About 7%—10% melting of
Mesoproterozoic the carbonated spinel-peridotite sub-continental lithospheric mantle (SCLM) produced the parental mafic
Continental rift magma. The pre-existing SCLM was metasomatized by slab-derived fluid during the previous subduction.
Crustal extension . . .. . . .

SCLM The upwelling of the asthenosphere in a post-collisional tectonic setting caused E-W trending fractures,
Petrogenesis lithospheric thinning, and gravitational collapse. These dykes were emplaced during crustal extension
India around 1070 Ma. The remarkable geochemical similarity between the mafic dykes of Saltora and

Dhanbad, the ca. 1096 Ma Mahoba (Bundelkhand craton), and the ca. 1070 Ma Alcurra mafic dykes in
Australia supports a genetic link.
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1. Introduction of deeply eroded Proterozoic Large Igneous Provinces and
mantle plume activity (Ernst RE and Buchan KL, 2001; Evans
Distinguishing  high-grade ~ mafic-ultramafic ~ rocks ~ DAD, 2013; Emst RE, 2014; Mamouda A et al., 2022).

crystallised originally from within-plate basaltic magmatism Within-plate  basaltic =~ magmatism  occurs  during
is challenging and crucial. The chemical composition of the supercontinent breakup, too (Le Cheminant AN and Heaman
igneous  rocks  gets modified during  high-grade LM, 1989; Ernst RE and Buchan KL, 2001).
metamorphism, causing misidentification of the characters of Various Precambrian continental cratons merged to form
the parental magma. Within-plate basaltic magma constitutes the Rodinia supercontinent between 1300 Ma and 900 Ma (Li
continental flood basalt provinces, oceanic plateaus, ocean ZX et al., 2008; Xie HZ et al., 2023). The core cratons of the
basin flood basalts, continental rift valleys, giant dolerite dyke  Rodinia were sutured by several Mesoproterozoic orogenies,
swarms in shield areas, layered mafic-ultramafic intrusions, including the Grenville orogenic belt (Hu Y et al., 2022).
and silicic and bimodal volcanic/plutonic provinces. Many Even before the final assembly of the Rodinia, global,
authors consider the mafic dyke swarms as the feeder systems intracontinental magmatic events occurred at around 1100 Ma
(Unrug R, 1996). The Mid-Continental Rift in Canada-USA,
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around 1100 Ma before the assembly of the Rodinia
supercontinent (Evins PM et al., 2010). These intracontinental
rifts provide critical records of tectonic conditions within
continents during significant tectonic episodes (Elling R et al.,
2022). Rift zones can also have abundant hydrocarbon
reserves and provide the perfect conditions for diverse
mineralization. Therefore, understanding rift mechanisms and
structure aids our efforts to comprehend the nature of the
continental lithosphere.

However, the characterization and correlation of
Proterozoic magmatism are problematic because of the
limited preservation of the supracrustal parts of the magmatic
system and modification by later tectonic events. Despite this,
we can compare the geochemistry of metamafic rocks across
terranes to establish a chemical correlation. Knowing
geochemistry cannot establish a connection, but significant
contrasts in geochemical signatures can eliminate a
correlation.

The Chhotanagpur Gneissic Complex (CGC) is a part of
the 1500 km long Satpura Orogenic Belt in the eastern Indian
Shield (Holmes A, 1955; Krishnan MS, 1961). The Satpura
Orogenic Belt represents a collisional orogen, marking the
Grenvillian amalgamation (1100-1000 Ma) of the South and
North Indian cratons (Radhakrishna BP, 1989; Acharyya SK,
2003; Naganjaneyulu K and Santosh M, 2010; Bhowmik SK
et al., 2012; Goswami B and Bhattacharyya C, 2014; Sequeira
N et al., 2020; Fig. la). Several mafic dykes occur in the
CGC, stretching from Central to Eastern India (Fig. la).
These dykes strike toward ENE-WSW to E-W following the
dominant structural trend of the region. Many authors studied
the petrological and geochemical aspects of these dykes of the
CGC (e.g., Kumar A and Ahmad T, 2007; Srivastava RK et
al., 2012; Ghose NC and Chatterjee N, 2008; Bhattacharya
DK et al.,, 2010). Srivastava RK et al. (2012) assigned
Mesoproterozoic age for these mafic dykes. Kumar A and
Ahmad T (2007) reported the petrography and geochemistry
of the amphibolite dykes from Dhanbad. They proposed an
enriched mantle source and a rift-setting for the emplacement
of these dykes. Emplacement of the parental magma of
amphibolite dykes from Deoghar likewise occurred during
lithospheric extension (Mukherjee S et al., 2018). Kumar D et
al. (2022) recently demonstrated that the amphibolite dykes
formed in a post-collisional intra-continental extensional
tectonic setting in the western part of the CGC at around 950
Ma. Ghose NC et al. (2005) voiced an intracratonic tectonic
setting of the metamafics of CGC from south of the Damodar
valley.

In this paper, we present new petrological and
petrochemical data on the metabasic dykes of the Saltora area
from the CGC (Figs. 1b, ¢) and hence the petrogenesis and
geodynamical implications of these mafic dykes. These mafic
intrusives show cross-cutting relation with the S,-fabric of its
basement. This study will also shed light on the mantle
composition below the CGC during the end of the
Mesoproterozoic. We will also compare the geochemical
characteristics of these mafic intrusives with the dykes from

adjacent Bundelkhand craton (1096+19 Ma) and mafic dykes
of Ngaanyatjarra Rift, west Musgrave Province, Central
Australia (1085-1040 Ma; Evins PM et al., 2010; Aitken AR
et al., 2013) assuming all these dykes belong to a similar age.

2. Geological background

The CGC is dominantly composed of migmatites and
felsic gneisses with older enclaves of metapelites, calc-silicate
rocks, and metamafics (Ghose NC, 1983; Mazumdar SK,
1988; Mahadevan TM, 2002; Sanyal S and Sengupta P,
2012). Porphyritic granite, anorthosite, alkaline rocks
including nepheline syenite, and mafic-ultramafic rocks occur
as younger intrusives (Roy AK, 1977; Goswami B and
Bhattacharyya C, 2008, 2010; Basak A et al., 2019, 2020;
Roy P et al., 2020). Multiple generations of mafic intrusives
reported from several places of CGC show concordant
relation with the regional foliation (Sharma RS, 2009) (Fig. 1b).

The rocks of the CGC experienced at least two episodes of
tectonothermal events during Proterozoic (Acharyya SK,
2003). The older enclave suites of CGC show variable
degrees of metamorphism ranging from greenschist (SE part)
to granulite facies (central and eastern parts of the terrain)
(Mahadevan TM, 2002). The earliest high-temperature
granulite-facies metamorphic event (M;) occurred in the CGC
at ca. 1650—1550 Ma (Acharyya SK, 2003; Chatterjee N et al.,
2008; Dey A et al., 2019). Subsequently, at around 1450 Ma,
A-type granitoids/ charnockites intruded the older gneisses of
the CGC (Mukherjee S et al., 2017; Ray Barman T et al.,
1994). Afterward, a second high-pressure granulite-facies
metamorphism (M,) took place ca. 1000900 Ma (Maji AK et
al., 2008; Dey A et al., 2019; Chatterjee N, 2018). A
clockwise P-T path with a steep decompressive retrograde
segment suggests continent-continent collision during the M,-
metamorphic event (Karmakar S et al., 2011; Rekha S et al.,
2011; Goswami B and Bhattacharyya C, 2014; Mukherjee S
etal., 2018).

2.1. Geology of the Saltora area

The Saltora area lie in the eastern part of the CGC. Roy
AK (1977), Bhattacharyya PK and Mukherjee S (1987), Sen
SK and Bhattacharya A (1986, 1993), Chatterjee N et al.
(2008), Goswami B and Bhattacharyya C (2008), Maji AK et
al. (2008), and Goswami B et al. (2018) described the geology
of the area. Grey-colored biotite granitoid gneiss, often
garnetiferous, is the major component of the migmatitic
granitoid gneisses country of the Saltora area (Fig. lc).
Lensoidal enclaves of enderbite/charnoenderbite, migmatitic
enderbite, khondalite, and calc-granulites occur within the
migmatitic granitoid gneisses. The metasedimentary enclaves
show gradational contact with the migmatitic granitoid gneiss.
Long axes of the enclaves are aligned parallel to the regional
foliation. Mafic granulites appear as older enclaves within the
migmatitic granitoid gneisses (Bhattacharyya PK and
Mukherjee S, 1987) and enderbites (Fig. 2a). These mafic
granulites are co-folded with the country-rock gneisses (Figs.
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Fig. 1. (a) Map showing the disposition of the major cratonic blocks and tectonic elements within Peninsular India. AFB—Aravalli Fold Belt;
BBG-Bhandara-Balaghat granulite; CGC—Chhotanagpur Gneissic Complex; NSMB—North Singhbhum Mobile Belt; EGB—Eastern Ghats Belt;
RKG-Ramakona-Katangi granulite; SPGC-Shillong Plateau Gneissic Complex. Archaean cratons: BK-Bundelkhand; BS-Bastar;
KR-Karnataka, SB-Singhbhum. (b) Generalized geological map of the Chhotanagpur Gneissic Complex, showing the distribution of major
granitoid plutons and lineaments (modified from Mazumdar SK, 1988). SSZ— Singhbhum Shear Zone; SPSZ—South Purulia Shear Zone;
NPSZ—North Purulia Shear Zone; SNNF-Son-Narmada North Fault; SNSF—Son-Narmada South Fault; BTF-Balarampur-Tatapani Fault;
DVSF-Damodar Valley South Fault. The area of study is marked by the rectangle, lying north-east of Purulia town. (c) Simplified geological
map around Santuri-Saltora area, Purulia and Bankura districts, West Bengal, India after Roy AK (1977), Acharya A et al. (2005) and modified
by the present authors.
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Mafic granulite

Fig. 2. Field photographs: (a) mafic granulites occurring as enclave within enderbite, Sarpahari, 4 km NNE of Saltora town. (b) Overturned
D,-antiform in the migmatitic granite gneiss, quarry section, Murlu, 3 km west of Saltora town. (c) Overturned D,-antiform in the mafic gran-
ulite, north of Murlu. (d) Mafic granulite showing cross-cutting relation with the granite gneiss, quarry section, Murlu. Length of white scale =

14 cm.

2b—c). In contrast, some mafic granulites show cross-cutting
relation within the country-rock gneisses (Fig. 2d).

The metasediments and migmatitic gneisses exhibit three
phases of deformations (D, D,, and D;) (Roy AK, 1977,
Chatterjee N et al., 2008; Goswami B and Bhattacharyya C,
2010; 2014). S, remains the dominant foliation of the area and
axial planar to the isoclinal, rootless D;-folds. D,-folds rarely
occur within intrafolial layers of migmatitic granitoid
gneisses, quartzite, and calc-silicate rocks. The dominant
foliation (S;) of the area trends E-W to NE-SW with a low-
to-moderate northerly dip (20°-40°) (Fig. 2a).

D,-deformation folded the gneissic banding (S;). D,-folds
are tight to close, low plunging with nearly E-W axial plane,
and overturned southern limbs of the antiforms (Fig. 2a-b).
Fracture cleavage (S,), axial planar to the D,-fold developed
locally (Fig. 2b). The Saltora anorthosite pluton of the area
emplaced synkinemetically during the D,-deformation (Roy
AK, 1977; Bhattacharyya PK and Mukherjee S, 1987). The
shear movement along the North Purulia Shear Zone (NPSZ)
represents the Ds-deformation. Ds-shear planes are E-W to
ENE-WSW trending. Granite mylonites, augen gneisses, and
leptynites form all along the NPSZ. Ribbon-quartz is
omnipresent in the unmappable leptynites.

Metamorphic pressure and temperature conditions for the
granulite facies M;-metamorphism of the Saltora area were
750°C-850°C and 400 MPa to 600 MPa at >1.4 Ga (Maji et
al., 2008). However, Chatterjee N et al. (2008) suggested
granulite facies metamorphism (M,) around Saltora attained

850 MPa to 1100 MPa and 850°C-900°C at 947+27 Ma.
Karmakar S et al. (2011) suggested Mg-Al granulites and
surrounding migmatitic gneisses lying south of Saltora area
metamorphosed (M,) at 870°C and1100 MPa, followed by a
steep isothermal decompression to 600 MPa ca. 990-940 Ma.
The studied mafic dykes show cross-cutting relation with
S,-foliation of the granite gneisses country rocks (Fig. 2c) but
subsequently deformed during the D;-deformation.

3. Sample selection and analytical technique

In this study, fresh and representative samples were
systematically collected both from isolated outcrops and
exposures occuring as enclaves within the gneissic country. A
total number of 50 samples were collected weighing a
minimum of 5 kg each from the Saltora sector of Purulia-
Bankura districts, West Bengal. Out of these hand specimens,
approximately 40 samples were selected for making polished
thin sections for microscopic identifications. Modal analysis
of 31 representative samples (11 amphibolite and 20 mafic
granulite) were performed by a point counter under 10.1
objective lens by counting 1000 points per slide. After
detailed petrographic study, 5 amphibolite samples and 10
mafic granulite samples were selected for geochemical
analysis. 2 amphibolite samples and 3 mafic granulite samples
were selected for mineral chemistry by Electron Probe Micro
Analysis.

Approximately 5 kg of sample material was ground to 0.5
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mm in a steel-lined jawbreaker. By manually cone-and-
quartering the crushed material, a subsample of 50 g was
obtained. This 50 g sample was then pulverised to 200 mesh
in an agate-lined ring-and-puck swing mill. Following that, 4
mg of powdered sample material was measured and mixed
with binder boric acid using a mortar. The ratio of sample to
boric acid should be 4 : 1. The mixture was then placed in an
aluminium cup and pressed for 20 seconds at a pressure of 20
ton. The pellet was then prepared for X-ray fluorescence
(XRF) analysis.

Major element concentrations of 8 representative samples
(7 basic granulite and 1 amphibolite) were determined by
XRF at Presidency University, Kolkata, and using AXIOS of
PANalytical Wavelength Dispersive X-ray fluorescence
instrument with a flow scintillation detector. International
certified reference material BHVO-1 was run as an internal
check standard. Analytical uncertainties were < 5%.

Major and trace elements of 7 more samples (3 basic
granulite and 4 amphibolite) were analyzed with a WDXRF
S8 Tiger (4 kW) from Bruker-AXS, Germany, at the
Department of Earth Sciences, IISER, Kolkata. Certified
reference material BHVO-2 was used to validate results. The
error in major- and trace-element analysis by XRF was
estimated as < 2% and 5% respectively.

The concentrations of trace elements, including rare earth
elements (REE), were determined using high-resolution
inductively coupled plasma mass spectrometry (HR-ICP-MS)
on a Perkin Elmer SCIEX ELAN DRC II instrument at the
National Geophysical Research Institute in Hyderabad. The
trace elements (including REE) were analysed by dissolving
the sample powders and then digesting them in a closed
vessel.

For trace element analyses, 0.05 g of fine powder sample
(200 mesh) mixed with 10 mL of an acid mixture (7% HF:
3% HNO;) was taken in clean savillex and kept in a hot plate
at about 150°C for not less than 48 hours. Following this, the
savillex was opened, and one drop of HCIO, was added. The
savillex was then kept on the hot plate for evaporation at
about 150°C for 1 hour until almost dry. The remaining
residue was dissolved by adding 10 mL 1 : 1 HNOj;. This
solution was supported on a hot plate for 3040 minutes at ca.
80°C to dissolve all the suspended particles. Following this,
the solution was transferred into a 250 mL flask, and 10 mL
1 : 1 HNO; and Rhodium were added. '>Rh was used as an
internal standard. Millipore water was then added to top the
volume up to 250 mL. Ultimately, the solution was stored in a
polyethylene bottle. A 5 mL sample of this final solution was
subsequently taken, and the volume was made up to 50 mL
utilizing Millipore water. This solution was stored in a clean
Eppendorf tube for HR-ICP-MS analysis. International
certified reference material BHVO-1 was used as standard
reference material. The relative deviations were < 5%.

4. Results
4.1. Petrography

Modes of the 11 amphibolites, 17 garnet-free mafic

granulites and 3 garnetiferous mafic granulites are given in
Table 1.

4.1.1. Amphibolite

These are coarse-grained, strongly schistose rocks,
composed predominantly of brown/green Hbl and Pl, with
subordinate Di, minor Qtz, £Hyp, +Bt, £Grt, =Ep, and Opq
(mineral abbreviations after Whitney DL and Evans BW,
2010). Hbl (strongly pleochroic from brownish yellow to
reddish brown) occurs as coarse, subidiomorphic, elongate
plates and lensoid subhedra (Fig. 3a), defining distinct
schistosity. Generally, it forms clusters that run following the
elongate boundaries of Pl. It contains inclusions of sub-
rounded to almost round Pl and fine Opq. Pl occurs as coarse,
subidiomorphic, slightly elongated grains. The general
elongation of the stumpy laths is parallel to the schistosity.
However, Pl laths may exhibit a relict criss-cross arrangement
(Fig. 3a). Tabular Pl shows bending of twin lamellae and
marginal granulation. Di (pale green, non-pleochroic) and
Hyp (pleochroic from pale pink to pale green) occur as
medium-sized, subidiomorphic elongated grains and
aggregates, intimately associated with hornblendes. The
presence of Hyp indicates granulite facies metamorphism. Hbl
and Bt replace pyroxenes (Fig. 3b). Di may occur as
inclusions in coarser Pl Medium to fine-sized,
subidiomorphic Px appears intermittently in the interstitial
space of Pl aggregates. Opq occurs as medium-sized,
idiomorphic to subidiomorphic, equant to elongate grains
generally associated with ferromagnesian silicates. The
elongate opaques show parallelism with schistosity.
Occasionally it occurs as extremely thin, lenticular inclusions
oriented along a particular direction in some coarser
hornblendes. Qz occurs as medium-sized xenoblastic grains
interstices of fsp and fsp-ferromagnesian minerals.

4.1.2. Mafic granulites

These are dark-colored, apparently massive rocks, but
under the microscope, the strong parallelism of almost all the
principal minerals remains characteristic and impart a
gneissosity. The impersistant layers of ferromagnesian
minerals run almost alternately with clusters of elongate
plagioclases. These rocks are predominantly composed of PI,
Hyp, Cpx, brownish Hbl, Bt, Opq, and Ap + Grt. Based on
mineralogy, the studied mafic granulites are divided into two
groups: (1) garnetiferous, and (2) garnet-free mafic granulite.

Sub-idioblastic to xenoblastic, mostly elongated Pl shows
preferred orientation along a particular direction. The grains
frequently develop aggregates in which a reasonable number
of grains are aligned slightly transverse to the general
direction of the preferred orientation. Larger Pl may show
deformation features, like shadowy extinction, bending of
twin lamellae, and marginal granulation (Fig. 3c). Thin mafic
veins often traverse through the Pl. Pools of Pl may run
parallel to the general gneissosity of the rock. Pl may show
criss-cross arrangements (Fig. 3d). Elongate grains of Hyp
(pleochroic from pale green to pale pinkish brown) are
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Fig. 3. Photomicrographs of amphibolite (a-b) and mafic granulite (c-f). (a) General schistose texture of brown Hbl-rich amphibolite. (b) Bi-
otitization of Opx in amphibolite. (c) The megacrysts of P1 in mafic granulites show deformational features like shadowy extinction, bending of
twin lamellae and marginal granulation to medium sized grains. (d) Tabular P1 occur as criss-cross aggregates within the ferromagnesian miner-
al aggregates. (e) Replacement of Opx by brown and greenish brown Hbl occasionally preserving Opx relicts in mafic granulite. Locally the
plagioclase grains show preferred orientation along the general gneissosity in mafic granulite. (f) Coarse elongate Qz in gneissic mafic gran-
ulite runs parallel to the gneissic trend. (Mineral abbreviations after Whitney DL and Evans BW, 2010).

oriented, together with the Pl and other minerals, in the
preferred direction of gneissosity. The grains are chiefly sub-
idioblastic, but xenoblastic grains are equally common.
Idioblastic grains are rare. Cpx (non-pleochroic, pale green)
occurs as xenoblastic to sub-idioblastic grains associated with
orthopyroxene and sporadic Hbl. Hbl typically replaces
pyroxenes (Fig. 3e). Hbl (strongly pleochroic from greenish-
yellow to brownish-yellow) occurs most commonly as sub-
idioblastic to xenoblastic elongate grains showing preferred
orientation with other minerals. Exsolved needles of opaques
within yellow-brown Hbl show preferred orientation.
Biotitization of Hbl is common (Fig. 3e). Grt (pale pinkish-
brown) infrequently exists as minuscule, irregular inclusions

within Pl. Medium- to fine-sized sub-idioblastic to
xenoblastic Bt (pleochroic from dark-brown to yellowish-
brown) occurs intimately associated with Px and Hbl. Opq
appear as fine- to medium-sized laths, almost invariably
associated with ferromagnesian minerals. Elongated grains are
routinely parallel to sub-parallel with the long dimension of
ferromagnesian minerals. A few opaque grains are skeletal.
The grains are rarely present as inclusions in Pl. Ap is present
as fine idiomorphic- to sub-idiomorphic inclusions in Pl and
equally at the contact of plagioclase and ferromagnesian
minerals. Qz, when present, may occur as coarse, lenticular
grains that are strongly oriented parallel to the gneissic trend
(Fig. 3f). It may equally occur as a medium- to fine-sized
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grain interstitial to Pl and ferromagnesian minerals.
4.2. Mineral chemistry

The representative electron probe microanalyses (EPMA)
of Pl, Kfs, Amp, Bt, Px, Grt, Ap, Ilm, and Mag (minerals
abbreviations after Whitney DL and Evans BW, 2010) can be
found in Supplementary Tables 1-10. Amphibolite
plagioclases range from andesine to labradorite (Ans,gy—
Ang; o). Andesine (Ansgsg—Angg o) is the plagioclase
composition of garnet-free mafic granulites. Pl compositions
in garnetiferous mafic granulites, on the other hand, range
from andesine to labradorite (Angg 50—Ang, o) (Supplementary
Table 1; Supplementary Fig. 1a). The Or-component (Orgy7 o)
is abundant in the Kfs of mafic granulite (Supplementary
Table 2; Supplementary Fig. 1a).

The amphiboles in amphibolites and mafic granulite are
rich in calcium. The CaO content for amphibolite, garnet-free,
and garnetiferous mafic granulite is 12.34%, 11.54%, and
11.53%, respectively (Supplementary Table 3). According to
the IMA classification scheme, the amphiboles range from
magnesio-hestingsite to ferro-pargasite (Supplementary Fig. 1b,
c). Bt are moderately enriched in Mg, with a Mg/(Mg+Fe)
ration of about 0.51 for amphibolite, 0.46 for garnetiferous
mafic granulite, and 0.45 for garnet-free mafic granulite.
According to the classification scheme of Deer WA et al.
(1992), all the analysed Bt are plotted within the biotite field
(Supplementary Fig. 1d). Opx are ferrosilite, while Cpx are
diopside (Supplementary Fig. le). Opx has a FeO content of
33.27% (garnetiferous mafic granulites) and 31.40% (garnet-
free mafic granulites) (Supplementary Table 5). The FeO(t)
contents of the Cpx (Di) analysed from amphibolites ranges
from 9.21% to 12.28% and in garnet-free mafic granulites it
varies from 11.0% to 12.33% (Supplementary Table 6). Grt
has an average composition of Almgy 40Sps,33GrSy0.64P1P 12 43-
These garnets have a low MnO content (1.04%;
Supplementary Table 7). The P,O5 and CaO contents of the
analysed apatite are approximately 41.70% and 55.51% in
amphibolites, respectively. The P,O5 and CaO contents of the
analysed apatite in mafic granulites are 40.80% and 56.84%,
respectively (Supplementary Table 8). The average TiO, and
FeO contents of Ilm in amphibolites are 50.15% and 45.01%,
respectively, whereas Mag has a FeO content of 76.19%. The
average TiO, and FeO contents of Ilm in garnet-free mafic
granulites are 50.36% and 43.37%, respectively. The average
TiO, and FeO contents of Ilm in garnetiferous mafic
granulites are 50.19% and 43.67%, respectively.

4.3. Major and trace element geochemistry

Major and trace element concentrations of 15
representative samples (5 samples of amphibolites, 7 samples
of garnet-free mafic granulites, 3 samples of garnetiferous
mafic granulites) from the study area are presented in Table 2.

The amphibolites have moderate contents of SiO, (av.
50.68%), high MgO (av. 6.24%), and Al,O;3 (av. 16.55%),
high contents of Fe,O;" (av. 9.97%), low K,O (av. 0.81 wt.

%) and (K,O + Na,O) (av. 3.70%) with high Na,O/K,O0 ratios
(av. 4.03). The average Mg# of the amphibolites is about
59.38.

The garnet-free mafic granulites have slightly higher
concentrations of SiO, compared to the garnetiferous variety
(about 50.65% and about 49.76%, respectively) and higher
MgO (5.74% and 4.67%, respectively). The Al,O5 contents of
the two varieties are 15.47% and 13.46%., respectively. The
garnetiferous mafic granulite has relatively high Fe,O;'
(16.42%) than the garnet-free varieties (about 11.78%). The
Mg# of the Saltora mafic granulites shows a restricted range,
varying from 39.56 (garnetiferous) to 52.77 (garnet-free).

In Harker-type variation diagrams, we plot major oxide
and trace elements (Supplementary Fig. 2a—p) against MgO.
The investigated samples show the negative correlations of
MgO with SiO,, Fe,O5(t), TiO,, P,Os, and positive
correlations with Na,O and CaO. The correlation between
MgO and K,O, if any, is not clear. Rb, Sr, Nb, Y, and Ce
show a negative correlation, while Cr and Sc exhibit a
positive correlation with MgO. For Yb, there is random
distribution against MgO.

The studied samples show negative correlations of Zr with
P,0s, Co, and Sc and a positive correlation with TiO,, Fe,O3,
MgO, CaO, and Rb with Zr (Supplementary Fig. 3a-1).

In the Nb/Y vs. Zr/Ti diagram (after Pearce JA, 1996),
both amphibolites and mafic granulites show a basaltic
composition, while only three samples are plotted in the
andesite-basaltic andesite field. One garnetiferous mafic
granulite falls in the alkali basalt field, and one amphibolite
was is plotted in the foidite field (Fig. 4a).

In the total alkali vs. SiO, diagram (after Cox K et al.,
1979), most of the samples were plotted in the basalt field,
while two samples (garnetiferous and garnet-free mafic
granulite, one each) are plotted in the basaltic andesite field,
the other two samples (one amphibolite and one garnet-free
mafic granulite) lie in the andesite field (Fig. 4b).

On the ternary (FeO'+Ti0,)-Al,0;~MgO diagram,
eleven samples lie within the basalt field, and two
amphibolites and one garnet-free mafic granulites lie in the
andesite to basalt field (Fig. 4c).

In the AFM ternary diagram (Irvine TNJ and Baragar
WRAF, 1971), most of the samples plot within the tholeiitic
field, and only two samples of amphibolite and two samples
of garnet-free mafic granulite plot within the calc-alkaline
field but very near to the tholeiitic field (Fig. 4d).

Total REE contents of amphibolites, garnet-free mafic
granulites and garnetiferous mafic granulites are av.
43.50x10°°, 52.90x10°°, and 100.16x10°°, respectively. The
(Ce/Yb)y (normalized by C-1 Chondrite values of
McDonough WF and Sun SS (1995) ratios of amphibolites,
garnet-free mafic granulites, and garnetiferous mafic
granulites are 4.97, 3.10, and 3.24 respectively. Chondrite-
normalized REE diagram (normalized by C-1 Chondrite
values of McDonough WF and Sun SS (1995) of the mafic
granulites is shown in Fig. 5a. The HREE patterns of the
studied samples are almost flat. The studied mafic granulites
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exhibit weak-negative to slightly positive Eu-anomalies. In
the Primitive-Mantle normalized multi-element spider
diagram (normalization values after Sun SS and McDonough
WEF, 1989), the mafic granulites show a highly positive Pb
anomaly, a moderately positive anomaly of Ba, and low
negative anomalies of Ce, Sr and Zr (Fig. 5b). The

amphibolite shows highly fractionated LREE and HREE
patterns in the Chondrite-normalized REE diagram
(normalized by C-1 Chondrite values of McDonough WF and
Sun S8, 1995) (Fig. 5¢). In the Primitive-Mantle normalized
multi-element spider diagram (normalization values after Sun
SS and McDonough WF, 1989), amphibolite shows negative

Table 2. Major oxides (%) and trace elements (107°) concentrations of the amphibolites and mafic granulites in Saltora area.

Sample PR 19 PR 8 PR KP3(G) PR 65A PR HP2 Av. PR KP2 PR 25E PR 25Q
Sl no 1 2 3 4 5 (N=5) 6 7 8
Rock type Amphibolite Garnet-free mafic granulite

Si0, 48.46 49.9 48.78 47.97 58.31 50.68 58.02 45.32 49.15
TiO, 1.11 1.21 1.22 0.47 1.16 1.03 0.81 1.17 1.73
Al 04 15.41 15.97 13.92 22.37 15.07 16.55 16.63 15.62 15.09
Fe,05" 11.59 11.27 13.17 7.12 6.72 9.97 7.58 12.1 14.77
MnO 0.164 0.177 0.211 0.12 0.06 0.15 0.11 0.16 0.19
MgO 7.434 7.83 6.737 5.39 3.82 6.24 3.96 8.59 522
CaO 12.65 10.64 10.79 13.64 7.82 11.11 7.03 12.43 11.4
Na,O 2.11 2.38 2.98 2.71 4.29 2.89 3.81 1.55 2.75
K,0 0.71 0.47 0.96 0.45 1.44 0.81 1.42 0.64 0.28
P,05 0.09 0.151 0.131 0.08 0.53 0.2 0.18 0.14 0.18
Total 99.79 99.99 98.89 100.32 99.22 99.63 99.55 97.72 100.76
(Trace element in ppm)

Cr 300.5 248.2 169.9 349.2 32.65 220.09 37.37 261.72 97.92
Ni 96.6 77.4 31.7 48.2 10.09 52.8 62.91 135.56 85.28
Co 37 34.6 40.5 26.3 62.09 40.1 69.02 75.19 79.57
\% 247.3 214.6 263.8 117.6 164.78 201.62 141.18 252.06 393.25
Cu 0 35.5 75 12.9 2.37 25.15 67.56 67.17 188.36
Pb 3.7 4.8 4.9 0 63.35 15.35 3.9 4.95 3.28
Zn 80.6 77.3 87.7 66.2 41.48 70.66 155.25 64.97 158.69
Rb 10.5 9.7 9.9 15.5 55.21 20.16 43.65 8.13 2.66
Ba 28.8 112.4 73.4 11 560.59 157.24 292.9 126.88 150.74
Sr 119.2 153 94.2 203.3 419.3 197.8 400.99 200.03 212.84
Ga 17.5 18.9 17.9 14.9 28.51 19.54 19.56 16.63 19.32
Nb 10.6 10.6 10.6 7.9 15.56 11.05 6.5 4.88 9.14
Ta 0.2 0.4 0.3 0.6 1.26 0.55 1.06 0.55 0.94
Zr 176.95 359.31 122.92 49.6 105.55 162.87 84.05 53.84 50.81
Hf 42 3.7 2.9 1.3 3.07 3.03 2.08 1.56 1.7

Y 20 20 20 2 25.23 17.45 19.33 21.33 37.59
Th 1.6 1.9 22 1.5 4.81 24 1.02 0.4 0.33
Sc 429 34.8 44.4 23.6 16.61 32.46 19.66 39.42 46.82
Cs - - - - 0.91 091 0.58 0.27 0.1

U 42 42 42 4.8 1.52 3.78 0.29 0.09 0.16
La - - - - 41.86 41.86 16.85 5.32 9.67
Ce 0 20 10 1 85.86 23.37 36 13.18 23.82
Pr - - - - 10.91 10.91 4.57 2 3.48
Nd - - - - 46.49 46.49 17.87 9.06 15.54
Sm - - - - 9.92 9.92 3.68 2.59 427
Eu - - - - 2.16 2.16 1.12 1.04 1.5
Gd - - - - 6.56 6.56 3.69 3.31 5.54
Tb - - - - 1.09 1.09 0.56 0.57 0.97
Dy - - - - 4.77 4.77 3.14 3.49 6.04
Ho - - - - 0.9 0.9 0.64 0.76 1.31
Er - - - - 1.97 1.97 1.74 2.04 3.57
Tm - - - - 0.27 0.27 0.27 0.31 0.55
Yb 4 42 0 5.4 1.76 3.07 1.77 2.03 3.62
Lu - - - - 0.25 0.25 0.27 0.32 0.56
>REE 4 24.2 10 6.4 172.89 43.5 75.32 40.7 70.77
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Table 2-1. Continued.

Sample PR 19 PR 8 PR KP3(G) PR 65A PR HP2 Av. PR KP2 PR 25E PR 25Q
Slno 1 2 3 4 5 (N=5) 6 7 8
Rock type Amphibolite Garnet-free mafic granulite
(Na,0+K,0) 2.82 2.85 3.94 3.16 5.73 3.7 5.23 2.19 3.03
(Na,0/K,0) 2.97 5.06 3.1 6.02 2.98 4.03 2.68 242 9.82
Mg# 0.6 0.6 0.5 0.6 0.6 0.6 0.5 0.6 0.5
S/(SAF) 0.64 0.65 0.64 0.62 0.73 0.66 0.71 0.62 0.62
(Ce/Yb)® - 1.32 - 0.05 13.55 4.98 5.65 1.8 1.83
Eu/Eu* - - - - 0.27 0.27 0.3 0.36 0.31
Ce/Ce* 0.99 0.27 1.01 0.99 1.01
(Ho/Yb)y* - - - - 1.53 1.53 1.09 1.12 1.09
Rb/Sr 0.09 0.06 0.11 0.08 0.13 0.09 0.11 0.04 0.01
Ba/Rb 274 11.59 7.41 0.71 10.15 6.52 6.71 15.61 56.67
Ba/La - - - - 13.39 13.39 17.38 23.85 15.59
Ba/Th 18 59.16 33.36 7.33 116.6 46.89 287.16 317.2 456.79
Pb/Ce - 0.24 0.49 0 0.74 0.37 0.11 0.38 0.14
La/Nb - - - - 2.69 2.69 2.59 1.09 1.06
La/Yb - - - - 23.78 23.78 9.52 2.62 2.67
Nb/Y 0.53 0.53 0.53 3.95 0.62 1.23 0.34 0.23 0.24
Nb/La - - - - 0.37 0.37 0.39 0.92 0.95
Nb/Yb 2.65 2.52 - 1.46 8.84 3.87 3.67 2.4 2.52
Nb/Ta 53 26.5 35.33 13.17 12.32 28.06 6.15 8.86 9.69
ANb -0.35 -0.94 -0.05 -0.34 0.34 -0.27 0.04 0.33 0.87
Zr/Nb 16.69 33.9 11.6 6.28 6.78 15.05 12.93 11.03 5.56
Th/Yb 0.4 0.45 - 0.28 2.73 0.97 0.58 0.2 0.09
Zr/Y 8.85 17.97 6.15 24.8 4.18 12.39 435 2.52 1.35
Zr/Hf 42.13 97.11 42.39 38.15 34.39 50.83 40.41 3451 29.89
Th/Nb 0.15 0.18 021 0.19 0.31 0.21 0.16 0.08 0.04
Ti/V 26.9 33.8 27.72 23.96 422 30.91 34.39 27.82 26.37
Y/Ho - - - - 28.15 28.15 30.2 28.07 28.69
Y/Yb 5 476 - 0.37 14.33 6.12 10.92 10.51 10.38

$ Chondrite-normalized (Sun SS and McDonough WF, 1989) values. #Primitive-mantle normalized (Sun SS and McDonough WF , 1989) values.

Ba, Sr, Nb, and Ta anomalies but strongly positive Pb and U
anomalies and moderately positive Zr anomaly (Fig. 5d).
Although from a REE diagram of a single sample of
amphibolite no definite inference should be made, it is noted
its highly fractionated nature which is in conformity with 3
samples of mafic granulite (Fig. 5a, c).

5. Discussion

5.1. Post-crystallization alteration effects on whole-rock
geochemistry

The meta-igneous rocks of the Saltora area had suffered
granulite  facies  metamorphism.  This  high-grade
metamorphism could have resulted in the mobility of some
elements, rendering them useless for deciphering the primary
petrogenetic processes. To avoid trace element partitioning on
a local scale due to different mineral assemblages, fresh
samples were carefully selected and large amount of sample
specimens were crushed. In total, 15 samples are chosen to
serve as the foundation for all subsequent discussions.

Several researchers believe that the metasomatic change
of the granulite facies mafic rocks is insignificant due to their

low permeability from the fluid conduits (e.g., Harlov DE,
2012). Moreover, if mafic rocks intrude the host gneisses
during the waning phase of granulite facies metamorphism,
they suffer little compositional change (Sharma RS et al.,
1987). Weaver BL and Turney J (1981) have shown that
mobility of trace elements during high-grade metamorphism
is related to availability of the fluid phase. These authors
suggested rare ecarth elements (REE) remained immobile
during granulite facies metamorphism. Ghatak A et al. (2012)
concluded mafic and ultramafic rocks in subduction zones
preserve elemental compositions and isotope ratios during
high-grade metamorphism. Several authors show that Rb, K,
Ba, Sr, Pb, and Th show superior mobility while La, U, and Sr
show lesser mobility during metamorphism (Weaver BL and
Turney J, 1981; Ghatak A et al., 2012). In contrast, Ague JJ
(2017) suggested partial mobility of HFSE of high-grade
metamafic rocks. Babechuk MG et al. (2014) showed that U,
Mo, and W remain the most mobile elements among the
HFSEs, while Zr, Hf, Nb, and Ta maintain the ratios of the
basalt protolith.

Most researchers (e.g., Polat A and Hofmann AW, 2003)
consider the large-ion lithophile elements (LILE) as being
easily mobilized during metamorphism or alteration
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processes, whereas the high field strength elements (HFSE)
and the rare earth elements (REE) are regarded as relatively
immobile. The coherent patterns in the chondrite and
primitive mantle normalized rare earth and trace element plots

Cen/(Lan*Pry)*>,  chondrite  normalized  values  after
McDonough WF and Sun SS, 1995] ratios of rocks would
vary between 0.9 and 1.1 during limited LREE mobility. The
Ce/Ce* ratios in the studied samples vary from 0.99 to 1.05

of the studied mafic granulites (Fig. 5) support this viewpoint. suggesting the immobile behavior of LREE during

Polat A et al. (2002) have established Ce/Ce* [Ce/Ce* = metamorphism (Table 2).

Table 2-2. Continued.

Sample PR 37A PRSP 16 PRLP 8 PR 29E Av. PR TBS PR 31B PR 31A Av.
SIno 9 10 11 12 (N=7) 13 14 15 (N=3)
Rock type Garnet-free mafic granulite Garnetiferous mafic granulite
SiO, 48.38 49.23 49.42 55.02 50.65 53.53 48.39 47.35 49.76
TiO, 1.65 1.9 1.05 1.32 1.38 3.13 2.15 1.87 2.38
AL Os 15.69 13.98 15.85 15.41 15.47 12.75 14.07 13.57 13.46
F6203T 11.64 14.13 11.48 10.74 11.78 15.69 17.51 16.05 16.42
MnO 0.17 0.21 0.176 0.15 0.17 0.21 0.25 0.22 0.23
MgO 6.12 5.545 6.821 3.94 5.74 3.72 4.41 5.89 4.67
CaO 9.76 11 12.61 7.88 10.3 7.67 10.1 11.2 9.66
Na,O 3.16 3.15 2.48 2.51 2.77 2.01 2.21 2.07 2.1
K,0 1.47 0.37 0.58 1.59 0.91 0.36 0.29 0.38 0.34
P,04 0.51 0.183 0.093 0.27 0.22 0.63 0.34 0.26 0.41
Total 98.55 99.698 100.56 98.83 99.38 99.7 99.72 98.86 99.43
(Trace element in ppm)
Cr 49.2 48 126.8 92.48 101.93 26.63 20.27 47.39 31.43
Ni 13.6 15.7 49.6 41.88 57.79 9.93 56.07 64.07 43.36
Co 322 42.5 40.7 52.84 56 67.54 88.27 85.24 80.35
\ 133.1 365.9 248.9 209.78 249.17 288.79 415.89 379 361.23
Cu 34 7.2 20.3 36.73 60.19 1.28 33.69 46.71 27.23
Pb 6.4 1.4 2.3 5.55 3.97 48.69 4.73 1.83 18.42
Zn 92.6 79 72.6 106.79 104.27 38.9 91.51 74.46 68.29
Rb 28.5 9.7 9.7 52.58 22.13 18.21 3.9 3.84 8.65
Ba 284.5 27.1 59.4 286.44 175.42 459.82 115.13 106.67 227.21
Sr 356.4 164.9 124.8 133.5 227.64 320.12 220.75 185.4 242.09
Ga 20.4 20.1 17.5 20.59 19.16 25.82 22.24 19.71 22.59
Nb 23.7 10.6 10.6 11.93 11.05 40.21 13.56 10.46 21.41
Ta - - - 0.6 0.79 3.49 0.85 0.73 1.69
Zr - 125.62 152.64 124.89 98.64 231.76 49.56 39.56 106.96
Hf 4.7 32 1.4 3.05 2.53 5.8 1.45 1.47 291
Y 30 30 20 36.74 27.86 35.87 42.36 37.65 38.63
Th 3.1 1.7 2.3 1.69 1.51 3.06 0.47 0.28 1.27
Sc 20.6 40.3 43.7 35.04 35.08 18.46 56.05 54.71 43.07
Cs - - - 0.9 0.46 0.88 0.12 0.12 0.37
U 4.2 4.2 4.2 0.45 1.94 1.07 0.22 0.14 0.48
La - - - 25.13 14.24 28.34 11.48 11.32 17.05
Ce 40 10 10 57.3 27.19 60.75 29.34 28.38 39.49
Pr - - - 6.9 4.24 7.86 4.37 4.08 5.44
Nd - - - 27.21 17.42 34.34 19.74 18.03 24.04
Sm - - - 6.07 4.15 8.02 5.53 4.85 6.13
Eu - - - 1.48 1.29 2.12 1.81 1.58 1.84
Gd - - - 6.48 4.76 6.37 6.78 5.93 6.36
Tb - - - 1.04 0.79 1.21 1.16 1.01 1.13
Dy - - - 6.1 4.69 6 7.02 6.07 6.36
Ho - - - 1.27 1 1.21 1.45 1.29 1.32
Er - - - 345 2.7 2.95 3.97 3.46 3.46
Tm - - - 0.53 0.42 0.44 0.61 0.53 0.53
Yb 0 0 1.6 3.55 1.8 3.12 3.95 3.5 3.52
Lu - - - 0.54 0.42 0.48 0.61 0.54 0.54
>REE 40 10 11.6 121.92 52.9 134.89 86.34 79.25 100.16
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Table 2-3. Continued.

Sample PR 37A PR SP 16 PRLPS PR 29E Av. PR TBS PR 31B PR 31A Av.
SIno 9 10 11 12 N=7) 13 14 15 (N=3)
Rock type Garnet-free mafic granulite Garnetiferous mafic granulite

(Na,0+K,0) 4.63 3.52 3.06 4.1 3.68 2.37 2.5 245 2.44
Na,0/K,0 2.15 8.51 4.28 1.58 4.49 5.58 7.62 5.45 6.22
Mgt 0.6 0.5 0.6 0.5 0.5 0.4 0.4 0.5 0.4
S/(SFS) 0.64 0.64 0.64 0.68 0.65 0.65 0.61 0.62 0.62
Cen/Yby® - - 1.74 4.48 3.1 5.41 2.06 225 3.24
Eu* - - - 0.24 0.3 0.3 0.3 0.29 0.3
Ce/Ce* 1.07 0.86 1.00 1.02 1.02 1.01
(Ho/Yb)y* - - - 1.07 1.09 1.17 1.1 111 1.13
Rb/Sr 0.08 0.06 0.08 0.39 0.11 0.06 0.02 0.02 0.03
Ba/Rb 9.98 2.79 6.12 5.45 14.76 25.25 29.52 27.78 27.52
Ba/La - - - 11.4 17.05 16.22 10.03 9.42 11.89
Ba/Th 91.77 15.94 25.83 169.49 194.88 150.22 244.96 380.96 258.71
Pb/Ce 0.16 0.14 0.23 0.1 0.18 0.8 0.16 0.06 0.34
La/Nb - - - 2.11 1.71 0.7 0.85 1.08 0.88
La/Yb - - - 7.08 5.47 9.08 291 3.23 5.07
Nb/Y 0.79 0.35 0.53 0.32 0.4 1.12 0.32 0.28 0.57
Nb/La - - - 0.47 0.68 1.42 1.18 0.92 1.17
Nb/Yb - - 6.63 3.36 3.72 12.89 3.43 2.99 6.44
Nb/Ta - - - 19.95 11.16 11.52 15.99 14.37 13.96
ANb - 0.09 -0.23 0.23 0.22 0.23 1.11 1.14 0.83
Zr/Nb 11.85 14.4 10.47 11.04 5.76 3.65 3.78 4.4
Th/Yb - - 1.44 0.48 0.56 0.98 0.12 0.08 0.39
Zr/Y - 4.19 7.63 3.4 3.91 6.46 1.17 1.05 2.89
Zr/Hf - 39.26 109.03 40.95 49.01 39.95 34.18 2691 33.68
Th/Nb 0.13 0.16 0.22 0.14 0.13 0.08 0.03 0.03 0.05
Ti/V 74.31 31.12 25.29 37.72 36.72 64.97 30.99 29.57 41.84
Y/Ho - - - 28.93 28.97 29.6 29.21 29.19 29.33
Y/Yb - - 12.5 10.35 10.93 11.5 10.72 10.76 10.99

Hill IG et al. (2000) introduced an index of alteration for
the basaltic rocks defined by the SiO,/(SiO,+Al,05+Fe,05t)
(hereafter called the S/SAF ratio) and suggested that basaltic
rocks with S/SAF ratio <0.5 show significantly altered HFSE
contents. S/SAF ratios of the studied mafic granulites vary
from 0.66 (amphibolites) to 0.65 (garnet-free mafic
granulites) to 0.62 (garnetiferous mafic granulites) (Table2).
Therefore, the HFS element contents of the studied mafic
granulites are considered to have maintained their usual
concentrations. This, in turn suggests that the mafic granulites
did not undergo partial melting during granulite-facies
metamorphism.

To recognize the geochemical alteration of alkali elements
during metamorphism, we plot the samples in the (Na,O+
K,0)% versus Na,O/K,0 diagram (Supplementary Fig. 4a) of
Miyashiro A (1975) and CaO/Al,0,—MgO/10-Si0,/100
ternary diagram (Supplementary Fig. 4b) of Schweitzer J and
Kroner A (1985). All the studied samples fall well within the
“unaltered ” field, suggesting they maintain the primary
igneous geochemistry.

To assess the effect of mobility on HFS elements in the
mafic granulites of the present study, we have plotted Zr—Hf,
Y—Ho, and Nb-Ta bivariate diagrams (Supplementary Figs.
4c—¢). These element pairs display excellent correlations (2

up to 0.99) consistent with their relatively limited mobility
during metamorphism.

Zr and Hf, Y and Ho, Nb and Ta with identical charges
and strikingly similar radii behave nearly identically in most
systems on Earth (Mason B and Moore CB, 1982). Therefore,
most materials have near chondritic Zr/Hf ratios of about
35-40 (Hoskin PW and Schaltegger U, 2003). However, Zr is
preferentially partitioned in zircon over Hf (Claiborne LL et
al., 2006). Therefore, moderately high Zr/Hf ratios of the
studied amphibolites (50.83) and mafic granulites (garnet free
mafic granulite: 49.01; garnetiferous mafic granulite: 33.68)
indicate accumulation of zircon (Supplementary Fig. 4c,
Table 2).

Y shows greater mobility than Ho during chemical
alteration (Babechuk MG et al., 2014). Y/Ho ratios of the
primitive mantle and mantle-derived magma are close to 28
(Sun SS and McDonough WEF, 1989). Therefore, similar
Y/Ho ratios of the studied amphibolite (~28.15) and mafic
granulites (garnet-free mafic granulite: 28.97; garnetiferous
mafic granulite: 29.33) designate pristine igneous ratios of
these elements (Supplementary Fig. 4d, Table 2). Identical
Y/Ho ratios in amphibolites and mafic granulites also
suggests no partial melting in mafic granulites took place
during granulite facies metamorphism.
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Mantle-derived mafic magmas have near-constant Nb/Ta
ratios (15-16, Gale A et al., 2013). Amphibolites show high
Nb/Ta ratios (av. 28.06), while the mafic granulites of the
present study exhibit lower Nb/Ta ratios (ca. 11.16 and 13.96)
than those of basalts. Amphibole prefers Nb over Ta (Zhang
X et al., 2021). Therefore, high Nb/Ta ratios in amphibolites
are related to the abundances of modal amphiboles in the
amphibolites. In contrast, the breakdown of amphibole during
granulite facies metamorphism of mafic granulites can explain
their low Nb/Ta ratios (Table 2; Supplementary Fig. 4e).

5.2. Tectonic Setting of emplacement

On the Th/Yb versus Nb/Yb diagram (Supplementary Fig.
5) of Pearce JA (2008), oceanic basalts (intraplate islands,
oceanic plateaus, and plume—distal ocean ridges) plot within
the “MORB-OIB’’ array, whereas the field of volcanic-arc
basalts lies above the array. Subduction-related basalts, alkalic
basalts, and crust-contaminated basalts having a good amount
of recycled crustal components lie above the MORB-OIB
array. Ernst RE (2014) argued that immobile incompatible
elements ratios make this diagram transparent to cumulate

effects. He recommends further the diagram can also be used
for gabbroic rocks with caution. A useful summary of the
chemistry of Large Igneous Provinces (LIPs) is demonstrated
in the Th/Yb versus Nb/Yb diagram by Ernst RE (2014).
Continental LIPs (such as the British Tertiary province and
North Atlantic margin province) and Proterozoic dyke swarms
(e.g., Mackenzie and Dashigou swarms) plot within and above
the mantle array (Supplementary Fig. 5), suggesting a
significant contribution of the lithosphere and continental
crust. Studied mafic granulites plot both within and above the
“mantle array” between the N-MORB and OIB (Supplementary
Fig. 5). This suggests mantle-derived magma interacted with
the crust or lithosphere.

The tholeiitic character of the studied samples suggests
minimal incorporation of the continental crustal component to
the mantle source. The transitional elements (Ti and V)
remain immobile even in granulite facies (Rollinson HR,
1993). The studied mafic granulites show a high concentration
of V (201.62x107%, 249.17x10°°, and 361.23x10°°), high Ti/V
ratios (>20; Fig. 6a), but low La/Nb ratios (Fig. 6b) that are
consistent with the geochemical characteristics of flood basalt
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provinces (Shervais JW, 1982; Erlank AJ et al., 1988). The
samples plot predominantly in the MORB and continental
flood basalt fields in the V vs. Ti/1000 tectonic discrimination
diagram of Shervais JW (1982). However, two rock samples
also fall in the ocean island alkali basalt field (Fig. 6a). In the
Y vs. La/Nb diagram of Floyd PA et al. (1991), the mafic
granulite samples plot in the field of continental flood basalts
(Fig. 6b). The studied rocks plot in oceanic subduction
unrelated settings and rifted margin-Ocean-Continent
Transitional Zone (OCTZ) field in the N-MORB-normalized
Th vs Nb discrimination diagram of Saccani E (2015) (Fig.
6¢). In the Nb/Sc vs. Sc/Ba discrimination diagram of Han S
et al. (2020) the mafic granulites consistently plot within the
field of ocean island gabbroic rocks (OIG) (Fig. 6d).

5.3. Physico-chemical condition of metamorphism

The chemical composition of hornblende, garnet,
pyroxene, and biotite is widely used by researchers for
estimating the temperature, pressure, oxygen fugacity, and
water condition of the metamorphic event at which the rocks
were metamorphosed.

In the Si (pfu) vs. Ti (pfu) diagram (after Xue JZ et al.,
1986) of amphiboles, almost all the samples of amphibolites
and mafic granulites plot within the metamorphic field.
(Supplementary Fig. 6a). In the temperature (°C) vs. pressure
(kbar) diagram (Supplementary Fig. 6b), the plots clearly

show their granulite facies condition of metamorphism
(metamorphic facies divisions are based on the work of
Maruyama S et al., 1996). The Ti-in hornblende thermometer
was applied for temperature estimation (Otten MT, 1984), and
the Al-in hornblende barometer (Schmidt M, 1992) for
pressure calculation.

In the Ti vs. (Na+K) (pfu) diagram (after Jin SQ, 1991)
and the AIY' vs. A" diagram (after Chen G et al., 1988),
amphiboles of the investigated samples plot within the
granulite facies field. Several plots of amphiboles from
Saltora mafic granulite liec within the upper amphibolite facies
field, but very close to the granulite facies field
(Supplementary Fig. 6¢, d).

The garnet-biotite thermometer was used to calculate the
peak temperature at which the rocks have formed. Ferry JT
and Spear FS (1978) calculated the reactions between garnet
and biotite experimentally at a pressure of 0.207 GPa and a
temperature range of 500°C—800°C. The Fe-Mg exchange
between adjacent garnet and biotite is:

Fe,AlLSi;0,, + KMg,AlSi;0,(OH), S
Mg, ALSi, 0., + KFe; AlSi;0,0(OH), M

Some mafic granulites of the present area contain both
garnet and biotite. Hence equilibrium constant (Kp) has been
obtained using the formula, Kp "(Xyg/Xpe)/* (Xpg/Xre)-
Further, Ln Ky = (-2109)/T+0.782, where T denotes the
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temperature in Kelvin at which the rock was formed.

Using the above formulae, the temperature of
metamorphism for Saltora garnetiferous mafic granulite is
estimated to be 638.4°C.

Coexisting hornblende and plagioclase are commonly
used for thermometric calculations in metaigneous rocks
(Blundy JD and Holland TJB, 1990; Holland TJB and Blundy
J, 1994). The estimated temperatures at which the rocks have
been metamorphosed for amphibolite, garnet-free mafic
granulites, and garnetiferous mafic granulites are 780.3°C,
742.9°C, and 726.7°C, respectively. Based on amphibole
chemistry with calcic hornblende (Mg#>0.5) (Ridolfi F et al.,
2010) the estimated temperatures of amphibolite, garnet-free
mafic granulite, and garnetiferous mafic granulite are 910°C,
900.5°C, and 919°C, respectively.

The temperature condition of metamorphism of two-
pyroxene mafic granulite has been calculated by coexisting
ortho-and clinopyroxene chemistry (Kretz R, 1982; Wells
PRA, 1977). Based on pyroxene chemistry, the estimated
temperatures for garnet-free mafic granulite are 660.86°C and
797.6°C, respectively (Table 3).

Using the Al-in hornblende barometer by Schmidt M
(1992), the amphibolite, garnet-free mafic granulite, and

garnetiferous mafic granulite yield the pressure of
metamorphism at 610-670 MPa, 650-680 MPa, and840 MPa,
respectively. Geobarometry based on net transfer reactions
among plagioclase, garnet, biotite, and quartz in the
assemblage garnet + plagioclase + biotite + quartz has been
calibrated by Hoisch TD (1990) at P = 1.0-11.4 kbar
100-1140 MPa and 7 = 515-878 °C. Using this calibration,
the Saltora garnetiferous mafic granulite yields the pressure of
metamorphism of about 850 MPa (Mg end member) and 710
MPa (Fe end member) (Table 3).

The water content can be calculated by the empirical
calculation of Ridolfi F et al. (2010) using amphibole
chemistry. The average calculated water content of the melt
for amphibolite (range: 5.7-6.9%) and garnet-free mafic
granulites (range: 5.8%—6.8%) is 6.3% (Table 3).

The oxygen fugacity obtained from amphibole chemistry
is (ANNO = —0.3) and (ANNO = —0.4 to —0.5) respectively
for amphibolites and garnet-free mafic granulites (Ridolfi F et
al., 2010; Table 3).

We calculate the pressure and temperature conditions
during the evolution of the mafic granulites in P-T
pseudosections with the PERPLE X software package (see
Connolly JAD, 2005; version from August 2011 downloaded
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Table 3. Intrinsic parameters of amphibolite and mafic granulite.

Temperature ('C)

Sl Rock Type Sample Hornblende chemistry Pyroxene chemistry Garnet-biotite

No chemistry
Holland TJB and Blundy J (1994) Otten MT Ridolfi F et al. Wells PRA Kretz R Ferry JT and Spear FS
(edenite + albite = richterite + (1984) (2010) (1977) (1982) (1978)
anorthite)

Amphibolite PR 51  740.2 789.7 897 - - -
2 PR 820.4 694.2 923 - - -
65A

3 Garnetiferous PRTB5 726.7 729.4 919 - - 638.4
mafic
granulite

4 Garnet-free PR44  741.6 734.8 883 NA NA NA
mafic PRKP2 744.2 840.6 918 797.6 660.86 NA
granulite

Pressure (MPA)
SI - Rock Type Sample Hornblende barometry P1-Gt-Bi-Q barometry
No Hammarstrom  Hollister Johnson Schmidt  Link with reference  Ridolfi F Hoisch TD Hoisch TD
JMand Zen EA LSetal. MC and M list (edenite + albite = et al (1990) (Mg end (1990) (Fe end
(1986) (1987) Rutherford  (1992) richterite + (2010) menber) menber)
MJ (1989) anorthite)

1 Amphibolite =~ PR51 570 600 460 610 619 299 - -

2 PR 65A 640 680 520 670 690 384 - -
Garnetiferous PRTBS 820 880 670 840 840 - 850 710
mafic
granulite
Garnet-free PR44 610 650 490 650 530 344 - -
mafic PRKP2 650 690 630 680 569 377 - -
granulite

Water content (wt.%) and oxygen fugacit

S1 No Rock Type Sample Hornblende chemistry
Water content of the magma (wt.%) 1O, (log unit bar) ANNO
Ridolfi F et al. (2010)

1 Amphibolite PR 51 5.7 -12.3 -0.3

2 PR 65A 6.9 -11.0 -0.3

3 Garnet-free mafic granulite PR44 6.8 —12.1 -0.4

4 PRKP2 5.8 -12.0 -0.5

from the internet site http://www.perplex.ethz.ch/), along with
conventional thermobarometry. For the studied garnetiferous
mafic granulite (sample: PR-TBS), the fO, is fixed at —15 log
units and the water content we consider is 1%. The
thermodynamic data sets of Holland TJB and Powell R (2011)
were applied for calculations. The following solid-solution
models were applied for calculations: cAmph(G): clino-
amphibole; Opx(HP): orthopyroxene discovered by Holland
TJB and Powell R (1996); Cpx(l): clinopyroxene discovered
by Gasparik T (1984, 1985); Gt(HP): garnet discovered by
Holland TJB and Powell R (1998); feldspar: both K-feldspar
and plagioclase discovered by Fuhrman ML and Lindsley DH
(1988); Melt(HP): halsopleths for Al-in amphibole, An-in
plagioclase, Mg# in biotite, clinopyroxene and orthopyroxene,
and almandine in garnet have been drawn using the
subprogrammes Weremi and Pstable.

The M, stage is characterized by the intersection of 0.70
almandine isopleth of garnet and 0.43 Mg# of cpx isopleth.
The P-T condition of M, is 650 MPa and 770°C (Fig. 7).

The M, metamorphic stage is characterized by the
intersection of 2.4 isopleths of Al-in amphibole, 2.2 Mg#

isopleath of biotite, and 0.56 An in-plagioclase isopleth. The
P-T condition of M, is 300 MPaand 744°C (Fig. 7).

5.4. Igneous Petrogenesis

Contributions of melts from different sources (e.g.,
enriched subcontinental lithospheric mantle, asthenospheric
mantle etc.) with crustal contamination may explain the
geochemical variation of the studied metabasic rocks. We will
discuss various models to explain the geochemical variations
(e.g., enrichment of LILE and depletion of Ti, Nb, and Ta,
etc.), such as (1) differentiation, (2) melt source, and (3)
contamination site(s) of the parental magmas of the studied
mafic granulites.

5.4.1. Evidence for magmatic differentiation

Both the two types of mafic granulites, garnetiferous and
garnet-free, have low MgO (5. 74 and 4.67% respectively)
and Ni (57.79x10° and 43.36x10° respectively)
concentrations. The low abundances of MgO and Ni in these
rocks point to extensive fractional crystallization of mafic
minerals. The nature of the variation of characteristic
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Sample Saltora mafic granulite (Tb5)
f0,=—15.0

SiO, TiO, ALO; FeO MnO MgO CaO Na,0O K,0 H,O
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geochemical components with SiO, (wt.%), as already
described (section 3.2.3), suggests a significant role for
fractional crystallization of the parent magma.

The chondrite-normalized REE patterns of a melt can be
structured either by the amount of partial melting of the
source or by crystal fractionation. In basaltic magma,
fractionation of olivine, pyroxene, and plagioclase can control
the REE-abundances of residual melts (Philpotts A and Ague
J, 2009). Olivine fractionation leads to significant enrichment

of REE in residual magma without any fractionation among
the REE. Plagioclase fractionation also leads to REE
enrichment, but with a prominent negative Eu-anomaly in the
REE pattern. Augite fractionation results in the enrichment of
light REE (La, Ce, and Nd) relative to Sm, while the middle
(MREE) and heavy REE (HREE) show a flat pattern. In
contrast, orthopyroxene fractionation marks moderate,
consistently positively sloped patterns from the Yb to La.
Moreover, ratios between strongly incompatible trace
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elements will vary considerably, either at very low
percentages of partial melting or a high degree of fractional
crystallization (Langmuir CH et al., 1992; Klein EM, 2003).
Mafic granulites of the present study show both weakly-
fractionated REE patterns and moderately LREE-enriched
with nearly flat HREE patterns (Fig. 5a).

The moderate relative enrichment of LREE in these rocks
could be attributed to clinopyroxene fractionation or a low to
moderate percentage of partial melting in the source.
Additionally, the absence of significant Eu-anomaly in the
Chondite-normalized REE-diagram (Fig. 5a) suggests
plagioclase was not a significant fractionating phase.

La/Sm and Th/Hf ratios in basaltic melts increase during
partial melting of the source (Allegre CJ and Minster JF,
1978; Martinez-Serrano R et al., 2004; Aldanmaz E, 2002;
Aldanmaz E et al., 2008). Increasing Th/Hf ratios with Th of
the studied mafic granulites (Supplementary Fig. 7a) and
steep trend in a La vs. La/Sm diagram (Supplementary Fig.
7b), suggest that partial melting played a significant role in
controlling the REE content of these rocks.

5.4.2. Crustal contamination

During ascent, the mafic magmas interact with the
continental crust (Currie KL and Williams PR, 1993). Several
geochemical plots and ratios can effectively illustrate the
commonly marked enrichment in LREE and incompatible
elements in continental tholeiites.

A high La/Nb ratio (>1.5) in basaltic rock indicates crustal
contamination (Hart WK et al., 1989). The high La/Nb ratios
of the Saltora amphibolite (av. La/Nb: 2.69), garnet-free mafic
granulite (av. La/Nb: 1.71) and garnet-free mafic granulites
(av. La/Nb: 0.88). OIB shows low Zr/Nb ratios (3.2—11.4) and
MORB shows high Zr/Nb ratios (30). The low Zr/Nb ratios of
Saltora amphibolite (av. Zr/Nb: 15.05), garnetiferous mafic
granulites (av. Zr/Nb: 11.04) and garnet-free mafic granulites
(av. Zr/Nb: 4.40 indicate similarity with OIB (Table 2;
Supplementary Fig. 8a).

Luttinen AV (2018) recently introduced the ANb
parameter for quantifying the abundance of Nb relative to Zr
and Y.

ANDb = 1.74 +1log(Nb/Y) — 1.92 X log(Zr/Y) 2)

OIB and other oceanic basalts related to mantle-plume,
commonly show high-Nb (Nb-undepleted) compositions. In
contrast, normal-MORB displays the low-Nb (Nb-depleted)
values. The Nb values of basalts are feebly affected by the
degrees of mantle melting. Prolonged fractionation of calcic
pyroxene in evolved magma slightly decreases the ANDb
values in the derivative magma. In a continental setting,
crustal contamination or assimilation of SCLM material can
reduce the Nb values of basalts (Luttinen AV, 2018). Luttinen
AV (2018) proposed ANDb vs. La/Nb and ANb vs. Th/Nb
diagrams to evaluate the degree of crustal contamination,
wherein he defined the field of crustal contamination. All the

studied samples plot outside the field of crustal contamination
(Table 2; Supplementary Fig. 8b).

5.4.3. Enrichment of the source mantle

Mantle metasomatized by subducting crust-derived fluid
will produce magmas having high Ba/Th (>170) ratio
(Hawkesworth CJ et al., 1997) and high Pb/Ce (>0.1) ratio
(Elburg MA et al., 2002). The Ba/Th ratio is high (av. 46.89
in amphibolite, av. 194.88 in garnet-free mafic granulite, and
av. 258.71 in garnetiferous mafic granulite) in the studied
samples, suggesting fluid-derived metasomatism of the source
mantle. The Pb/Ce ratio is high, both in amphibolite (av. 0.37)
and garnet-free mafic granulite (av. 0.18) and garnetiferous
mafic granulite (av. 0.34). The high Ba/La and low Th/Nd
ratios in the studied mafic granulites suggest slab-derived
fluids metasomatized the mantle source (Table 2; Fig. 8a).

The La/Nb and La/Ba ratios remain unchanged during
partial melting or fractional crystallization and effectively
indicate mantle-source (Ernst RE, 2014). Three garnetiferous
mafic granulite samples of Saltora plot within the OIB field
on La/Nb and La/Ba diagrams (Fig. 8b). Another three
samples of garnet-free mafic granulites and one amphibolite
plot within the field of Karoo dolerite (Fig. 8b). The high
La/Nb ratio (>1) and low La/Ba ratio (<0.1) of these rocks
suggest the parental magma originated from the partial
melting of the lithospheric mantle (cf., Jourdan F et al., 2009).

According to La Fleche MR et al. (1998), lower Ta/La and
Hf/Sm ratios in the mafic magma compared to the depleted
mantle, together with high-p mantle values, indicate carbonate
metasomatism at the source. The studied samples mostly plot
close to the fields of mantle source metasomatized by
carbonate in the (Ta/La)y vs. (Hf/Sm)y diagram (after La
Fleche MR et al., 1998) (Fig. 8c).

In summary, the studied mafic granulites are derived from
a metasomatized mantle. The mantle metasomatism took
place by subducting crust-derived fluid.

Very recently, Pearce JA et al. (2021) have shown that
intraplate, plume-derived magmas exhibit one of the
following three arrays when plotted on the Th/Nb vs. TiO,/Yb
diagram (Fig. 8d): Type I: MORB-OIB-OPB (plume) array
(where OPB = oceanic plateau basalt); Type II: subduction-
modified lithospheric mantle (SZLM) array; and Type III: a
combination of the first two arrays. Furthermore, they show
three sub-types of Type-III. Type Illa extends from the SZLM
to the MORB-OPB part of the array, whereas Type IIIb
extends from the SZLM to the OIB-OPB part of the array, and
Type Illab extends from the SZLM to the small transitional
MORB-OIB-OPB field. The mafic granulite samples of the
study follow the Illab trend on the Th/Nb vs. TiO,/Yb
diagram of Pearce JA et al. (2021) (Fig. 8d). According to
Pearce JA et al. (2021), basalts following the Type-IIlab trend
represent interactions between plume-sourced and SZLM-
sourced magmatic end-members.

5.4.4. Mantle mineralogy and melting processes
Melts derived from the asthenospheric mantle exhibit high
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Nb/La ratios, ranging from 1.3 (OIB and E-MORB) to 0.9 (N-
MORB) (Sun SS and McDonough WF 1989; Smith EI et al.,
1999). In contrast, the SCLM-derived melts show low Nb/La
ratios and are equivalent to that of the continental crust
(CC=0.4; Wang L. et al., 2014). The Saltora amphibolite and
mafic granulites show low to high Nb/La ratios (av. 0.37 in
amphibolite, av. 0.68 in garnet-free mafic granulite, and av.
1.17 in garnetiferous mafic granulite), which suggests their
origin from a mixed lithospheric-asthenospheric mantle
source (Table 2; Fig. 9a; see also Condie KC, 1997).

If garnet remains as a residue during melting, the parental
melt would have a depleted HREE character, with Y/YDb ratios
>10 and primitive-mantle normalized (Ho/Yb)y ratios >1.2. A
moderate range of Y/Yb ratios characterizes the amphibolite
(av. 6.12), garnet-free mafic granulites (10.93) and
garnetiferous mafic granulites (av. 10.99) of Saltora area.
Additionally, the moderate (Ho/Yb)y ratios are characteristics
of both the amphibolite, garnet-free mafic granulites, and
garnetiferous mafic granulites (1.53, 1.09, and 1.13,

respectively). The moderate Y/Yb and (Ho/Yb)y ratios
indicate that spinel and minor garnet were present as a
residual phase in the source mantle. The low (Tb/Yb)y ratios
(2) in the basaltic rocks also suggest the parental magmas
were derived from a spinel-bearing peridotite source (Xu YG,
2001; Wang P et al., 2002). The disposition of the studied
samples in the primitive-mantle-normalized (La/Sm)y vs.
(Tb/Yb)y diagram (Fig. 9b) suggests their origin from a
transitional spinel-bearing source.

Giuseppe P Di et al. (2018) modeled the partial melting of
spinel and garnet peridotite mantle sources. According to this
model (Dy/Yb vs. Yb diagram, Fig. 9¢c), 5% to 10% melting
of a spinel peridotite can yield the parental magma of the
garnetiferous mafic granulites. However, the parental magma
of the garnet-free mafic granulites can be produced by 7% to
20% partial melting of spinel peridotite (Fig. 9c).

Brandl PA et al. (2015) compiled literature data from
melting experiments of dry peridotite and carbonated
peridotite. These authors plot the melt composition and the
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liquid line of descent on fractionation of olivine and They have also plotted the fractionation trend of primary melt
olivine+pyroxene generated by melting spinel lherzolite produced by a carbonated peridotite melting with 1.0 % CO,
(KLB-1) at 1.5 GPa and 1350°C (Hirose K and Kushiro I, (PERC-3) at 3.0 GPa and 1350°C (Dasgupta R et al., 2007) on
1993) on a MgO (wt.%) vs. CaO/Al,O;3 diagram (Fig. 9d). the same diagram (Fig. 9d). The parental magma of mafic
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granulite samples was formed through olivine fractionation,
followed by clinopyroxenetolivine fractionation from the
partial melt derived from natural spinel-lherzolite.
Alternately, extreme fractionation of olivine and
clinopyroxene originating from the partial melting of a
carbonated peridotite melt can give rise to the parental magma
of the investigated samples.

Zeng G et al. (2010) have plotted melting trends of
carbonated peridotite melt trend, hornblende melt trend, and
carbonated eclogite melt trend in a TiO, vs. (Na,0+K,0)
diagram (Fig. 9e). The studied metamafics have (Na,O+
K,0)/TiO,>1 and clearly follow the melting trend of
carbonated peridotite mantle (Fig. 9¢).

The Cenozoic basalts of east China show high CaO/Al,04
ratios (>0.6) and superchondritic Zr/Hf ratios (>44), as well as
negative Zr (Zr/Zr*=0.54), Hf (Hf/Hf*=0.57), and Sr (Sr/Sr*=
0.73) anomalies in a primitive mantle-normalized spider
diagram (Zeng G et al., 2010). According to Zeng G et al.
(2010), the Cenozoic basalts of east China were formed from
the melting of a carbonated peridotite mantle. The metamafic
rocks in this study have high CaO/Al,O ratios (avg. 0.68).
Moreover, the studied metamafics show prominent negative
Zr, Hf, and Sr anomalies in the primitive-mantle normalized
spider diagram (Fig. 5b, d). The Saltora metamafics have an
average Zr/Hf ratio of 46.37 (Table 3), higher than the
chondritic Zr/Hf ratio of 44. All these geochemical
characteristics are similar to those of the Cenozoic basalts of
east China, which were emplaced in an intracontinental rift
setting. Therefore, based on the significant geochemical
similarities between the Cenozoic basalts of east China and
the metamafics of Saltora, a carbonated peridotite mantle can
also be inferred as the source for the metamafics of this study.

The studied amphibolite and garnet-free mafic granulite
rocks have low Rb/Sr ratios (0.09 and 0.11) but high Ba/Rb
ratios (6.52 and 14.76), indicating the predominance of
phlogopite in the source mantle. However, low Rb/Sr (0.03)
and high Ba/Rb (27.52) in garnetiferous mafic granulite
indicate amphibole in the source mantle (Fig. 9f).

Therefore, in summary, the trace-element characteristics
of these rocks indicate source mantle for the magma was a
metasomatized (carbonated) amphibole-spinel-garnet
peridotite of mixed asthenosphere-lithosphere.

5.5. Regional correlation and Tectonic evolution

The Grenville orogeny took place between 1.3 Ga and 1.1
Ga and involved collisions associated with the formation of
the supercontinent Rodinia (Li ZX et al., 2008). Global,
intracontinental magmatic events occurred at around
1100-1000 Ma. For example, voluminous mafic and granitic
magma was emplaced in the Ngaanyatjarra Rift of central
Australia between 1075 Ma and 1026 Ma (Evins PM et al.,
2010). The mafic dyke swarms intruded the basement rocks of
Bahia State, eastern Brazil during post-assembly extension in
the Rodinia Supercontinent at around 1000 Ma (Correa-
Gomes LC and Oliveira EP 2000). Voluminous mafic

magmatism in the diabase province of southwestern USA
occurred between 1140 and 1040 Ma (Bright RM et al.,
2014). The Mid-Continental Rift of North America records a
major rifting and associated magmatism at ca. 1100 Ma
(Hanson RE et al., 2004; Stein S et al., 2018). Dolerite dykes
in Laanila and Kautokeino, are examples of intracontinental
magmatic events at around 1100 Ma in the northern
Fennoscandian shield (Mertanen S et al., 1996).

In the preceding sections, we have shown that the mafic
dykes of Saltora originated from a carbonated peridotite
mantle and were emplaced in an intracontinental rift setting.
For regional correlation we summarize here the geochemical
characteristics of mafic dyke swarms of the Saltora belonging
to the CGC of the present area, mafic dykes of Dhanbad,
adjacent Dhanbad district, India (Kumar A and Ahmad T,
2007), Alcurra dolerite dyke suite, Ngaanyatjarra Rift, west
Musgrave Province, Central Australia (Wingate MT et al.,
2004; Howard HM et al., 2009; Evins PM et al., 2010), and
the dykes of the Mahoba, Bundelkhand craton, India
(Choudhary BR et al., 2019; Pradhan VR et al., 2012) based
on published geochemical data in Table 4.

Despite their wide separation, the mafic rocks of the
Saltora and Dhanbad in the CGC terrain, and Mahoba dykes
from the adjacent Bundelkhand craton and Alcurra dolerite
dyke suite, Ngaanyatjarra rift, west Musgrave Province,
Central Australia, show remarkably similar mid-oceanic ridge
basalt-normalized trace element patterns (Fig. 10). Mafic
rocks from the Saltora and the Alcurra dolerite dyke suite
show enrichment in large ion lithophile elements (LILEs)
relative to high field strength elements (HFSEs) and positive
Pb anomalies in MORB-normalized spider diagrams (Fig. 10).
These mafic rocks have a (La/Yb)qy of around 5, and a
(Gd/Yb)cy of 1-2 (CN is chondrite normalized). Table 4
shows that all these mafic rocks exhibit a tholeiitic
differentiation trend, a low SiO, content, and a low Mg# (50).
Melting of a subduction-modified lithospheric mantle is
suggested for the magma genesis of all these occurrences.

The Alcurra dolerite dyke suite (106748 Ma) was
emplaced in the intercontinental Ngaanyatjarra Rift (1085—
1040 Ma; Wingate MT et al., 2004; Howard HM et al., 2009).
The Ngaanyatjarra Rift was initiated after Musgrave orogeny
(1220-1150 Ma; Aitken AR et al., 2013). The Dashigou LIP
of the North China Craton (925 Ma) is proposed to be
correlatable with the Bahia-Gangila LIP of the Sdo Francisco-
Congo Craton (Su X et al., 2021). Kumar A and Ahmad T
(2007) proposed that the Dhanbad area’s (within the CGC)
amphibolite dykes were emplaced in a continental rift. Kumar
D et al. (2022) have shown that the amphibolite dykes from
western parts of the CGC were emplaced in a post-collisional
intra-continental extensional tectonic setting at around 950 Ma.

The present study has shown that the parental magma of
the mafic dykes from Saltora areas was derived from the
mixed asthenosphere-subcontinental lithospheric mantle. The
subcontinental lithospheric mantle was metasomatized by
subduction-related fluids and carbonatite melts. Both the post-
collisional and plume-related models are consistent with such
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Table 4. Compositional characteristics and related aspects of mafic dykes from Saltora of CGC and other regions.

Area Saltora garnet-  Saltora garnetiferous mafic Saltora amphibolite Dhanbad within ~ Mahoba, Bundelkhand Warakurna,
free mafic granulites the CGC craton, India Western
granulites Australia

SiO, 45.32-58.02 47.35-53.53 47.97-58.31 46.65-51.87 51.09-52.34 48.3-54.6

(Wt.%)

Mg# 45.16-62.33 35.59-46.10 54.38-63.82 46-73 42.50-45.68 50-73.5

LILE Enriched Enriched Enriched Enriched Enriched Enriched

HFSE Depleted Depleted Depleted Depleted Depleted Depleted

Pb Strong positive  Strong positive Strong positive No data Strong positive Strong

anomaly positive

Nb No anomaly No anomaly No anomaly Negative Negative Negative

anomaly

LREE Fractionated Fractionated Fractionated Fractionated Fractionated Fractionated

HREE Nearly flat Nearly flat Nearly flat Nearly flat Nearly flat Nearly flat

Magma Tholeiitic Tholeiitic Tholeiitic Tholeiitic Tholeiitic Tholeiitic

series

Tectonic ~ Within plate Within plate Within plate Within plate Within plate Within plate

setting

Source Interactions Interactions between Interactions between Enriched mantle ~ Spinel lherzolite mantle, Subduction
between lithospheric and lithospheric and asthenospheric contaminated by modified
lithospheric asthenospheric (spinel (spinel peridotite) mantle metasomatised lithospheric  lithospheric
and peridotite) mantle sources sources mantle mantle
asthenospheric
(spinel
peridotite)
mantle sources

Age Grenvillian Grenvillian Grenvillian Mesoproterozoic 1096 + 19 Ma Ca. 1070 Ma

Reference This study This study This study Kumar and Choudbhary et al. (2019); Wingate et al.

Ahmad (2007) Pradhan et al. (2012) (2004)

a magma source.

If the studied Saltora dykes are plume-related, it would be
difficult to explain why these are restricted within the CGC
and why similar dyke swarms are not recorded from the other
areas of the north Indian cratonic block. Several authors,
however, proposed a Grenvillian collisional event between the
north and south Indian blocks in the CGC (and along the
Central Indian Tectonic Zone, CITZ) at 1000-950 Ma (see
Section 2, Geological setting). In the early stages of this
collision, the collapse of the upper and middle crust took
place. Rapid decompression produced internal heating, which
induced partial melting of the middle crust and created a large
volume of felsic magma to form the migmatitic country of the
CGC (c. 1178 Ma, cf. Ray Barman T et al., 1994; Goswami B
and Bhattacharyya C, 2010). The migmatites were folded
during the succeeding deformation. In line with this
proposition, we suggest that the studied dyke swarms in the
CGC were emplaced in a post-collisional environment. After
the Grenvillian collisional-related deformation, the thickened
crust in the CGC became gravitationally unstable and
generated fractures for the emplacement of the mafic dykes.
Based on the remarkable geochemical similarity between the
metamafics of Saltora in the CGC and the 1067+8 Ma Alcurra
dolerite dykes of the Ngaanyatjarra Rift in Musgrave
province, we propose a similar emplacement age for the
Saltora metamafics. Porphyritic granitoids with megacrysts of
K-feldspar have emplaced in the CGC between 1059 Ma and
1065 Ma (Singh Y, 1992; Singh Y and Krishna V, 2009).
After the emplacement of the mafic dykes in the Saltora area,

orthopyroxene-bearing porphyritic granites were emplaced
just outside of the western margin of the study area at around
1071 Ma (Ray Barman T et al., 1994). Goswami B and
Bhattacharyya C (2014) described mingling and hybridization
between coeval mafic magma and the c. 1071 Ma porphyritic
granites. The porphyritic granite magma and the coeval mafic
magmas were emplaced along the fractures of the North
Purulia Shear Zone (Goswami B and Bhattacharyya C, 2014;
Das S et al., 2020). Porphyritic granites with coeval mingled
gabbros are also recorded in the Ngaanyatjarra Rift between
1058 Ma and 1063 Ma (Evins PM et al., 2010). Based on the
notable similarity between texture (porphyritic with K-
feldspar megacrysts), characteristic coeval mafic magmatism,
and similar emplacement age, a tentative correlation between
the porphyritic granites of the CGC and those of the
Ngaanyatjarra Rift is proposed.

During intracontinental rifting, the upwelling of the
asthenospheric mantle supplied extra heat to the overlying
Subcontinental Lithospheric Mantle (SCLM), causing partial
melting of the SCLM (Supplementary Fig. 9). The SCLM was
previously metasomatized by subduction-related fluids. The
mixing of asthenosphere and SCLM-derived magma produced
large amounts of mafic magma. At this stage, several
extensional fractures are likely to develop parallel to the
orogen (nearly E-W trend) the mafic magmas were emplaced
in the Saltora area via post-collisional extensional fractures
along the E-W trend. The North Purulia Shear Zone (NPSZ;
Fig. 1b, c) is interpreted as a fossil post-collisional extensional
fracture (Supplementary Fig. 9). Mafic magmas emplaced
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Fig. 10. Spider diagrams for the (a) average of amphibolite and mafic granulite dykes of Saltora (b) Mahoba dolerite dykes, Bundelkhand; (c)
Type-1 and Type-3 amphibolite dykes of Dhanbad (data from Kumar A and Ahmad T, 2007); (d) range and average composition of mafic sills,
dykes and basalts of Warakurna large igneous province, Australia (data from Wingate MT et al., 2004). MORB (mid-ocean-ridge basalt) nor-

malization values after Sun SS and McDonough WF (1989).

through the fracture of the NPSZ (Supplementary Fig. 9).
Post-collisional felsic intrusions in the CGC are widespread
(Goswami B and Bhattacharyya C, 2014; Goswami B et al.,
2018; Basak A et al., 2019; Das S et al., 2020; Roy P et al.,
2020; Sequeira N et al., 2020). These granite bodies were
emplaced at about 1000 Ma along the North Purulia Shear
Zone (NPSZ).

6. Conclusions

Based on the field, petrological, and geochemical studies
of the metamorphosed mafic rocks in the Saltora area of the
Chhotanagpur Gneissic Complex, eastern Indian craton, the
following conclusions have been drawn:

(1) The Grenvillian, brown hornblende amphibolite, and
mafic granulite dykes of Saltora, the Chhotanagpur Gneissic
Complex (CGC), were emplaced in an intraplate rift. The
rocks were metamorphosed under granulite facies conditions
in two stages during Dj-deformation. Pseudosection
modelling reveals that the M; metamorphism happened at 6.5
kbar and 770°C, while the M, metamorphism followed at
about 3.0 kbar and 744°C.

(il)) The metamafics are enriched in LILE, depleted in

HFSE, display strong fractionation of LREE, nearly flat
HREE patterns in a chondrite-normalized REE diagram, and
show a tholeiitic differentiation trend. Their parental magma
was derived from a carbonated peridotite mantle. Slab-derived
fluid and carbonatite melt metasomatized the subcontinental
metasomatized mantle (SCLM) in a previous subduction. The
parental magma of the garnet-free mafic granulite variety can
be generated by about 7%—10% partial melting of the spinel-
peridotite mantle (SCLM).

(iii) The metamafic dykes of Saltora were emplaced
during crustal extension in the post-collisional tectonic
setting, possibly around 1070 Ma. The remarkable
geochemical similarity between the mafic dykes of Saltora
and Dhanbad, the ca. 1096 Ma Mahoba (Bundelkhand craton),
and the ca. 1070 Ma Alcurra mafic dykes in Australia
supports a genetic link.
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