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Abstract

The Jhalida porphyritic granitoid pluton is exposed in a regional shear zone belonging to the
Chhotanagpur Gneissic Complex of the Satpura Orogdn(Q Ga), regarded as the collisional
suture between the South and North Indian blocks. The pluton intruded the migmatitic
gneisses, metapelites, calc-silicate rocks and amphibolites belonging to the amphibolite facies.
The mineral assemblage indicates the calc-alkaline nature of the granitoids. M&)z-8?I

+Hbl) schists occur as xenoliths within the pluton. The granitoids are classified as alkali-calcic
to alkalic, dominantly magnesian grading to ferroan, metaluminous to slightly peraluminous,
and shoshonitic to ultrapotassic. Geochemically, the granitoids are enriched in large-ion lith-
ophile elements (LILE), particularly K, and light rare earth elements (LREE), but are compa-
ratively depleted in Nb, Ta, and heavy rare earth elements (HREE). The strong negative
correlation between Siand ROs, metaluminous to weakly peraluminous character, high
liquidus temperature (79891°C) and high fe( QFMp 0.8 top 1.6) of the melt suggest their
I-type nature. Field relations and tectonic discrimination diagrams imply their post-collisional
emplacement. Low Nb/U (average 8.5), Ce/Pb (average 9.0), aq/(Al,Oszp

FeO(t)p MgOp TiO,) ratios and relatively low Mg number (average 0.15) of these granitoids
indicate a crustal mafic source. Batch melting (at886°C) of 1820% of an old, incompatible
elements-rich high-K high-alumina hornblende granulite can generate the porphyritic granite
melt. The heat source for melting was an upwelling of the asthenospheric mantle in the post-
collisional set-up. Textural and chemical characteristics of the mafic xenoliths show that invad-
ing porphyritic granitoid magma metasomatized the amphibolite protoliths.

1. Introduction

Continental crust has evolved in space and time through magmatic emplacement under differ-
ent tectonic settings. The subduction of the oceanic lithospheric plate below a continental or
oceanic lithosphere produces a great quantity of magma at continental or oceanic-arc tectonic
settings. Continuous subduction of the oceanic plate leads to the collision between island-arc
and continent or between continent and continent, and the subsequent thickening of crust. The
resulting sutures are characterized by abundant intrusion of granitoid magma. The syn-
collisional tectonic setting is characterized by foldihgusting and thickening of the sediment
pile in a compressional regime due to the subduction of the lithospheric plate. According to
England & Thompson1989, crustal thickening during the collisional stage does not supply
the appropriate amount of heat for widespread melting and generation of granitoid rocks.
During the post-collisional stage, the profuse melting of crustal material is possible due to ther-
mal relaxation (England & Richardsdr§77. As a result, temporal changes in composition and
characters of the granitoid rocks are noticed from subduction-related granitoids to post-
collisional granitoids. While subduction-related and syn-collisional granitoids are predomi-
nantly represented by large calc-alkaline tonalitic to granodioritic batholiths, post-collisional
granitoids are dominantly alkaline monzogranite to granodiorite, typically smaller in size
and linear in shape, and generally emplaced along ductile shear zones.

The Satpura Orogenic Beti Central India (Holmesl 955 Krishnan, 1961 is c.1500 km long,
nearly EW- to ENE-WSWHrending, and comprises three rdains, that is, the composite
Mahakoshal and Sausar Mobile Belts to thet,wies composite North Singhbhum Mobile Belt
(NSMB) and Chhotanagpur Gneissic Comp(®&GC) in the central part, and the Shillong
Plateau Gneissic Complex (SPGC) to the eastI&jgThe Satpura Orogenic Belt is interpreted
as a collisional orogen marking the Grenvilliamdgamation of the South and North Indian blocks
(e.g. Radhakrishna989 Acharyya2003 Naganjaneyulu & Santost)1Q Bhowmiket al.2012
Goswami & Bhattacharyya019.

Many late Grenvillian (1-40.9 Ga) elongated plutons of porphyritic granitoids occur parallel
to the southern margin of the CGC (Fil). The extensive occurrences of potassic porphyritic
granitoids within the migmatitic complex of the CGC attracted the attention of many workers,
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Fig. 1. (Colour online) (a) The disposition of the major cratonic blocks and tectonic elements within Peninsular India are shown (modified after Naganjaneyulu & Sar2@s6),

AFB- Aravalli Fold Belt; BBG Bhandara-Balaghat granulite; CGE Chhotanagpur Gneissic Complex; EGEastern Ghats Belt; NSMBNorth Singhbhum Mobile Belt; SPGE
Shillong Plateau Gneissic Complex. Archaean cratons:-BBundelkhand; BS- Bhandara; KR- Karnataka, SB- Singhbhum. (b) Geological map of the Chhotanagpur Gneissic
complex (modified after Mazumdar1988 with the study area at Jhalida (marked by the yellow rectangle) in the eastern part. SNNBSon-Narmada North Fault; SNSFSon-
Narmada South Fault; BTFBalarampurTattapani Fault; DVFS Damodor Valley South Fault; SPSZSouth Purulia Shear Zone; SSZSinghbhum Shear Zone; EITZEast Indian
Tectonic Zone. (c) Geological map of a part of the North Purulia Shear Zone in the NW Purulia district (modified after GSI). The studied area is highlighted by the black rectangle. (d)
Geological map in and around Jhalida, Purulia district, West Bengal, India.

and suggested their late tectonic emplacement (3688 and dykes are related spatially and temporally to the host porphy-
Sengupta & Sarkad,964 1968 Mazumdar,1988 Goswami & ritic granitoids of Raghunathpur (Dast al. 202Q. The post-
Bhattacharyya2014. Recently, Goswanet al. (2018 discussed collisional granitoids are principally crustal-derived, with or
the physicochemical conditions of crystallization of four calcwithout contributions from mantle melt (Winter2003 Wang
alkaline plutons, all lying on the EW- to EN®/SW-trending et al. 2019, particularly incompatible elements enriched sub-
North Purulia Shear Zone (NPSZ) in Purulia district, Westcontinental lithospheric mantle-derived melts (Goodenough
Bengal. Among these plutons, the porphyritic granitoid batholittet al.2010Q. Nevertheless, the petrogenetic modelling of granitoids
of Raghunathpur is well-studied and is suggested to be emplacedhipost-collisional settings is challenging because these rocks origi-
a post-collisional tectonic setting (Goswami & Bhattacharyyaated through complex thermal and magmatic processes and were
2019 atc.998+ 10 Ma Chakrabortyet al.201%). A suite of mafic  emplaced within a highly deformed and compositionally diverse
and ultramafic rocks occurring as mafic magmatic xenoliths, siltontinental crust.
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The Jhalida granitoid pluton lying in the western part of NPSE-W- to ENE-WSW-trending steeply dipping NPSZ. Baidya
(Fig.1c, d) is a porphyritic granititoid that has been emplaced lateet al. (1987 determined the age of biotite as 8780 Ma from
tectonically with respect to the regional deformation (Sengupta &halida porphyritic granitoids by the 4&r method. Post-
Sarkar,1969. Although texturally the porphyritic granitoids of collisional Raghunathpur porphyritic granitoid batholith
Jhalida and that of Raghunathpur are very similar, the latter coiiGoswami & Bhattacharyy2019 lying on the NPSZ is dated
tains numerous mafic microgranular enclaves and coeval matis 99& 10 Ma (U-Pb method of zircon; Chakrabaryal.201%).
and ultramafic igneous intrusions (Das al. 202Q. In contrast,

Jhalida pluton contains numerous xenoliths, including metaso; .

matically altered mafic schists. The objectives of this study ;%r)él\/laterlals and methods

to describe the petrography, mineral chemistry and petrochemisty/e have collected samples from bald-headed domes and tors and
of Jhalida porphyritic granitoid pluton, and hence draw concluflat-topped peneplaned exposures. The locations of samples
sions on the petrogenetic evolution and tectonic setting afelected for modal, chemical and electron-probe microanalyses
emplacement. Our study will help to understand the lithospheri(EPMA) are shown in Figurgéd. A total of 50 granitoids and 10
evolution of the CGC during the later stages of the Satpupeenolith rock samples weighing a minimum of 5 kg each were col-
Orogeny. lected from the Jhalida pluton. Out of these hand samples, thin-
sections were prepared from 30 porphyritic granitoids, both unde-
formed and deformed, and 10 xenolith rocks. Modal analyses of 15
representative undeformed porphyritic granitoids and three repre-
The Proterozoic CGC, which is regarded as part of the Satpusantative xenolith samples were performed. Eight undeformed
Orogenic Belt (Holmesl, 955, is an EW-trending belt covering porphyritic granitoids and three xenolith rocks were sent for
about 100 000 kfin the eastern Indian shield (Figja, b). The chemical analyses. Six samples of porphyritic granite and one
Proterozoic NSMB borders the southern margin of the CGC alorgample of xenolith were chosen for EPMA.

a tectonic boundary designated as the South Purulia Shear Zone.

The Gondwana Supergroup separates the western boundary3ai. Thin-section preparation and optical petrography

the CGC from the Sausar Mobile Belt of Central India. Th

CGC is dominantly composed of migmatites and granitoit?'”etS of approximate size 2315x 15 mm were cut from fre_sh
unweathered parts of the samples, using a water-cooled diamond

gneisses, W!th encla_ves of h|gh-gr_ad_e me_tamorp_hlc rocks abnlglde. Billets were polished using 1000 mesh carborundum slurry
younger felsic to m‘?‘f'c _and ultramafic intrusive bodies. and mounted with Araldite epoxy on a 747 mm standard pet-
The NPSZ, a major _Imeament of the CGC, can be traced frop(])graphic glass slide. Excess sample material was removed using a
Saltora.(West .Bengal) In the east of CGC by about 370 km SWtolnner diamond blade, leavirgl mm on the glass slide, and
Kunkuri, Chattisgarh (Fidlb; aIso.see the S!(etCh map of ACharyyamounted sections weré lapped downct®5 m thickness ugsing
2003. In West Bengal near Jhalida the width of the shear ZONe IS (oo of ever-finer carborundum and alundum slurry up to
about 10 km, and _extends to .30 k_m hear Sa_ltora._The rocl§s wit 00 mesh. Section surfaces were finally polished with diamond
the NPSZ comprise mylonitic biotite granite with xenoliths o astes on cloth

met_asedimer!t_ary rocks_ (quartz-mica phyIIonit_e, phylionitic micg. Prepared thih-sections were studied in a NIKON LV100 POL
schist, calc-§|l|c_ate gneiss, e_‘C-) ar_1d metabasic roc_;l§s all belqn%'Bﬁcal petrographic microscope using incident and transmitted
to the a}mphlbollte- to granyhte-faues. The porphyrltlc gra.n't.O'dsplane- and cross-polarized light. Inclusion-free locations with pris-
Of. Jhallda (& 3km dimension) and cher porphyritic granitoids tine polish and perpendicular grain boundaries were identified for
within the shear zone (e.g. Goswami & Bhattacha3§49 show ubsequent examination by EPMA

a textural gradation from the least-deformed porphyritic texture at Mogal mineraloay was geterminéd by point counting in thin-
the centre, through augen-bearing protomylonite and mylonitge 4 yp 9

- : ctions. Atotal of 1200 points arranged in a square imaginary grid
towards the periphery. The grade of metamorphism of rocks of th\'ﬁ re counted per section. Analytical uncertainty varies with rela-

sinistral shear zone increases from amphibolite facies nearJhak abundance. front3vol% for observed abundances below

I
; ; |
to granulite facies near Raghunathpur, located about 50 km ENE&%%voI% (i.e. 6%-relative) to 3 vol% for observed abundances below

Jhalida. Occasionally centimetre- to metre-scale veins of porpiyfy 1o, pagits given in Taldlare rounded to the nearest integer.

ritic granite is noticed within the country rocks. Moreover, Iarge'vIinerall names are abbreviated after Whitney & Evags.q
concordant xenoliths (485 m) of migmatitic biotite granite y ’

gneiss and amphibolites occur within the porphyritic granite .
The broadly EW elongation of the Jhalida pluton parallel tos‘)"b' Mineral analyses by EPMA
the trend of the NPSZ suggests control of this shear zor@efore then situ assessment of mineral compositions by EPMA,
during emplacement (Remos et al. 1992 Goswami & polished sections were covered vatR0 nm of coating of conduc-
Bhattacharyya2019. tive carbon to reduce charging under the electron beam. EPMA of
Three generations of deformations and related planar or line#ine representative minerals of six samples of porphyritic biotite
fabrics have been recorded within the metasediments arougdanitoids was performed using a CAMECA SX Five instrument
Jhalida (Sengupta & Sarkal964 1969. The rootless first- at the Department of Science and Technology, Science and
generation (@-folds) are tight to isoclinal and show axial planesEngineering Research Board National Facility, Department of
parallel to the regionaH&V foliation (). Tight, overturned (over- Geology (Centre for Advanced Study), Institute of Science,
turned southern limb) and nearly non-plunging,fiblds have Banaras Hindu University. Polished thin-sections are coated with
been formed by folding of the dominant and/or regional foliatiora 20 nm layer of carbon for the analyses. The instrument was oper-
(S). The axial planar cleavage of-Blds (S) shows EW to  ated in high vacuum< 5x 108 Torr) at 15kV and 10 nA, with
ENE-WSW strike with a moderate to high dip (480°) towards beam diameter set to 1.&n. Natural and synthetic standards sup-
the north. The third phase of deformation £Phas produced an plied by CAMECA-AMETEK were used.

2. Geological setting
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Table 1. Mineral modes (vol%) for the porphyritic granitoids and xenolith suite of Jhalida pluton. Xenoliths: Type-flagioclasehornblende schist with minor biotite; Type-b-plagioclase-quartz-biotite schist with minor
hornblende; Type-c- Plagioclase-quartz-biotite schist with no hornblende.

eIpU| ‘epleyr ‘spg'emug,lﬁ onuAydiod reuoisijjoo-isod jo sisauaboiiad

Porphyritic granitoids Xenoliths
Serial no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Type-a  Type-b  Type-c
Sample SD/B/20  SD/AI7 83 SD/B/22 SD/B/25 SD/A/8 SD/B/15 SD/A/17 SD/A/21 SD/B/16 SD/A/10 SD/A/12 SD/A/6 SD/A/20 SD/A/A  SD/B/27 P6 S
Quartz 35.0 32.0 26.7 25.8 25.0 26.4 28.7 25.0 35.0 33.0 33.8 325 25.0 28.0 32.8 2.5 13.3 20
Microcline 15.0 59.2 46.5 40.0 35.0 35.0 33.0 38.0 21.2 34.0 38.2 30.8 22.7 28.8 36.0
Plagioclase 38.2 7.0 22.9 19.5 19.0 27.6 25.0 29.6 32.0 20.0 255 245 46.9 30.6 27.1 13.2 33.8 13
Biotite 4.5 0.5 1.0 9.8 13.5 5.9 9.0 5.5 8.4 5.8 1.3 7.3 2.3 5.6 13 321 36.3 58
Muscovite 4.3 0.5 2.0 0.6 0.2 2.8 1.1 0.6 0.0 0.3 0.7 2.1 1.1 0.7 0.6 — - -
Sphene 1.3 0.0 0.4 2.1 3.4 0.0 0.0 0.5 0.0 2.7 0.0 0.0 0.0 2.1 0.0 - 2.6 -
Apatite 0.4 0.0 0.2 0.3 0.6 0.3 0.6 0.2 0.0 0.3 0.0 0.0 0.3 0.6 0.3 0.8 — -
Allanite 0.0 0.0 0.2 0.4 1.4 0.6 0.5 0.3 0.8 0.7 0.9 1.1 1.3 15 0.8 0.9 - -
Zircon 0.2 0.0 0.0 0.4 0.6 0.1 0.6 - 0.1 0.7 0.4 0.5 0.0 0.3 0.1 - 0.1 -
Opaque 0.2 0.6 0.1 0.3 1.3 1.7 2.1 0.9 0.5 2.0 0.8 1.0 0.1 1.5 0.6 0.4 2.1 8.0
Epidote - - - - - - - tr 2.0 - - - - - - - -
Hornblende - - - - - - - - - - - - - - - 50.1 11.8 -
Total 99.1 99.8 100 99.2 100 100.4 100.6 100.6 100 99.5 99.6 99.8 99.7 99.7 99.6 100 100 100
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Major-element oxide contents in wt% were recast into minerdeldspar megacrysts (F&n). The magmatic flow fabric in the por-
compositions in atoms per formula unit (apfu) based on the numbeshyritic granitoids is also-BV-aligned. A gradual change from
of oxygen atoms, following recommendations of PadiR871988.  non-mylonitic rocks to intensely foliated mylonitized rocks with
significant grain size reduction has been noticed in the shear zone
3.c. Whole-rock analysis (the NPSZ; Fig2b). However, rotations of porphyroclasts, pinch-

About 5 kg of sample material was comminuted in a steel-lined j<';1va|\@4‘-n d-swell structures and rare mantled porphyroclasts (ap.
breaker to< 0.5 mm. A subsample 6f50 g was obtained by manual ave also been noticed in the shear zone. Deflections of magmatic

. . . foliation around the lenticular xenoliths suggest the flow of magma
cone-and-quartering of the crushed material, which was then pulver: : . . . .
) . . ) . . ._around solid objects (Fi@d). Random orientations of the mega-
ized in an agate-lined ring-and-puck swing mill to 200 mesh size, f feld iced f v (Be). Th
Next, powdered sample material waessed into tablets using col- crysts of feldspar arg'notme. ! equently (Flg). The contacts '
la si’ble aluminum SPEC cap 031 mm placed in an evacuable steel be}yveen the porphyritic granitoids and the dark-coloured mafic
Ie? die, filled with wax with &% 0001 oFf) rock powder evenly spreal Eoliths are imegular to cuspate. Neither the porphyritic gran-

' . : 9 pow VENYY SPread; igs nor the mafic xenoliths in contact show any chilled margin.
on top. The mixture was then placed into a pressing die and the sam-

ple was pressed at a pressure of 20 Torr for 20 seconds. The resu if&% mafic xenoliths may be invaded by granite granitic material
pellet was then ready for X-ray flascence (XRF) analysis. Major-a g the schistosity, giving rise to a gneissic look of the former.

. . . %Bradually the dark amphibolite xenoliths are transformed into gra-
element concentrations for eight representative samples were dete

) } . ; . fic rocks and the remnant of parent materials are preserved only
rFTK]Negl b?é ;wa\?;lggeid%?gyelﬁs?\'/\ée;‘j’lté ﬁﬂg?ézcﬁlgg Qﬁrﬁig thin elongated strips, disappearing along their strike, and occur

. Yt aveleng P y - irregularly as trails of patches (F&il, e). A close examination of
with a flow scintillation detector. International certified referenc

. . N%he contact region between the porphyritic granitoids and amphib-
umnaég:lz:nﬂgssvgeassf;m as an intgncheck standard. Analytical olites shows the interfingering between them. Further, very near to
) the contact, the porphyritic granitoid is enriched with biotites; the

Major and trace elements of three more samples of the basé'(r:wichment of biotite defines the foliation trend. This suggests that

)I;?S|(<)(|:,I:t],;;gksé;aerfmzr;\al)i/:?ﬁevgéh :r;/r\gi\(ti; IESaSr;IgSiriéﬁggg) Iflrsom least some biotites in porphyritic granitoids have been derived
Kolkata, Elomonts Wg;e determﬁ]e i Drassad pollote. For bra rd§r]1 the highly biotitized mafic xenoliths. Veins of pink-coloured
: P P ' P phyritic granitoids frequently cross-cut the mafic xenoliths

pellets, a mixture of sample and boric acid at a ratio of 1:4 was k 9. 20). The parent rock of the mafic xenolith is schistose

in an aluminium cup and a 15-ton pressure imposed for 20 seconds 2, . 7" . - ) )
by hydrulic press. Certified reference material BHVO-2 was us%t'in phibolite that has suffered a variable degree of K-metasoma

. - . . Sm, leading to biotitization of the hornblendes and culminating
to validate results. The error in major- and traetement analysis ;"o a1t feldspar biotite schist. Such mafic xenoliths are meta-
by XRF was estimated a2% and 5%, respectively. q P :

. ) . somatized by the introduction of granitic material from the sur-
The concentrations of trace elements including rare earth elg-’ . . . .
nding porphyritic granite, leading to the development of

; . rou
ments (REE) of these eight representative samples were calcul%% dedral to subhedral grains of feldspar arranged in a criss-cross

by high-resolution inductively coupled plasma mass spectromet{g : X .
. ; . shion (Fig.2g). Sporadic megacrysts of K-feldspars may be
(HR-ICP-MS) using a Perkin Elmer SCIEX ELAN DRC Ii instru-, ticed within the biotite-rich mafic xenoliths. In places, pegma-

ment at the National _Geopr_lysmal Research Institute, Hyo_lerabeh £s occur as concordant or discordant veins in porphyritic gran-
The trace elements (including REE) were analysed by dlssolvg%

- . ds (Fig.2d). The presence of both magmatic and solid-state
the sample powders followed by a closed vessel digestion meth : . " L
. ormation features in porphyritic granitoids suggests that shear-
For trace-element analyses, 0.05g of fine powder sample (

mesh) mixed with 10 mL of an acid mixture (7% HF: 304Ng was active during the emplacement of magma and overlasted

HNO3) was taken in clean savillex and kept in a hot plate at abociﬂrt]e solidification of the magma.

150°C for not less than 48 hours. Following this, the savillex was

opened and one drop of HClQvas added. The savillex was thend.b. Petrography
kept on the hot plate for evaporation at about 150°C for 1 hou&
until almost dry. The remaining residue was dissolved by adding
10mL 1:1 HNQ. This solution was kept on a hot plate for-30
40 minutes atc. 80°C to dissolve all the suspended particle

Following this, the solution was transferred into a 250 mL flas o ; ST .
and 10 n?L 11 HN@and Rhodium were adde#®Rh was used eblsytinogranlte field and two in the granodiorite field (Big.
) ) Tablel).

as an intemal standard. Millipore water was then added to top A magmatic fabric is the characteristic of porphyritic granitoids

ter'lﬁy\/llglr?embeo?tlljetoAzg ?nT ;éag?élﬁ’fig?si‘?#;?(s)glm?:ns\sgg?r:gr?tzokwhat intensifies into a mylonitic fabric approaching the shear zone.
and the volume was made up to 50 mL using Millipore water. Thi§ e magmatic fabric in porphyritic granitoids is defined by the

b.1. Porphyritic granitoids
Wost of the samplesi= 9) of Jhalida porphyritic granitoids (JPG)

lot within the monzogranite field of the quartzalkali feldspar
%Iagioclase (QAP) diagram, whereas three samples fall within in

solution was stored in a clean Eppendorf tube for HR-ICP-M trong orientation of the elongation of rectangular feldspar mega-

analysis. International certified reference material JGla was rgWSts (Fig2a). The megacrysts are commonly microclines and less
as an internal check standard. The relative deviationsw&086. ommonly plagioclase. The megacrysts of microcline are rarely

microperthitic and may contain inclusions of finer grains of sub-
hedral and sub-rounded slightly altered plagioclase @ag.

4. Results Plagioclases are invariably characterized by alteration to a greyish
mass containing sericite needles, whereas microcline is relatively
fresh. Apart from occurring as individual aggregates associated
The porphyritic granitoids of Jhalida pluton are coarse-grainedith microclines, plagioclase is present as inclusions of sub-
and pink-coloured with strong preferred orientation of alkalirounded, much smaller grains within microcline commonly

4.a. Field relationships
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Petrogenesis of post-collisional porphyritic granitoids, Jhalida, India 603

Fig. 2. (Colour online) Representative field photographs of the
investigated Jhalida porphyritic granitoids. (a) The strong pre-
ferred orientation of the alkali feldspar megacrysts in the porphy-
ritic granitoids. Note the presence of lensoid, rectangular
(idiomorphic) and stressed elongate felsic minerals. Some of §
the alkali feldspar megacrysts in the upper part of the photo-
graph show random orientation (see arrow) concerning the dom-
inant foliation. (b) The gradual transition of mylonitized
porphyritic granite to non-mylonitic porphyritic granite. Note that
the mylonitic folia asymptotically meet at the boundary of the
shear zone. (c) Medium-grade mylonite derived from porphyritic
granite due to ductile shear. Note the strong preferred orientation
of the porphyroclasts of feldspar. Also, note the mantled porphyr-
oclast indicating the sinistral sense of shear. (d) The xenolith of
partly biotitized schistose amphibolite in the porphyritic gran-
itoids. Note the deflection of magmatic flow foliation of porphy-
ritic granitoids around the xenolith. Also, note that a pegmatite
vein occurs along the foliation. (e) The mafic xenolith of biotitized
schistose amphibolite within pink-coloured porphyritic gran-
itoids showing the cross-cutting relationship of the veins of
surrounding granitic rocks in the mafic xenoliths. Note the incor-
poration of some megacrysts of feldspar within the dark xeno-
liths, but also the incorporation of thin xenolith layers within
the porphyritic granitoids near the boundary region of the former.
(f) The lenticular mafic xenolith of biotitized schistose amphibo-
lite within pink-coloured porphyritic granitoids. Note the haphaz-
ard orientation of feldspar megacrysts. The thin branches of
mafic xenolith into the porphyritic granitoid represent the undi-
gested remnants. (g) Mafic lensoid xenolith in leucocratic porphy-
ritic biotite granitoids. Note the criss-cross arrangement of
euhedral to subhedral grains of feldspar within the mafic xenolith
due to K-metasomatism (inset).

showing albite rims. Myrmekite has frequently developed at th&usters, and frequently diverge and converge around megacrysts
contact between microcline and plagioclase. In places, thin lentif feldspars as already mentioned. Symplectitic intergrowth of thin
cels of myrmekite have developed at the long contact of the tvto very thin lenticular quartz with coarse flakes of biotite may be
adjacent megacrysts of microcline (Hp). Occasionally thin present. Clusters of biotite, most of which are subparallel, warp
vein-like myrmekite runs along the contact of coarse microclinearound megacrystic feldspar (Figgl). Accessory minerals such
Tabular plagioclase in the groundmass is occasionally idiomaas fine-grained epidote-zoisite, apatite, and medium- to fine-
phic. Coarse anhedral quartz, generally mildly deformed, may cograined sphene, allanite and opaque minerals are typically
tain inclusions of both subhedral microcline and sub-roundedestricted to biotite-rich layers (Fide) with the occasional pres-
plagioclase. In the groundmass, quartz occurs generally as betite of fine-grained xenomorphic quartz within the clusters of bio-
coarse and medium-sized anhedral grains and as rounded inctite laths. This suggests a probability of formation of at least some
sion in feldspars. Biotites (pleochroic from straw yellow to darkiotites from CaAl-bearing ferromagnesian silicates, such as
brown) occur as thin impersistent layers, commonly formindghornblende, by K-metasomatism related to the intrusion of
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— Quartzolite
90

Quartz-rich granitoids

Granodiorite

o] .
Quartz alkali 20 :
ELIdsplr\yLth Quartz diorite/ gabbro
: Quartz monzo
Quartz syenite {  Quartz monzonite dlochelgablin
Alkali !tldbpdr 5 ; ‘ Diorite, gabbro Fig. 3. (Colour online) Plots of mineral modal compositions

syenite Syenite i Monzonite ‘\‘ Monzo diorite/ gabbro

(vol%) for the porphyritic granitoids of the Jhalida pluton in
the QAP diagram (after Streckeised976.

porphyritic granitoid magma in the schistose amphibolite countryoliation trend and, in places, show marginal granulation. In
rock (Fig.2e, g). Sphene (weak but distinctly pleochroic fromhigh-grade sheared rocks, lenticular coarse quartz runs parallel
reddish-brown to almost colourless) occurs as aggregates of stdthe foliation trend and, together with other groundmass miner-
hedral fine grains forming corona around magnetite (B, als, wraps around the elliptical or eye-shaped megacrysts of feld-
and is very commonly associated with plagioeclasgite-rich  spars, mainly microcline (Figdc). Biotites (pleochroic from
layers in the rock. It occurs also as coarse, skeletal elongate grainaw yellow to dark brown) frequently diverge and converge
which may contain poikilitic inclusions of plagioclase and quartaround augens of feldspars. The secondary epidotization, musco-
The intimately associated sphene-biotite and opaque minerals frgtization and chloritization are more restricted in the highly
quently show general dimensional parallelism defining the foldeformed samples. Secondary muscovite laths, occasionally
ation trend (Fig4g, h). Allanite (weakly pleochroic in shades ofpresent with altered (sericitized) plagioclase, replace biotite in pla-
yellow and brown; the outer margin of the grain is always browneres. Epidote occurs as aggregates of subhedral to anhedral grains; it
than the yellowish inner part) occurs as coarse subhedral to firis,an alteration product of plagioclase, commonly in contact with
equant grains closely associated with magnetite. Around allanibégtite laths. Chlorite occurs as medium-sized laths, simulating the
the quartzo-feldspathic grains show radial cracks. It may also ocalrape of the biotite that it replaces.

as coarse, triangular, subhedral grains in the interspaces of biotite

and quartzofeldspathic mass. Zircon occurs as squarish and '9%.2. Generic interpretation of fabric of porphyritic granitoids

tangular med|u_m-_5|zed grans in the interspaces pf. plag'Oda“fﬁe presence of porphyritic texture, subidiomorphic microcline
anq sphene (.':'94')' as fine elongate_subhedral to |d|omorph|cand plagioclase grains, euhedral zircon, euhedral sphene,
grains in the interspaces of other minerals and as inclusions magnetltelllmemte etc. all suggest a magmatic origin. The preferred
plagioclase. Opaque minerals (magnetite) occur as coarse- orientation of the K-feldspar sgacrysts, ferromagnesian min-
fine- .5'2ed rectangular, sguarlsh andl rhqmbmd grains within bo rals such as biotite and opaques,lagnting of the (flow) foliation of
pla?'(iﬁla‘ze ?nd ”:e plaglocla?;l]scrocllnte interface. fab fi the porphyritic granitoids around the xenoliths are interpreted as a
nh et € ormta |gn zones, the rgofs CCCj)I’E)Sp'I:ﬁUOUS fa ”g OI hfésult of the magmatic flowage. The occasional presence of large rib-
porpt yrfl |c”gran|d0|| S 'Sc'j gneissic, h € Inc;af Ig € preterre at“grbcg or lenticular quartz grains or aeigrshaped feldspar indicates that
n:er; ho def ||pso: al an laugenths thapfe € st)ar {negt]r?crg/s S se have been deformed by shearing under sub-solidus conditions.
stretcnedlelsic layers, along wi e finer centimetre-tick IMpekey, preferred orientation of feldspars and biotite is largely a result of
sistent layers of mafic (mainly biotite) quartzofeldspathic m'neraﬁagmatic flowage. Moreover, stronger preferred orientation of the
defining the foliation trend (Figc). The stretched felsic layers ar€microcline megacrysts and their augens or large ribbon or lenticular

composed of aggregates of finer su_bhedral microcline, plagiocl Cartz grains are the result of shear strain. It appears that the mag-
and quartz. Stretching (and granulation) of the feldspar megacry tic fabric becomes much more intense approaching the shear zone,

into thin elongate augens running parallel to the gneissosity Su\glhlch is highly consistent with emplacement while the shear zone was
gest the continuity of the shearing movement even after the ¢ Gtive

solidation of the porphyritic granitoid magma. The biotite- bearlng

groundmass layers show divergence and convergence at the ends of

augens of felsic megacrysts. In places, the augens are compdse®. Mafic xenolithic suite

mainly of aggregates of quartz and feldspar instead of feldspar orMafic xenoliths present in porphyritic granitoids are classified into
The augen-shaped megacrysts of microcline have, in places, detleke distinct types based on mineral assemblages and texture:
oped aggregates of smaller tabular crystals along the marginal peype-a, plagioclaskhornblende schist with minor biotite; Type-b,
due to brittle deformation. Where the shearing effect is intensplagioclasequartz-biotite schist with minor hornblende; and
many groundmass feldspars have been elongated parallel to Thype-c, plagioclasgquartz-biotite schist with no hornblende.
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Fig. 4. (Colour online) Representative photomicrographs of the investi-
gated Jhalida porphyritic granitoids (JPG) and xenolith suites. (a)
Inclusions of plagioclase (antiperthite) within microcline megacryst in
Jhalida porphyritic granitoid. Note the formation of smaller tabular felsic
crystals along the marginal part of the microcline megacryst formed as a
result of brittle deformation. Altered plagioclase, microcline and elongate
quartz layers are arranged following the outline of the augen (crossed
polars). (b) Thin myrmekite lens at the long contact of two megacrysts of
microcline in JPG (crossed polars). (c) Coarse lenticular quartz running par-
allel to the foliation within recrystallized feldspar in JPG (crossed polars). (d)
Subparallel biotites show wrapping around megacrystic feldspar in JPG
(plane-polarized light). (e) The haphazard orientation of biotite laths in
JPG. Note the intimate association of allanite, sphene and magnetite with
biotite (crossed polars). (f) Corona of sphene around rhombohedral magnet-
ite in JPG. (g) Thin stringer of spherdiotite—magnetite assemblage showing
general dimensional parallelism with the foliation trend of the JPG. (h) The
intimate association of clusters of flecks and criss-cross laths of biotite with
sphene in JPG; note the quartz of varied shape and size intimately associated
with flaky biotite clusters at the central part. (i) Rhombohedral and tiny elon-
gate/euhedral zircon in the interspaces of feldspars with sphene in JPG. (j)
Plagioclasehornblende schist with partial biotitization (Type-a xenolith).
(k) Plagioclasequartz-biotite (with minor hornblende) schist (Type-b
xenolith). (I) Plagioclasequartz-biotite schist (no hornblende) frequently
with medium- to fine-sized quartz (Type-c xenolith).
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Type-a xenoliths are coarse-grained schistose amphiboliteftite schist (mafic xenolith suite Type-c) and cationic propor-
composed dominantly of hornblende and plagioclase with subations are given in Table® and 3, respectively. In the unaltered
dinate biotite and accessory quartz, epidote, allanite, apatite amegacrystic plagioclase of JPG, the An content in the core and
rare opaque minerals. Schistosity is defined by the subparallel dhie rim ranges from 26.90 to 20.wt% and 26.10 to 18.30 wt%,
entation of hornblende and plagioclase along a particular directiomspectively (Fidy). The An content of plagioclase from plagiocltase
(Fig.4g). The schistosity is accentuated by the presence of lathsgurartz-biotite schist in the core and rim ranges from 38.70 to
clusters of laths of biotite. Hornblende occurs mostly as coars3.10 wt% and 32.50 to 29.7@4ytrespectively (Fi§).
prismatic and also platy grains forming clusters in the interspaces Microcline crystals from the JPG have Or contents in the core
of plagioclase. Poikiloblastic hornblendes contain inclusions of oaed rim ranging between 92.40 and 85.80 wt% and 96.80 and
or more of the following fine-grained minerals: quartz, plagioclas82.40 wt% (Fig5).
epidotes, sphene and opaque minerals. Plagioclase occurs as coarse,
subidioblastic elongate grains running parallel to the schistosity,c.2. Biotite
and also as aggregates of medium to coarse, subidioblastic grairRépresentative EPMA of biotite from porphyritic granitoids and
the interspaces of hornblendesplaces, plagioclase has been myloplagioclasequartz-biotite schist (mafic xenolith suite Type-c)
nitized to aggregates of fine-sized subidiomorphic grains. Myrmeki@d cationic proportions are given in Talle
is rarely present. Biotite (yellow to dark brown) occurs as coarse, occa-According to the classification scheme of Deteal.(1999, the
sionally unusually elongate laths, both parallel and transverse to hoemalytical data plot within the biotite field for both porphyritic
blende schistosity. It replaces hiolende, releasing fine xenomorphic granitoids and plagioclasguartz-biotite schist (Fig6a). TiO,
quartz as a by-product. It also occurs as clusters of laths at the masntent in the plagioclasquartz-biotite schist (mafic xenolith
ginal parts of hornblendes in contact with plagioclase. Minor quariuite Type-c) ranges from 3.56 wt% (core) to 3.41 wt% (rim), while
occurs generally as medium to fine, xenoblastic grains in the intersgae, concentrations in biotites in the porphyritic granitoids are
ces of plagioclase, hornblertiltite and hornblendebiotite-  slightly lower than those in the xenoliths, ranging over 3.11
plagioclase. Epidote occurs asefgrained aggregates, intimatelyl.95wt% (core) and 3.21.86wt% (rim). Similarly, B&/
associated with hornblendsornblende, hornblendglagioclase (Fe®p Mg) ratios in biotite from the plagioclasguartz-biotite
and occasionally hornblendsiotite contacts. It also occurs as fine-schist (xenolith) are higher (average 0.6) than those from the por-
grained inclusions in hornblende. Allanite occurs as coarse- apéhyritic granitoids (average 0.53).
medium-sized, subidiomorphic yellow-brown grains with radiating Biotites of Jhalida granitoid pluton are aluminous (Total
cracks in the surrounding plagiaske and hornblende. Yellow-brown Al = 2.76-2.98 apfu) and plot in the calc-alkaline field in the
subidiomorphic allanite is surroded by radial growth of epidotes in MgO-FeG-Al, O3 triangular diagram (after Abdel-Rahman,
contact with surrounding plagioclase. Such epidotes show radi@94 (Fig.6b). The plots of biotites in the Mg (apfu) versus Al
cracks originating from allanite. Apatite and sphene are present @pfu) diagram proposed by Nackht al. (1985 also lie in the
medium to fine subidiomorphic gins, both stumpy and elongate calc-alkaline field (Figsc).
as well as equant grains in the interspaces of plagioclase, ferromagne-
sian minerals and as inclusions in hornblende and biotite. Opaquec.3. Magnetite

minerals occur as Xenomorphic grains associated with both biotmpresentaﬂve EPMA of magnetite from porphyritic granitoid

and hornblende. _ rocks and plagioclasguartz-biotite schist (mafic xenolith
The following petrographic changes have been noted froguite Type-c) and cationic proportions are given in Tale
Type-a Type-b Type-c mafic xenolith suites. Magnetites from both the porphyritic granitoids and plagio-

clasequartz-biotite schist (mafic xenolith suite Type-c) are nearl
(i) Type-a xenolith is characterized by the first appearance g(qu ( ype-c) Y

biotite in a minor amount in coarse-grained schistos
amphibolite protolith, now represented by hornblende
plagioclasebiotite accessory quartzpidote-allanite-apatite
opaques. a
(i) Type-b and Type-c xenoliths are characterized by a gradugg
increase in the amount of biotite with a decrease of hornr-a

blende. Ir_1 type-t_) xenoliths, quartz, apart fpr forming 499" tween 1.03 (core) and 0.99 (rim) apfu. Al concentration is also
gates of fine-grained granoblasts with plagioclase, also occtérf/ (0.09:0.07 apfu), which is consistent with the typical magmatic
t

as sporadic coarse- to medium-sized lenticles running paral ure of the sphene<(0.28 apfu when total cation3) in gran-
to the schistosity. In Type-c xenoliths, it is significant to notqtoidS (Enamiet al 1993'

that both quartz and plagioclase, and also opaques, show gen-
eral elongation parallel to the trend of schistosity.
(i) An increase of opaques, sphene and apatite from Type-a
Type-b Type-c is observed. Major- and trace-element data for eight representative granitoid
(iv) The more frequently preferred orientation of finer plagio-samples of Jhalida porphyritic granitoid pluton together with
clase, quartz and biotite gives rise to stronger schistosity. one analysis from published literature (Sample no 4/GIS from
Sarkaret al. 1999 and three xenolith rock samples are given in
Tables7 and 8, respectively.

4.c.4. Sphene

Representative EPMA of sphene from porphyritic granitoid rocks
d cationic proportions are given in TaBlelr'he Ti contentinthe

re and rim of sphene from the porphyritic granitoids is in the
nge of 0.890.0.94 apfu (5 oxygen basis), while Ca content ranges

4.d. Whole-rock geochemistry

4.c. Mineral chemistry

4.c.1. Feldspar 4.d.1. Porphyritic granitoids
Representative EPMA of plagioclase and alkali feldspar from p@iO, contents of the porphyritic granitoids range over 66.16
phyritic granitoid rocks and plagioclase from plagioclgsartz=  75.62 wt%. The N®p K50 values of these granitoids range over
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Table 2. Electron probe microanalyses of plagioclase and cationic calculation on the basis of 32 oxygen from porphyritic granitoids and biotite schist (Type-c
xenolith). Ab— albite mol%; An— anorthite mol%; Or— orthoclase mol%.

Sample 83 SD/B/20

Analysis 123/1 124/1 127/1 128/1 130/1 28/1 29/1 30/1

Location E E ﬁ Ee ?m Core Core —R’im

Rock type Porphyritic granitoid

SiG 61.06 61.08 61.26 61.1 61.77 61.52 62.04 62.22

TiO, 0 0 0 0 0 0 0.01 0

ALOs 22.62 22.76 22.81 23.23 22.98 24.38 24.16 24.2

FeO(t) 0 0 0.07 0.04 0.04 0 0 0.04

MnO 0 0 0 0 0.04 0 0.05 0

MgO 0 0 0 0 0 0 0 0

CaO 4.81 4.98 5.19 5.38 5.14 5.49 4.84 4.92

Na,O 9.43 9.18 8.95 8.87 8.67 9.09 9.29 9.37

K0 0.1 0.09 0.16 0.22 0.24 0.06 0.22 0.07

Total 98.02 98.09 98.44 98.84 98.88 100.54 100.61 100.82

Si 11.07 11.06 11.06 11 11.09 10.88 10.96 10.96

Al 4.83 4.85 4.85 4.92 4.86 5.08 5.03 5.02

Ti 0 0 0 0 0 0 0 0

Feb 0 0 0.01 0.01 0.01 0 0 0.01

Mn 0 0 0 0 0.01 0 0.01 0

Mg 0 0 0 0 0 0 0 0

Ca 0.93 0.97 1 1.04 0.99 1.04 0.92 0.93

Na 3.32 3.22 3.13 3.1 3.02 3.12 3.18 3.2

K 0.02 0.02 0.04 0.05 0.06 0.01 0.05 0.02

Total 20.18 20.13 20.09 20.11 20.02 20.14 20.14 20.13

Ab 77.6 76.6 75.1 74 74.3 4.7 76.7 77.2

An 21.9 22.9 24.1 24.8 24.3 24.9 221 224

Or 0.5 0.5 0.9 1.2 1.4 0.3 1.2 0.4

Sample SD/B/20 SD/B/22

Analysis 31/1 32/1 33/1 39/1 22/1 23/1 24/1 25/1

Location ﬁ Core W Core ae ?m zre —Rim

Rock type Porphyritic granitoid

Si(e} 62.02 61.85 61.03 62.56 61.14 60.59 61.51 61.37

TiO, 0 0 0 0.02 0 0 0 0

ALOs 23.89 24.16 2451 23.76 23.08 23.59 23.35 23.09

FeO(t) 0 0.08 0.07 0.08 0 0 0 0.01

MnO 0 0 0 0 0.01 0 0 0

MgO 0 0 0 0.01 0 0 0 0

CaO 5.13 5.09 5.57 4.77 5.35 5.53 5.69 5.25

Na,O 9.3 9.02 9 9.17 9.04 9.03 9.09 9.23

KO 0.17 0.21 0.15 0.16 0.16 0.14 0.23 0.09

Total 100.51 100.41 100.33 100.53 98.78 98.88 99.87 99.04
(Continued
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Table 2. (Continued
Sample SD/B/22
Analysis 31/1 32/1 33/1 39/1 22/1 23/1 24/1 25/1
Location ﬁ Core m Core Ee ?m Kre —Rim
Rock type Porphyritic granitoid
Si 10.97 10.95 10.84 11.04 11.01 10.91 10.97 11.02
Al 4.98 5.04 5.12 4.94 49 5 4.91 4.88
Ti 0 0 0 0 0 0 0 0
Fe® 0 0.01 0.01 0.01 0 0 0 0
Mn 0 0 0 0 0 0 0 0
Mg 0 0 0 0 0 0 0 0
Ca 0.97 0.97 1.06 0.9 1.03 1.07 1.09 1.01
Na 3.19 3.1 3.1 3.14 3.16 3.15 3.15 3.21
K 0.04 0.05 0.03 0.04 0.04 0.03 0.05 0.02
Total 20.15 20.1 20.16 20.07 20.13 20.17 20.17 20.15
Ab 76 75.4 73.9 1 74.7 74.2 73.4 75.7
An 231 235 25.3 221 24.4 251 25.4 23.8
Or 0.9 11 0.8 0.9 0.9 0.8 1.2 0.5
Sample SD/A/1 SD/B/25
Analysis 10/1 11/1 14/1 15/1 8/1 9/1 149/1 159/1
Location m Core Core Core Core —IVIid —Rim Core
Rock type Porphyritic granitoid
SiG 61.31 61.97 61.88 62.1 61.59 61.5 63.14 61.21
TiO, 0.03 0 0.02 0.02 0 0.02 0 0
ALO; 24.21 24.29 24.04 24.02 24.49 24.38 21.77 23.34
FeO(t) 0.08 0.09 0.04 0.14 0.12 0.13 0.04 0.04
MnO 0.06 0.05 0.12 0 0 0 0.01 0.03
MgO 0 0 0 0.01 0 0.01 0 0
CaO 5.73 5.36 4.87 5.16 5.68 5.58 3.85 5.39
Na,O 8.81 8.7 9.27 9.22 8.41 8.73 9.43 8.81
K0 0.27 0.29 0.12 0.16 0.18 0.27 0.09 0.15
Total 100.5 100.75 100.36 100.83 100.47 100.62 98.33 98.97
Si 10.87 10.93 10.96 10.95 10.89 10.88 11.34 10.99
Al 5.06 5.05 5.01 4.99 5.1 5.08 4.61 4.94
Ti 0 0 0 0 0 0 0 0
Fe® 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01
Mn 0.01 0.01 0.02 0 0 0 0 0.01
Mg 0 0 0 0 0 0 0 0
Ca 1.09 1.01 0.92 0.98 1.08 1.06 0.74 1.04
Na 3.03 2.98 3.18 3.15 2.88 3 3.29 3.07
K 0.06 0.07 0.03 0.04 0.04 0.06 0.02 0.03
Total 20.13 20.06 20.13 20.14 20.01 20.1 20 20.08
Ab 72.5 73.4 77 75.7 72.1 72.8 81.2 74.1

(Continued
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Table 2. (Continued

Sample SD/A/1 SD/B/25
Analysis 10/1 11/ 14/1 15/1 8/1 9/1 149/1 159/1
Location m Core Core Core Core —IVIid —Rim Core
Rock type Porphyritic granitoid
An 26.1 25 224 234 26.9 25.7 18.3 25.1
Or 15 1.6 0.7 0.9 1 1.5 0.5 0.8
Sample SD/B/25
Analysis 160/1 173/1 174/1 175/1 176/1
Location E Core ﬁ Core ?m
Rock type Porphyritic granitoid
SiG 61.4 60.72 61.45 60.65 60.73
TiO, 0 0 0 0.03 0
ALO; 22.7 23.7 23.06 23.65 23.22
FeO(t) 0.05 0 0 0.08 0.12
MnO 0 0 0 0.04 0.01
MgO 0 0 0 0.01 0
CaO 5.05 5.73 4.95 5.58 5.46
Na,O 9.49 8.79 8.96 8.45 8.68
K0 0.12 0.19 0.12 0.29 0.18
Total 98.81 99.13 98.54 98.78 98.4
Si 11.06 10.91 11.06 10.93 10.98
Al 4.82 5.01 4.89 5.02 4.94
Ti 0 0 0 0 0
Fe® 0.01 0 0 0.01 0.02
Mn 0 0 0 0.01 0
Mg 0 0 0 0 0
Ca 0.98 1.1 0.96 1.08 1.06
Na 3.31 3.06 3.13 2.95 3.04
K 0.03 0.04 0.03 0.07 0.04
Total 20.2 20.13 20.06 20.06 20.09
Ab 76.8 72.7 76.1 72.1 73.4
An 22.6 26.2 23.2 26.3 255
Or 0.6 1 0.7 1.6 1
Sample SD/B/6
Analysis 44/1 45/1 49/1 50/1 51/1 52/1
Location aa Wn ae ?m Ere —R’im
Rock type Biotite schist (Type-c xenolith)
Si(e} 59.01 59.79 58.11 59.68 57.73 60.15
TiO, 0 0 0 0 0 0
ALOs 24.86 24.42 25.46 24.78 26.26 24.35
FeO(t) 0 0.13 0 0 0 0
MnO 0 0.08 0.04 0 0 0.01
MgO 0 0 0 0 0 0
CaO 7.42 6.77 8.04 7.07 8.37 6.41
Na,O 7.85 8.36 7.49 8.03 7.27 8.38
K0 0.12 0.1 0.09 0.12 0.07 0.02
(Continued
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Table 2. (Continued
Sample SD/B/6
Analysis 44/1 45/1 49/1 50/1 51/1 52/1
Location aa E\ ae ?m zre —Rim
Rock type Biotite schist (Type-c xenolith)
Total 99.26 99.65 99.23 99.68 99.7 99.32
Si 10.63 10.73 10.49 10.69 10.38 10.79
Al 5.28 5.16 5.41 5.23 5.56 5.15
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Fe® 0.00 0.02 0.00 0.00 0.00 0.00
Mn 0.00 0.01 0.01 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.43 1.30 1.56 1.36 1.61 1.23
Na 2.74 291 2.62 2.79 2.54 2.92
K 0.03 0.02 0.02 0.03 0.02 0.01
Total 20.11 20.15 20.11 20.09 20.11 20.09
Ab 65.30 68.70 62.50 66.80 60.90 70.20
An 34.10 30.70 37.00 32.50 38.70 29.70
Or 0.70 0.50 0.50 0.60 0.40 0.10
Table 3. EPMA of microcline and cationic calculation on the basis of 32 oxygen from porphyritic granitoids.
Sample 83 SD/A/1 SD/B/22 SD/B/20 SD/B/20 SD/B/25
Analysis  125/1 126/1 129/1 12/1 16/1 20/1 21/1 38/1 40/1 41/1 42/1 43/1  44/1 150/1 151/1 152/1 157/1 158/1
Location Core ?n E‘I Core Ere—Core—Rim Core  Core Mid Rim Co: Core Rﬁ RW ﬁ Core |Rim
SiG 63.35 62.83 61.94 6461 64.02 63.02 63.71 6522 6525 645 64.18 64.49 64.84 634 6263 63.03 63.61 62.75
TiO, 0 0 0 0 0 0 0 0 0 0 0 0 0 004 O 0 0 0
ALO; 17.38 17.7 17.12 1886 18.7 18.06 17.69 1855 18.9 18.47 18.89 18.59 1859 17.82 17.44 17.29 17.58 17.41
FeO(t) 003 O 0.01 0.1 005 O 0.05 0 0 0.03 0.12 0.06 O 0.05 0.05 005 0.14 0.18
MnO 009 0 0.12 0 0 0.06 0.01 0 0 0 0 0 0 012 0 0 0.1 0.13
MgO 0 0 0 0 001 O 0 0 0 0 0 0 0 001 O 004 001 O
CaO 0 0 0 0.01 002 O 0 0 0 0 0 001 O 0.02 003 003 O 0.04
Na,O 0.88 0.75 0.85 127 144 0.9 0.74 1.01 1.61 0.86 0.87 088 071 071 035 041 15 0.53
KO 15.77 16.22 16.28 156 15.19 15.93 16.2 1545 148 16.32 16.08 16.31 15.74 16.35 16.73 16.42 15.01 15.95
Total 975 975 96.32 10045 99.43 97.97 984 100.23 100.56 100.18 100.14 100.34 99.88 98.52 97.23 97.27 97.95 96.99
Si 12.04 1197 1198 11.89 11.89 11.93 1201 1199 1194 1194 1187 1192 11.97 1196 11.99 12.03 12.01 12
Al 389 397 39 409 4.09 403 3.93 4.02 4.07 4.03 4.12 405 4.04 39 393 389 391 392
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0 001 O 0 0 0
Feb 001 O 0 0.02 001 O 0.01 0 0 0.01 0.02 001 O 0.01 001 001 0.02 0.03
Mn 001 O 0.02 0 0 001 O 0 (0] 0 0 0 0 0.02 O 0 0.02 0.02
Mg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 001 O 0
Ca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 001 001 O 0.01
Na 032 028 0.32 045 052 033 0.27 0.36 0.57 0.31 0.31 032 025 026 013 015 055 0.2
K 3.82 394 4.02 3.66 3.6 3.85 3.9 3.62 3.45 3.85 3.8 385 371 393 409 4 3.61 3.89
Total 20.09 20.15 20.23 20.11 20.12 20.14 20.11 19.99 20.03 20.13 20.12 20.13 19.98 20.15 20.15 20.1 20.12 20.07
Ab 7.8 6.6 7.4 11 12.6 7.9 6.5 9 14.2 7.4 7.6 7.6 6.4 6.2 3.1 3.7 132 4.8
An 0 0 0 0 0.1 0 0 0 0 0 0 0 0 0.1 0.1 0.1 0 0.2
Or 922 934 926 89 87.3 921 935 91 85.8 92.6 92.4 924 936 937 968 96.2 86.8 95
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Petrogenesis of post-collisional porphyritic granitoids, Jhalida, India 611

Fig. 5. (Colour online) Classification of feldspars (after Deer
et al. 1992 from porphyritic granitoids and plagioclasequartz—
biotite schists (Type-c xenolith).

8.2110.4 wt%. In a Sioversus (NgOp K-0) diagram (after Cox granitoids, which supports sphene fractionatiopO#£ content
et al. 1979, the studied JPG samples are plotted in the granitef the samples decreases with increasing, 8iflich suggests apa-
alkali granite and syenite fields and the three xenolith samplége fractionation, a diagnostic character of I-type granitoids
are plotted in the gabbro field (Fign). In the SiQversus KO dia-  (Chappell 1999. When plotted in the Rb/Sr versus Sr logarithmic
gram (after Peccerillo & Tayldt976, five samples fall in the field diagram (Fig8l), porphyritic granitoid samples define trends with
of shoshonite series while only four samples fall in the field @ negative covariation, suggesting K-feldspar accumulation. The
high-K calc-alkaline series (Figh). In the NaO-K,0O diagram high total alkali (kOp Na,O = 8.21 to 10.4 wt%), intermediate
(after Turneret al. 1996, four samples of Jhalida granitoids areto high SiQ (66.16-75.62%) and high FeO(t)/MgO ratios
classified as shoshonitic, four samples plot within the ultrac.8-7.4), together with the almost complete absence of amphibole,
potassic series and one sample plots at the boundary of teeggests a significant role of fractional crystallization in the evolu-
shoshonitieultrapotassic series (Fige). The KO/NayO ratios of tion of Jhalida granitoids.
these granitoids range over 1-243. These granitoids are metalu- In the primitive-mantle-normalized spidergrams (Fign),
minous to weakly peraluminous (Fitd), with A/CNK values rang- most of the Jhalida samples show enrichment in Rb, Ba and Zr,
ing over 0.961.13. The agpaitic index (A molar (N&O p K;0)/  which may be related to the accumulation of biotite, and zircon,
Al,O5) of these granitoids ranges over 60.89 (Table). sphene and allanite. However, one sample (SD/A/4) shows troughs
In the SIQ (wt%) versus MALI (modified alkali lime index, in Th and Zr that are to the result of the removal of Zr. All the
(Na,Op KO CaO) wt%) diagram (after Frostal.200) the por-  Jhalida samples show more prominent negative Nb, Ti, P and Sr
phyritic granitoid samples are spread over the calc-alkalic, alkadinomalies. Negative Nb and Ti anomalies are characteristics of
calcic and alkalic fields (Fige). In the SiQ versus Fe-number magmatism of convergent plate margins, and negative P is to
diagram of Froset al.(2003, six samples plot in the magnesian fieldthe result of the removal of apatite during fractional crystallization.
and three samples plot \it the ferroan field (Figrf). In the Ta/Yb All the samples of Jhalida granitoid show high REE abundances
versus Ce/Yb diagram of Peart882, two samples of the porphy- (Table7). In the chondrite-normalized REE diagram (Fétp),
ritic granitoids fall in the field ofteoshonitic series and other samplesthese granitoids show fractionated light (LREE) and heavy rare
plot close to the field of shoshonitic series (Fig. These granitoids earth element (HREE) patterns, with (La/Xbatios varying over
are characterized by highrentrations of Ba (936.82045.4 ppm) 31.38216.06. Nine samples show moderately negative to slightly
and Sr (325.3%54.06 ppm) and relatively low concentrations of Rimegative Eu anomalies (Ee1 0.18-0.39; Tabl& and Fig9b). Only
(105.43210.9 ppm); hence most of them lie in the high-Ba one sample (sample 83) shows no Eu-anomaly.
(Ba> 500 ppm, Sr 300 ppm) field in the ternary RiSBa diagram
(Fig. 7h) of Tarney & JoneslP9). 4.d.2. Mafic xenolith
On the Harker variation diagrams (Figa—p), the general Ingeneral, the mafic xenoliths have lower S0 and KO and
decrease of MgO, TiOFe04(t) and AlL,O3 values with increasing higher TiG,, FeO(t), MgO, MnO, CaO and,Ps than the porphy-
SiG indicates the fractional crystallization of biotite-Feoxides  ritic granitoids (TableB; Fig.8).
and sphene. The general decreasing trend of CaO g} Adith Some of the elements behave compatibly in basic rocks, while
increasing Si@indicates plagioclase fractionation. The CaO andome other concentrate in granitoid rocks. It is therefore conven-
TiO, values show a distinctly positive correlation in theséentto divide the trace elements into three groups when comparing

'RZQORDGHXWWRPYVY ZZZ FDPEULGJIB BGGUHRVW RQ -X0 DwW VXEMHFW WR WKH &DPEKW\GIN &RUIH MOHPUERM RI X RH
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Table 4. Electron Probe Microanalyses of biotite and cationic calculation on the basis of 22 oxygen from porphyritic granitoids and biotite schist (Type-c xenolith).

Sample 83 SD/B/22
Analysis 118/1 119/1 120/1 136/1 138/1 10/1 11/1 12/1 13/1
Location Core Core Core ?m ?m —Rim —Core —Rim —Core
Rock type Porphyritic granitoids
SiIG 35.43 36.41 36.6 35.99 35.89 36.03 36.22 33.03 36.27
TiG, 2.64 2.67 2.63 3.05 3.09 2.45 251 1.92 2.39
ALO; 14.37 14.39 14.52 14.61 14.6 14.73 14.58 13.73 14.85
Cr0s 0.02 0.02 0 0.05 0.02 0 0 0 0
FeO(t) 20.71 18.62 19.49 19.68 18.47 19.83 20.56 24.69 19.56
MnO 0.31 0.29 0.46 0.36 0.36 0.36 0.27 0.09 0.36
MgO 10.26 10.34 10.23 10.14 10.09 10.4 10.17 8.61 10.49
CaO 0 0.02 0.03 0 0 0.05 0.05 0.25 0.02
Na,O 0.15 0.12 0.15 0.18 0.1 0.08 0.22 0.1 0.1
K0 9.91 10.25 10.14 9.95 10.08 9.96 9.77 7.72 9.99
F 1.45 1.15 1.34 1.34 1.15 0.94 11 0.7 0.84
Cl 0.4 0.34 0.35 0.32 0.31 0.25 0.29 0.26 0.24
Total 95.65 94.62 95.94 95.67 94.16 95.08 95.74 91.1 95.11
O_F_CI 0.7 0.56 0.64 0.64 0.55 0.45 0.53 0.35 0.41
Si 5.84 5.97 5.95 5.88 5.91 5.89 5.91 5.75 5.91
AV 2.16 2.03 2.05 2.12 2.09 2.11 2.1 2.25 2.09
AM 0.63 0.75 0.73 0.69 0.75 0.73 0.7 0.57 0.76
Ti 0.33 0.33 0.32 0.38 0.38 0.3 0.31 0.25 0.29
Fe® 2.85 2.55 2.65 2.69 2.55 2.71 2.8 3.6 2.67
Cr 0 0 0 0.01 0 0 0 0 0
Mn 0.04 0.04 0.06 0.05 0.05 0.05 0.04 0.01 0.05
Mg 2.52 2.53 2.48 2.47 2.48 2.54 2.47 2.24 2.55
Ca 0 0 0.01 0 0 0.01 0.01 0.05 0
Na 0.05 0.04 0.05 0.06 0.03 0.03 0.07 0.03 0.03
K 2.08 2.15 2.1 2.07 2.12 2.08 2.03 1.72 2.08
Total 16.5 16.4 16.41 16.4 16.36 16.44 16.44 16.46 16.43
F 151 1.19 1.38 1.38 1.2 0.97 1.13 0.77 0.87
Cl 0.22 0.19 0.19 0.18 0.17 0.14 0.16 0.15 0.13
Fe® /(Fe? b Mg) 0.53 0.5 0.52 0.52 0.51 0.52 0.53 0.62 0.51
Mg/(F&P b Mg) 0.47 0.5 0.48 0.48 0.49 0.48 0.47 0.38 0.49
Sample SD/B/22
Analysis 14/1 18/1 30/1 31/1 32/1 33/1 38/1 39/1 7/1
Location E are E’l E’n Ere ?m ?)re —Rim —Core
Rock type Porphyritic granitoids
SiIG 36.45 36.24 35.33 35.83 35.29 35.22 35.86 36.72 36.4
Tio, 23 2.89 2.49 2.53 2.48 2.47 2.64 2.56 2.49
AbO; 15.16 14.66 14.96 15.05 14.58 14.81 14.67 14.55 14.75
Cr0s 0 0 0 0 0 0 0.02 0.01 0
FeO(t) 18.97 20.26 18.94 19.91 18.4 19.15 19.72 19.86 20.33
MnO 0.23 0.33 0.39 0.39 0.26 0.16 0.3 0.31 0.47
(Continued
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Table 4. (Continued
Sample SD/B/22
Analysis 14/1 18/1 30/1 31/1 32/1 33/1 38/1 39/1 7/1
Location E Ee En En Kre fF!im ?)re —Rim —Core
Rock type Porphyritic granitoids
MgO 10.09 9.32 9.65 9.64 9.49 9.31 9.84 10.34 10.1
CaO 0.02 0 0.04 0.1 0.07 0.23 0.03 0.02 0.04
Na,O 0.11 0.1 0.24 0.18 0.19 0.15 0.19 0.13 0.14
K0 10.06 10.08 9.96 9.99 9.57 8.15 9.93 9.72 9.89
F 0.79 0.93 1.02 0.87 1.04 0.73 0.92 1.17 1.34
Cl 0.24 0.27 0.28 0.35 0.35 0.23 0.31 0.23 0.25
Total 94.42 95.08 93.3 94.84 91.72 90.61 94.43 95.62 96.2
O_F_CI 0.39 0.45 0.49 0.45 0.52 0.36 0.46 0.54 0.62
Si 5.95 5.94 5.89 5.88 5.96 5.96 5.91 5.96 5.91
AV 2.05 2.06 211 2.12 2.04 2.04 2.09 2.04 2.09
AV 0.87 0.77 0.82 0.79 0.86 0.91 0.75 0.74 0.74
Ti 0.28 0.36 0.31 0.31 0.32 0.31 0.33 0.31 0.3
Fe¥ 2.59 2.78 2.64 2.73 2.6 2.71 2.72 2.7 2.76
o 0 0 0 0 0 0 0 0
Mn 0.03 0.05 0.06 0.05 0.04 0.02 0.04 0.04 0.07
Mg 2.46 2.28 2.4 2.36 2.39 2.35 2.42 2.5 2.45
Ca 0 0 0.01 0.02 0.01 0.04 0.01 0 0.01
Na 0.04 0.03 0.08 0.06 0.06 0.05 0.06 0.04 0.04
K 2.1 2.11 2.12 2.09 2.06 1.76 2.09 2.01 2.05
Total 16.37 16.36 16.43 16.42 16.33 16.15 16.41 16.36 16.41
F 0.82 0.96 1.08 0.9 1.11 0.78 0.96 1.2 1.38
Cl 0.13 0.15 0.16 0.2 0.2 0.13 0.17 0.13 0.14
Fe® /(FE b Mg) 0.51 0.55 0.52 0.54 0.52 0.54 0.53 0.52 0.53
Mg/(FéP b Mg) 0.49 0.45 0.48 0.46 0.48 0.46 0.47 0.48 0.47
Sample SD/B/25 SD/A/1
Analysis 147/1 148/1 165/1 166/1 170/1 177/1 178/1 19/1 20/1
Location E Core Core En Core Core —Rim —Core —Rim
Rock type Porphyritic granitoids
SiG 34.96 35.8 35.84 35.87 35.98 35.05 35.67 37.07 37
Tio, 3.11 2.66 25 241 2.66 3 2.86 2.31 2.27
ALC; 14.98 14.77 14.75 14.71 14.87 14.56 13.87 15.06 15.83
Cr0Os 0.05 0.03 0.01 0.02 0.02 0.01 0.03 0 0
FeO(t) 20.19 19.86 19.94 19.54 20.58 20.81 20.56 18.44 19.05
MnO 0.53 0.37 0.37 0.4 0.46 0.23 0.51 0.32 0.27
MgO 8.84 9.49 9.84 10.01 9.74 9.75 9.94 11.15 10.81
CaO 0.02 0.02 0 0 0.01 0 0 0 0.07
Na,O 0.16 0.16 0.14 0.13 0.1 0.14 0.11 0.07 0.12
K0 9.48 9.92 9.91 9.7 10.13 9.81 9.82 9.76 9.67
F 0.71 0.71 0.97 0.68 0.86 1.02 1.18 0.86 1.01
Cl 0.2 0.25 0.26 0.28 0.27 0.27 0.29 0.32 0.35

(Continued
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Table 4. (Continued
Sample SD/B/25 SD/A/1
Analysis 147/1 148/1 165/1 166/1 170/1 177/1 178/1 19/1 20/1
Location E Core Core Wn Core Core —Rim —Core —Rim
Rock type Porphyritic granitoids
Total 93.23 94.04 94.53 93%5 95.68 94.65 94.84 95.36 96.45
O_F_Cl 0.34 0.36 0.47 0.35 0.42 0.49 0.56 0.43 0.5
Si 5.83 5.91 5.9 5.92 5.87 5.8 5.9 5.97 5.91
AlV 2.17 2.09 2.1 2.08 2.13 2.2 21 2.03 2.09
AV 0.78 0.78 0.76 0.78 0.73 0.64 0.6 0.82 0.89
Ti 0.39 0.33 0.31 0.3 0.33 0.37 0.36 0.28 0.27
Fe® 2.82 2.74 2.75 2.7 2.81 2.88 2.85 2.48 2.54
Cr 0.01 0 0 0 0 0 0 0 0
Mn 0.08 0.05 0.05 0.06 0.06 0.03 0.07 0.04 0.04
Mg 2.2 2.34 2.42 2.46 2.37 2.41 2.45 2.68 2.57
Ca 0 0 0 0 0 0 0 0 0.01
Na 0.05 0.05 0.05 0.04 0.03 0.05 0.04 0.02 0.04
K 2.02 2.09 2.08 2.04 211 2.07 2.07 2.01 1.97
Total 16.34 16.39 16.42 16.39 16.44 16.46 16.44 16.33 16.33
F 0.75 0.74 1.01 0.71 0.89 1.07 1.24 0.88 1.02
Cl 0.11 0.14 0.15 0.16 0.15 0.15 0.16 0.18 0.19
Fe® [(FE b Mg) 0.56 0.54 0.53 0.52 0.54 0.54 0.54 0.48 0.5
Mg/(F&P b Mg) 0.44 0.46 0.47 0.48 0.46 0.46 0.46 0.52 0.5
Sample SD/A/1
Analysis 21/1 22/1 23/1 6/1 711
Location aa Tld Rim Tore Ere
Rock type Porphyritic granitoids
SiG 36.54 36.98 37.2 37.63 36.52
TiO, 2.35 2.33 2.46 2.37 1.95
ALO; 14.97 14.95 15.05 14.99 15.68
Cr0s 0 0.01 0 0 0
FeO(t) 19.53 19.93 19.7 19.19 20.46
MnO 0.21 0.2 0.26 0.25 0.35
MgO 11.3 11.38 11.11 11.51 10.83
Cao 0 0 0 0 0
Na,O 0.12 0.08 0.08 0.11 0.09
K0 9.94 10.11 10.15 9.87 9.9
F 0.73 0.98 1.1 1.23 0.9
Cl 0.37 0.4 0.37 0.39 0.32
Total 96.06 97.35 97.48 97.54 97
O_F_ClI 0.39 0.5 0.55 0.61 0.45
Si 5.88 5.9 5.92 5.96 5.85
AV 2.12 2.1 2.08 2.04 2.15
AM 0.72 0.7 0.74 0.76 0.8
Ti 0.29 0.28 0.29 0.28 0.24

(Continued
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Table 4. (Continued

Fe® 2.63 2.66 2.62 2.54 2.74
a 0 0 0 0 0

Mn 0.03 0.03 0.04 0.03 0.05
Mg 2.71 2.71 2.64 2.72 2.59
Ca 0 0 0 0 0

Na 0.04 0.03 0.03 0.03 0.03
K 2.04 2.06 2.06 2 2.02
Total 16.45 16.46 16.41 16.37 16.46
F 0.74 0.99 1.11 1.23 0.91
cl 0.2 0.22 0.2 0.21 0.17
Fe® [(Fé? b Mg) 0.49 05 05 0.48 0.51
Ma/(Fé° b Mg) 0.51 0.5 0.5 0.52 0.49

SiO, 37.81 37.71 36.33 37.2 37.27
TiO, 3.04 3.11 2.97 3 3.05
ALO; 15.86 15.21 15.47 15.47 15.52
CrOs 0.04 0 0.02 0.02 0
FeO(t) 19.94 19.2 19.29 20.04 19.41
MnO 0.17 0.26 0.05 0.32 0.22
MgO 10.2 9.87 9.72 10.01 10.02
CaO 0 0 0 0 0
Na,O 0.09 0.19 0.15 0.09 0.09
K0 10.15 9.95 9.82 10.1 9.91
F 0.68 1 0.86 0.86 0.68
Cl 0.22 0.24 0.2 0.25 0.22
Total 98.2 96.74 94.88 97.36 96.39
O_F_ClI 0.34 0.48 0.41 0.42 0.34
Si 5.92 6 5.9 5.91 5.94
Al 2.08 2 2.1 2.09 2.06
AM 0.85 0.85 0.86 0.8 0.85
Ti 0.36 0.37 0.36 0.36 0.37
Fe® 2.61 2.56 2.62 2.66 2.59
Cr 0.01 0 0 0 0
Mn 0.02 0.04 0.01 0.04 0.03
Mg 2.38 2.34 2.35 2.37 2.38
Ca 0 0 0 0 0
Na 0.03 0.06 0.05 0.03 0.03
(Continued
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Table 4. (Continued

K 2.03 2.02 2.04 2.05 2.02
Total 16.28 16.24 16.29 16.32 16.26
F 0.67 1.01 0.88 0.86 0.69
Cl 0.12 0.13 0.11 0.14 0.12
Fe® /(FE b Mg) 0.52 0.52 0.53 0.53 0.52
Mg/(FéP b Mg) 0.48 0.48 0.47 0.47 0.48

SiQ, 34.43 34.59 34.87
TiO, 3.70 3.42 3.41
ALOs 15.52 15.67 15.63
Cr0; 0.00 0.00 0.00
FeO(t) 21.48 22.22 21.76
MnO 0.44 0.28 0.24
MgO 8.07 8.29 8.14
Ca0 0.05 0.05 0.05
\EXe) 0.04 0.07 0.05
K0 10.24 10.17 9.85
F 0.18 0.15 0.09
Cl 0.74 0.74 0.72
Total 94.89 95.65 94.81
O_F Cl 0.24 0.23 0.20
Si 5.70 5.69 5.75
Al 2.30 2.31 2.25
AM 0.73 0.73 0.79
Ti 0.46 0.42 0.42
Fe 2.98 3.06 3.00
Cr 0.00 0.00 0.00
Mn 0.06 0.04 0.03
Mg 1.99 2.03 2.00
Ca 0.01 0.01 0.01
Na 0.01 0.02 0.02
K 2.16 213 2.07
Total 16.41 16.44 16.35
F 0.19 0.16 0.09
Cl 0.42 0.41 0.40
Fe® /(FE? b Mg) 0.60 0.60 0.60
Mg/(Fé° b Mg) 0.40 0.40 0.40
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at higher levels in the granitoids, but show higher concentrations
in xenoliths (Tableg, 8; Fig.8).

K/RDb ratios in the xenoliths are lower than in the porphyritic
granitoid (Tableg, 8), which is consistent with the higher presence
of modal biotites in the xenoliths than the porphyritic granitoids
(Tablel) (e.g. Barbey & Cune}98).

Ba is most concentrated in K-feldspar of granitic rocks, whereas
the K/Ba ratio is approximately half that of coexisting biotite (e.qg.
Barbey & Cuney]983. Variable K/Ba ratios (17~87.5) in xen-
olith rocks are consistent with the abundance of modal biotite
in them.

In the mid-ocean-ridge-basalt-normalized (N-MORB) multi-
cationic spider diagram, both the three xenolith samples and por-
phyritic granitoids show more or less the same patternsg&jdp).
Significantly, both the xenoliths and porphyritic granitoids show a
strong negative Fdb anomaly, characteristic of subduction zone
magma and continental crust. Although both have negativelisb
anomalies, the Nb/Ta ratios are notably different. Whereas Nb/Ta
ratios in porphyritic granitoids range over 1-2® (average 8.17),
these ratios are higher in the xenolithic rocks{B20). These geo-
chemical features suggest that the sources of the porphyritic granite
are significantly different from the mafic xenoliths occurring
within them. At the same time, xenolith rocks do not any show
negative P and Ti anomalies that are very prominent in granitoids
(Fig.9). Higher P and Ti contents of the xenoliths are consistent
with the higher modal abundances of apatite and opaques and
sphene in them.

4.e. Physicochemical parameters of crystallization

The mineralogical assemblage of -@tis—PBt+Spn-Mag and/

or lim of Jhalida porphyritic granitoids suggests that these are
calc-alkaline in nature (Spedr987 Wones,1989 Vyhnal et al.
199). The compositions of biotites and hornblendes in calc-
alkaline magma are responsive to temperature, pressure, oxygen
fugacity and HO content of the magma (e.g. Wones & Eugster,
1965 Hammarstrom & Zen,1986 Holland & Blundy, 1994
Ridolfiet al.201Q. Assemblage and morphology of accessory min-
erals in calc-alkaline rocks can indicate oxygen fugacity conditions
during crystallization (e.g. Wonek)89 Enamiet al.1993. Early
crystallization of euhedral sphene and magnetite, magmatic allan-
ite and assemblage of KBt—Mag-Spn in granitoids indicate high
oxygen fugacity during crystallization (Chesner & Ettling889
Enamiet al.1993.

4.e.1. Temperature
Figure 6. (Colour online) (a) Classification of biotites from porphyritic granitoids and  From high-temperature experimental studies, Watson & Harrison

plagioclase-quartz-biotite schist (Type-c xenolith) in Fe/(feMg) versus AY diagram . . . -~ . _
(after Deeret al. 1992. (b) Plots of biotite compositions of the porphyritic granitoids (1983 obtained the following equation for Zr-saturation temper

of Jhalida in the MgGFeG-ALO; discrimination diagram (after Abdel-Rahmari999. ature (rZr):
(c) Plots of biotite compositions of the porphyritic granitoids of Jhalida in the M¢pfu)
versus Al (total) discrimination diagram (after Nachét al. 1985. Symbols: as in Figuré. 12900

Ty ¥ :
20 INA96008Zr e Hp 0:85M p 2:95’

xenoliths and porphyritic granitoids. Group 1 (Cr, Co, Ni, V and

Sc) consists of compatible elements that tend to be presentvettere M = (2Ca Kp Na)/(AlxSi) and whole-rock Zr content
higher concentrations in mafic xenoliths than in porphyritic gran-approximates the Zr content in the melt.

ites. Concentrations of Group 2 elements (Ba, Ta, Th and Zr) The Zr-saturation temperatures for Jhalida granitoids range
should be present in higher concentrations in granitoids; howevedretween 798 and 891°C (Talfle Since most of the zircons of
these elements occur in higher concentrations in the xenoliths thdhalida pluton are euhedral and magmatic, and interpreted to be
in the porphyritic granitoids. Group 3 elements (Nb, Y and U)early crystallizing, the Zr-saturation temperature can be inter-
includes high-field-strength elements (HFSE) that should occpreted as the near-liquidus temperature of the magma.
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Table 5. EPMA of magnetite and cationic calculation on the basis of 4 oxygen from porphyritic granitoids and biotite schist (Type-c xenolith).

Sample SD/B/22 83

Analysis 26/1 27/1 40/1 411 121/1 122/1 131/1 132/1
Location ;re ﬁ ae Tore Core —Rim Core —Rim
Rock type Porphyritic granitoid

TiO, 0.10 0.18 0.14 0.21 0.28 0.10 0.25 0.12
ALO; 0.56 0.00 0.00 0.00 0.11 0.00 0.00 0.00
Cr0s 0.17 0.18 0.18 0.17 0.21 0.20 0.24 0.25
FeO 88.49 92.43 92.31 92.05 91.96 89.86 92.33 91.30
MnO 0.25 0.08 0.26 0.14 0.31 0.05 0.21 0.11
Total 89.56 92.86 92.89 92.56 92.87 90.23 93.03 91.77
Ti 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.00
Al 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
FeP 1.96 1.98 1.99 1.98 1.97 1.99 1.98 1.99
Fe® 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mn 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mdp Fe?) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe? [(FEP b FeP) 0.34 0.34 0.33 0.34 0.34 0.34 0.34 0.33
Al/(Ab Fe®p Cr) 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Galaxite 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00
Magnetite 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99
Ulvospinel 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.00
Sample 83

Analysis 133/1 134/1 135/1 137/1 141/1 142/1
Location Core E E’n En ?m Core
Rock type Porphyritic granitoid

TiO, 0.12 0.11 0.11 0.10 0.24 0.07
ALO; 0.00 0.00 0.00 0.00 0.00 0.00
Cr0s 0.21 0.24 0.20 0.20 0.23 0.19
FeO 91.99 91.35 92.71 90.31 91.76 93.17
MnO 0.23 0.07 0.16 0.21 0.05 0.10
Total 92.55 91.77 93.18 90.82 92.29 93.52
Ti 0.00 0.00 0.00 0.00 0.01 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.01 0.01 0.01 0.01 0.01 0.01
Fe® 1.99 1.99 1.99 1.99 1.98 1.99
Fe® 1.00 1.00 1.00 1.00 1.01 1.00
Mn 0.01 0.00 0.01 0.01 0.00 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mgp Fe®) 0.00 0.00 0.00 0.00 0.00 0.00
Fe? [(FEPp FeP) 0.33 0.34 0.33 0.33 0.34 0.33
All(Ab FePp Cr) 0.00 0.00 0.00 0.00 0.00 0.00
Galaxite 0.01 0.00 0.01 0.01 0.00 0.00

(Continued
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Table 5. (Continued

Magnetite 0.99 0.99 0.99 0.99 0.99 1.00
Ulvdspinel 0.00 0.00 0.00 0.00 0.01 0.00

Tio, 0.11 0.14 0.14 0.26 0.10 0.25 0.13
ALO, 0.00 0.00 0.00 0.16 0.00 0.00 0.00
CrO; 0.17 0.19 0.23 0.18 0.23 0.23 0.22
FeO 90.94 91.35 90.49 90.47 93.50 92.84 91.94
MnO 0.23 0.12 0.14 0.19 0.15 0.00 0.02
Total 91.46 91.80 90.99 91.26 93.98 93.31 92.31
Ti 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Al 0.00 0.00 0.00 0.01 0.00 0.00 0.00
cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Feb 1.99 1.99 1.98 1.97 1.99 1.98 1.99
Feb 1.00 1.00 1.00 1.00 1.00 1.01 1.00
Mn 0.01 0.00 0.00 0.01 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mg Fe®) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fel(Fe2p FeP) 0.33 0.34 0.33 0.34 0.33 0.34 0.34
All(Ab FéPp Cr) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Galaxite 0.01 0.00 0.00 0.01 0.00 0.00 0.00
Magnetite 0.99 0.99 0.99 0.99 0.99 0.99 0.99
Ulvéspinel 0.00 0.00 0.00 0.01 0.00 0.01 0.00

Tio, 0.13 0.15
AbO; 0.00 0.00
Cr,O3 0.17 0.22
FeO 92.60 91.60
MnO 0.18 0.14
Total 93.08 92.11
Ti 0.00 0.00
Al 0.00 0.00
Cr 0.01 0.01
FeP 1.99 1.98
Feb 1.00 1.00

(Continued
'RZQORDGHXWMRPY ZZZ FDPEULGJIB BGGURVW RQ -X0 Dw VXEMHFW WR WKH &DPEW\WINH &RDH MDHUERM. RI X R

KWWSV GRL RUJ 6



620 P Royet al.
Table 5. (Continued
Sample SD/B/6
Analysis 42/1 43/1
Location aa ﬁ
Rock type Biotite schist (Type-c xenolith)
Mn 0.01 0.00
Total 3.00 3.00
Mg/(Mg Fe®) 0.00 0.00
FE/(Fe® p FeP) 0.33 0.34
Al/(Ap Fep Cr) 0.00 0.00
Galaxite 0.01 0.00
Magnetite 0.99 0.99
Ulvdspinel 0.00 0.00

Table 6. EPMA of sphene and cationic calculation on the basis of 5 oxygen from porphyritic granitoids

Sample 83 SD/A/1 SD/B/22 SD/B/25 SD/B/25 SD/B/25 SD/B/25 SD/B/25 SD/B/25 SD/B/25
Analysis 139/1 140/1 143/1 144/1 24/1 25/1 15/1 16/1 28/1 29/1 153/1 155/1 161/1 162/1 164/1 171/1 172/1
Location ae E Ee ?m ?)re—Cor:ore—Rim—Core—Core Core Core Core Rim Core Rim Core
SiG 29.16 28.93 29.29 29.63 29.94 29.74 29.7 2898 279 29.65 29.56 29.8 28.75 28.2 29.48 28.92 29.41
TiO, 34.62 35.03 35.09 34.98 36.09 3552 35.89 34.71 36.16 3541 34.63 35.82 35.47 35.92 35.59 35.33 35.01
ALO; 225 2 215 201 21 216 19 208 154 2 2235 1.89 1.74 1.61 2 1.74 1.77
Cr0s 0.06 0.05 006 0.05 0.05 0.07 O 0.03 0 0.02 0.03 0.03 0.05 0.04 0.05 0.07 0.03
FeO 159 169 164 186 153 196 155 145 2 1.14 1.37 1.42 1.79 1.51 1.45 1.37 1.5
MnO 0.08 0.23 0.2 0.11 0.08 014 0.21 0.14 0.14 0.21 0.2 0.11 0.24 0.05 0.13 0.19 0.04
CaO 269 2749 2751 2731 27.8 27.33 27.88 2759 27.68 28.47 28.15 28.47 26.92 27.32 27.61 26.53 27.2
Na,O 0.07 0.08 0.08 0.06 0.05 003 0.05 005 0.06 0.05 0.03 0.04 0.08 0.07 0.07 0.07 0.06
K0 0 0 0 0 0 0 0 0 0.02 0.01 0 0.03 0.03 0.02 0

Total 94,73 955 96.02 96.01 97.64 96.95 97.18 95.03 95.53 96.97 96.32 97.59 95.04 94.75 96.41 94.24 95.02
Si 1.01 1 1 1.01 1 1.01 1 1 097 1 1.01 1 0.99 0.98 1 1 1.01

Al 0.09 0.08 009 0.08 0.08 009 0.08 009 0.06 0.08 0.09 0.08 0.07 0.07 0.08 0.07 0.07
Ti 0.9 091 09 0.9 091 0.9 091 0.9 094 0.9 0.89 0.91 0.92 0.94 0.91 0.92 0.91
Fe2 005 0.05 005 0.05 0.04 006 0.04 004 0.06 0.03 0.04 0.04 0.05 0.04 0.04 0.04 0.04
Mn 0 001 0.01 O 0 0 001 O 0 0.01 0.01 0 0.01 0 0 0.01 0

Na 001 0.01 001 O 0 0O O 0 0 0 0 0 0.01 0.01 0.01 0.01 0

Ca 1 1.01 101 1 1 099 101 1.02 1.03 1.03 1.03 1.03 1 1.02 1.01 0.99 1
Total 305 306 306 305 304 305 305 306 306 3.06 3.06 3.06 3.05 3.05 3.05 3.04 3.04

Apatite saturation temperature can be calculated using thehere SiQis the weight fraction of silica in the melt alds the abso-

equation of Harrison & Watsonl989:

In D2PEMelt 1/, 8400p

'RZQORDGHXWRPV
KWWSV GRL RUJ
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lute temperature. The results obtained for Jhalida granitoids are rep-

resented graphically in Figsf. Whole-rock apatite saturation
temperatures in the Jhalida granitoids vary fr@@00°C to> 950°C.

According to Jung & Pfande2(07, Al,O5/TiO,, ratios of oro-
genic granitoid rocks can be used to estimate liquidus temperature
using the following equation:
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Table 7. Major- and trace-element concentrations for the porphyritic granitoid rocks of Jhalida

Sample 83 SDIA/L SDIA/L0 SDIA/20 SDIA/4 SDIA/6 SD/B/20 SD/B/22 4/GIS
Sl no. 1 2 3 4 5 6 7 8 )

Sio, 68.75 66.16 69.67 71.68 75.62 73.47 72.25 68.04 68.54
TiO, 0.28 0.48 0.36 0.49 0.16 0.23 0.34 0.4 0.49
ALO; 16.69 16.38 15.54 13.66 12.75 15.71 14.25 17.01 14.9
Fe.Os(t) 211 3.17 2.45 3.17 211 132 217 225 3.02
MnO 0.02 0.04 0.03 0.02 0.01 0.01 0.02 0.02 0.02
MgO 0.55 1.03 0.69 0.95 0.03 0.14 0.59 0.79 0.07
Ca0 13 1.68 1.29 1.73 1.04 1.16 1.7 1.64 2.07
Na,0 3.02 3.03 3.01 3.22 3.64 4.07 3.9 3.09 2.82
KO 7.09 7.37 6.95 4.99 4.96 4.66 495 6.87 5.73
P,Os 0.14 0.25 0.2 0.21 0.04 0.06 0.13 0.17 0.1
Total 99.95 99.59 100.19 100.12 100.36 100.83 100.3 100.28 97.76

Trace element (ppm)

Cr 11.01 8.45 8.28 11.61 9.44 8.36 8.65 8.29 -

Ni 7.09 5.4 6.48 10.5 9.45 6.42 6.35 6.49 -

Co 57.33 47.83 64.85 103.99 136.32 117.96 1115 78.49 -

V 23.14 25.09 28.18 31.24 28.56 14.3 18.8 22.53 -

Cu 1.61 1.56 1.04 1.6 1.64 1.31 1.23 1.17 -

Pb 65.1 19.82 21.29 22.3 23.71 17.85 25.43 25.92 -

Zn 59.63 29.31 20.07 39.89 36.78 18.53 52.57 46.62 -

Rb 206.48 172.5 210.9 182.75 146.47 105.43 166.93 171.6 -

Ba 1886.93 2045.4 1973.81 1179.85 1682.75 1397.1 936.82 1866.09 -

Sr 444,73 514.63 518.06 325.35 654.06 543.51 373.88 540.57 -

Ga 20.81 19.77 21.76 20.87 20.97 16.92 23.81 22.05 -

Nb 14.61 25.25 19.6 25.84 5.1 12.99 24.76 25.49 -

Ta 1.71 1.39 0.98 3.62 2.28 3.96 5.51 3.07 -

Zr 338.48 455.43 455.31 523.13 193.39 252.19 538.06 462.65 -

Hf 7.73 10.04 9.4 10.93 4.71 5.93 12.26 9.7 -

Y 15.1 34.53 21.92 26.88 5.12 13.98 34.42 20.23 -

Th 24.93 48.92 27.77 21.15 28.34 39.25 35.89 20.92 -

Sc 5.56 6.02 5.54 8.26 221 1.31 3.92 5.31 -

Cs 2.06 1.19 1.95 1.89 1.68 0.81 2.39 1.13 -

U 3.19 3.78 2.34 1.66 1.93 1.68 2.63 1.97 -

La 62.06 165.04 103.39 96 99.4 61.5 131.35 114.42 140

Ce 109.15 340.19 209.34 193.15 187.36 124.84 272.55 231.93 215

Pr 12.24 37.92 22.64 20.66 17.66 13.56 30.71 25.13 -

Nd 42.54 117.67 69.38 63.6 46.9 39.9 93.48 76.1 75

Sm 6.69 17.54 10.07 10.51 4.66 6.13 14.93 10.74 12

Eu 1.68 3 2.01 1.69 1.27 1.29 1.98 1.97 2.4

Gd 4 9.33 5.62 6.32 2.29 3.45 8.34 5.73 -

Th 0.61 1.37 0.84 1.06 0.26 0.55 1.33 0.84 1.2

Dy 2.6 5.59 3.51 4.67 0.88 2.4 5.77 3.45 -

Ho 0.5 0.87 0.55 0.73 0.13 0.37 0.9 0.53 -

(Continued
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Table 7. (Continued

Sample 83 SDIA/L SDIA/10 SDIA/20 SDIA/4 SDIA/6 SD/B/20 SD/B/22 4/Glis

Sl no. 1 2 3 4 5 6 7 8 )

Er 114 2.39 1.51 1.89 0.35 1.07 2.46 1.44 -

Tm 0.16 0.33 0.22 0.25 0.05 0.15 0.35 0.2 -

Yb 1.14 2.08 1.42 1.41 0.33 0.99 2.16 1.25 3.2

Lu 0.17 0.33 0.22 0.2 0.06 0.15 0.31 0.2 0.47
REE 244.68 703.65 430.72 402.14 361.6 256.35 566.62 47393 -

Mg no. 0.25 0.3 0.27 0.28 0.02 012 0.26 0.31 0.04

AICNK (molar) 111 1.02 1.05 0.99 0.96 s 0.96 11 1.02

NK/A (molar) 0.76 0.79 0.8 0.78 0.89 0.75 0.83 0.74 0.73

N&Ob K,0 10.11 10.4 9.96 8.21 8.6 8.73 8.85 9.96 8.55

K;O/N&O 2.35 243 231 1.55 1.36 1.14 1.27 2.22 2.03

CaO/NaO 0.43 0.55 0.43 0.54 0.29 0.29 0.44 0.53 0.73

ALOYTIO, 50.61 34.13 4317 27.88 79.69 68.3 41.91 4253 30.41

Rb/Sr 0.46 0.34 0.41 0.56 0.22 0.19 0.45 0.32 -

Rb/Ba 0.11 0.08 0.11 0.15 0.09 0.08 0.18 0.09 -

Nb/U 4.58 6.68 8.38 15.6 2.64 7.73 9.41 12.9 -

CelPb 1.68 17.2 9.83 8.66 7.9 6.99 10.7 8.95 -

TalYb 1.22 0.47 2.55 1.62 12 557 1.42 0 0.53

CelYb 95.75 163.55 147.42 136.99 567.76 126.1 126.18 185.54 67.19

Sy 29.45 14.9 23.63 121 127.75 38.88 10.86 2672 -

(Nb/zZry 0.64 0.82 0.64 0.73 0.39 0.76 0.68 0.82 -

Ba/Pb 28.99 103.2 92.71 52.91 70.97 78.27 36.84 7199 -

Eu* 0.32 0.23 0.27 0.21 0.39 0.28 0.18 0.25 -

(La/Yb), 39.05 56.91 52.23 48.84 216.06 44.56 43.62 65.66 31.38

Data source: Sl. 48, present study; Sl. 9 from GSI Report by Sarletral. (1999

Mg no.= {(MgO/40.31)/[MgO/40.31 (Fe,O5(t)x0.8998/71.850.85)]x 100

A/CNK= (ALO5/101.96)/[(Ca0/56.0B)Nax0/61.98p (K,0/94.20)]

A/NK= (ALO,/101.96)/[(NaO/61.98p (K;0/94.20)]

NK/A= [(Na;0/61.98p (K,0/94.20)]/(AI05/101.96)

(Nb/Zry = (Nb/0.56)/(Zr/8.3), where N refers to normalized abundance

Eu*= (Eu/0.058)7 [(Sm/0.153%(Gd/0.2055)]

(La/Yby = (La/0.687)/(Yb/0.493), normalized value of primitive mantle (Sun & McDonough, 1989)

309901 ) 4.e.3. Oxygen fugacity
AIl,04=TiO, B 309 The assemblage Magpr-Aln in Jhalida porphyritic granitoids
suggests high oxygen fugacity (above qufayalite-magnetite
Using this linear equation and assuming an igneous sour¢®FM) buffer) of the melt (Wonesl989 Chesner & Ettlinger,
composition, Jhalida granitoids yield a temperature range @089. Enamiet al.(1993 suggested that the occurrences of euhe-
797-920°C. This temperature range is quite consistent with thdral magnetite as an early crystallizing phase suggest high oxygen
zircon-saturation temperature (78891°C) obtained from these fugacity conditions. Magnetite-bearing granitoidsnggnetite
rocks. The zircon- and apatite-saturation temperatures suggesfriesof Ishihara,1977 crystallize under high oxygen fugacity.
that these temperatures are around normal for granitic magmas, Czamanske & Wonesl973 showed that the Mg/(MgFe)
not notably high, which further indicates their crustal origin.  ratios of mafic silicates can indicate the redox conditions of the
magmatic system. The opaques in the Jhalida granitoids are exclu-
4.e.2. Pressure sively magnetite, which suggests the I-type nature of the magma
In the Q-Ab—Or diagram (for hydrous granitic system), samples ofChappell & White 1992 Ishihara,1977. Moreover, the presence
Jhalida porphyritic granitoids plot close to the minima on theof sphene and magnetite, together with the presence of allanite, in
quartzfeldspar cotectic for pressuresco® kbar (Fig.10b). Jhalida pluton suggests that the magma was relatively oxidized as

T Ya
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Table 8. Major- and trace-element concentrations for the xenolith rocks of Table 8. (Continued
Jhalida Pluton

Serial no. 1 2 3
Serial no. L 2 S Rock Type-a xenolith Type-b xenolith Type-c xenolith
Rock Type-a xenolith Type-b xenolith Type-c xenolith E— SD/B/27 P6 SD/B/6
Sample SD/B/27 P6 SD/B/6 CelPb 0.8 o1 13
Sio 46.63 52.33 50.09
Nb/zr 0.09 0.08
TiO, 1.29 2.15 2.00 :
Zr[TiO, 252.40 236.46 0.00
ALO; 13.35 15.05 13.96
Nb/Yb 75.00 57.00 4.82
FeOs(t) 13.56 11.46 19.42 ThiYb 42.00 13.57 0.91
MnO 0.26 0.14 0.16
Nb/Ta 150.00 79.80 53.00
MgO 7.66 3.82 3.79 NN G s o
CaO 7.89 5.95 1.96
Na,0 1.73 2.83 1.78 _ . _
expected in calc-alkaline melts (WonE389 Chesner & Ettlinger,
KO 423 355 463 1989. Wones (989 gave the following equation to estimate the
P,Os 1.39 1.24 0.37 oxygen fugacity (log unit) for the equilibrium relationship titanite
Total 9798 08.51 98.16 p magnetitep quartz= hedenbergitd¢ ilmenite:
Trace element (ppm) 30939 0142 & 1b
1y, I : Zoe 2R
cr 380.8 43.4 283 logfQ, Y2 ——p 1498p T ’
Ni 31 18.9 °6.9 whereT is temperature in degrees in Kelvin aRds pressure
Co 33.7 325 47.7 in bars.
v 155.6 131.3 4265 Adopting zircon-saturation temperature (7$91°C) and
c o 1 165 pressure ot. 2 kbar,fO, conditions of crystallization were esti-
u : : mated to be above the NWiO buffer condition (about 16 to
Pb 14.9 33.1 23 102bar between 798 and 891°C) (Figc).
7n 146.7 111.8 146.9 Based on the calibration of Wones981), Andersonet al.
Rb 1603 193 2656 (2008 plotted approximatefO, of granitoid magma relative
: 8 > to the QFM buffer (assuming Bo= Pita) in @ binary
Ba 1478.3 1655.6 394.2 AlVp AIV' versus Fe/(AeMg) composition diagram of biotite
Sr 247 585.7 474 (Fig. 10d). Plots of the biotite composition of Jhalida samples
on Andersors diagram show that these granites crystallized
Ga 208 197 231 between QFM buffers ¢f0.8 andb 1.6 (Figl10d), which is quite
Nb 30 39.9 10.6 high and consistent with the calc-alkaline nature of the magma.
Ta 0.2 0.5 0.2
7r 3256 508.38 0 4.e.4. Water content
” aa o1 39 Wones (98] gave the following equation relating oxygen and
i . . water fugacities and activities of annite in biotite, sanidine in K-
Y D 50 60 feldspar and magnetite in opaques:
Th 16.8 9.5 2
4819
Sc 21.3 18.8 32.8 logfH,0O Y4 T b 6:69p 0:5logfO, p logay,, logaks
U 4.2 4.2 5.1 0011P 1b
Ce 310 300 30 1098mag T '
Yb 0.4 0.7 2.2 . ) . I .
where T is temperature in degrees Kelvin and activities are given as
As 0 0 0 molar fractionsasn, (the activity of annite in biotite) can be calcu-
cd 11 03 1.3 lated from different ideal activity models (after Holland & Powell,
n o1 o1 0 1990 Nash,1993 Patfio Douce1993; aks can be taken as 0.6 for
i i magmatic systems (Czamanske & Wor@3,3; andanagis c. 1.
Mo 2.5 12.4 0 The water activity d,0) of magma is defined:
Se 0.7 1.1 11 .
H,O
Nb/Y 0.60 0.80 0.18 Yo ——;
820 4foH20
Nb/U 7.14 9.50 2.08

(Continueg  wherefgH,0O is the standard state water fugacity.
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624 P Royet al.

Fig. 7. (Colour online) Plots of porphyritic granitoids and three
xenolith rock samples from this study in the classification dia-
grams: (a) total alkali versus silica diagram of Caat al. (1979;
(b) SiQ—K,0 diagram (after Peccerillo & Taylod976; (c) NaO
versus KO diagram (after Turneret al. 1996; (d) Shands Index
diagram (after Maniar & Piccoli,1989; A/NK=mol ALOs/
(Na0Op K;0); AICNK= mol ALOy/(Cap Na,Op K;0); (e) SiQver-
sus MALI (modified alkali lime index; N&p K;O-CaO) (after Frost
etal.2009); (f) SiQ versus Fe* number [FeO(t)/(FeQftMgO)] dia-
gram (after Frostet al. 2001); (g) Ta/Yb versus Ce/Yb diagram of
Pearce (982; (h) BaRb-Sr triangular plot of Tarney & Jones
(1994.

Based on the water solubility models of Burnhd@79 and the following regression equation is derived from the experimental
Burnham & Nekvasil 1986, it is possible to convert thay,o, data of Mooreet al.(1998:
fu20 t0 X0, Which can then be expressed in wt%. We use the
experimental data of Mooret al. (1999 to determine the HO H,0 dwt%b ¥ 0:000 000 #H,0Bp 0:002fH,0 Hp 1:499
(wt%) fromfH,O (vapour) in magmas. This model can be applied
to any natural silicate liquid at a temperature of #0800°C and The fH,0 of Jhalida pluton is estimated to bes3479632 bar,
pressure of-33000 bar. For the conversionféf,O to H,O (wt%), corresponding to 2-5.5 wt% of the water in the magma (TaB)e
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Fig. 8. (Colour online) Plots of compositions of porphyritic granitoid samples and three xenolith rock samples of Jhalida pluton in Harker variation diagrams. Experimentally
determined isotherms for apatite saturation temperature (Green & Watsol982) are also shown in the Si@Qversus BOs diagram.

These values are consistent with the typical values of calc-alkakubduction zone, late orogenic, anorogenic and crustal-melt
magma crystallization in an arelated environment (Ridolfi (syn-collisional) granitoids in the R1 versus R2 variation diagram
et al.201Q. (Fig. 11a). In the RER2 diagram, the Jhalida granitoid rocks lie
within the late orogenic and syn-collision fields (Figa). In
the Y versus Sr/Y diagram of Drummond & Defarnit990, the
Jhalida samples fall in the field of typical arc rocks, except for
To identify the tectonic setting of emplacement of JPG, major- arghe that lies in the adakite field (Fiblb). In trace-element dis-
trace-element compositions are plotted in some standard tectortiimination diagrams proposed by Whalen & Hildebrand
discrimination diagrams. (2019, most of the JPGs plot within the slab failure field
Batchelor & Bowdenl1@85 used a variation diagram of de la (Fig.11c-h) in a post-collisional setting.
Rocheet al. (1980 to identify the tectonic settings of granitoid  They also show very high contents of large-ion lithophile ele-
rocks that involve two cationic functions known as=R4Si- ments (LILE), such as Rb and K, and negative Tébanomalies
11(Nép K)-2(Fép Ti) and R2= Alp 2Mgp 6Ca. Batchelor and in a multicationic spider diagram (Fi§a). High LILE contents
Bowden 1985 differentiated the fields of mantle plagiogranite,(especially K), negative Nba anomalies and LREE enrichment

4.f. Tectonic affinity
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Table 9. Estimated physicochemical parameters of crystallization for the Jhalida porphyritic granitoids

Temperature (°C) Oxygen fugacity
Zircon saturation Linear regression

temperature equation for igneous rocks logfO, logfH,O fH,O (bar) H,O (wt%)
Sample (Watson & Harrison1983 (Jung & Pfander, 2007 (Wones,1989 (Wones,1981) (Wones,1981) (Mooreet al. 199§
83 855 841 12.9 3.73 5347.74 6.47
SD/B/22 883 882 115 3.96 9210.03 2.95
SD/A/1 870 903 11.81 3.82 6672.36 5.94
SD/B/20 889 883 11.36 3.98 9632.37 221
SD/AI4 798 797
SD/AI20 891 920
SD/A/10 879 880
SD/AI6 835 821

(@) (b)
1000.0 1000.0

Enclaves within porphyritic granitoids, Jhalida
A SD/B/27)
P6

100.0 A A © SD/Bl6

100.0

10.0 10.0

Rock / MORB
Rock / MORB

1.0 1.0

0.1 0.1

Sr K RbBaTh TaNbCe P Zr Hf Sm Ti Y Yb Sr K RbBaTh TaNbCe P Zr Hf Sm Ti Y Yb

Porphyritic granitoids, Jhalida

10 Fig. 9. (Colour online) (a) MORB-normalized (normalization val-
ues after Pearce1983 spider diagram and (b) MORB-normalized
(normalization values after Pearcel, 983 spider diagram xenolith

rocks of Jhalida pluton. (c) chondrite-normalized REE diagram

1 — T (normalization values after McDonough & Sufi999 for the por-
La Ce Pr Nd Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu phyritic granitoid samples.

Rock / Chondrite

over HREE have been observed in post-collisional granitoids of thegative Sr and Ti anomalies, but weak negative to positive Eu-
East African Orogen and elsewhere (Goodenartghl.2010. anomalies (Eu/Bu= 0.54-1,19; average 0.8; Fiin) and strong

The broadly EW-trending Jhalida pluton is parallel to the positive Ba anomalies in spider diagram (FMa), suggest that
NPSZ, suggesting a control of the shear zone on magma emplaeernblende and plagioclase and a Ti-rich mineral such as ilmenite
ment (DLemoset al.1999. The preferred orientation is largely asor titanite fractionated while K-feldspar accumulated.
result of magmatic flowage. However, the much stronger preferred Nb/U and Ce/Pb ratios can provide information about the
orientation of most of the microcline megacrysts, their augens arsurce of igneous melts because these ratios do not change signifi-
the large ribbon or lenticular quartz grains in porphyritic gran-cantly during partial melting or fractional crystallization (e.g.

itoids are to the result of shear strain. Hofmann,198§. However, these ratios can change during subduc-
tion dehydration and crust-mantle interaction (McCulloch &
4.g. Petrogenesis Gamble 1991 Hofmann,2003 Kelleyet al.2003.

The average Nb/U ratios (8.5) of Jhalida porphyritic granitoids

The negative correlation betwees@Rand SiQ, low POs content are slightly higher than those estimated for the middle continental

and the metaluminous to weakly peraluminous nature of most &USt (7.7; Rudnick & Ga@003 and much lower than the ratios

the samples with high oxygen fugacity@FM ranging between ©btained from the Iowgrcontlnental crust (Nb4J25; Rudnick &

b 0.8 andp 1.6) of the Jhalida granitoids suggest their I-typ&>a0,2003 and ocean-island basalt (OIB; 470; Hofmannet al.

character. 1986§. Further, the average Ce/Pb ratio (9.0) of the Jhalida porphy-
The Jhalida porphyritic granitoid samples show highly fractionritic granitoids are higher than those of lower continental crust

ated REE patterns ((La/Ypy 31.4-216.1) (Fig.9b). Strong (c. 5; Rudnick & Gao,2003 but much lower than those of

4.9.1. Petrogenesis of porphyritic granitoids
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Fig. 10. (Colour online) (a) Normative @Ab-Or plot. Ternary
cotectic curves and eutectic minima are after Winte200J. (b)
Temperature versus lodQ.) diagram. Methods for determination
of the temperature and oxygen fugacity values are described in
the text. The NNO and NN2 curves are taken from QNeill &
Pownceby (993. (c) Plots of biotite compositions in the
AVb AV versus Fe/(Fp Mg) diagram of Andersoret al. (2009.

MORB and OIB (Ce/Pb 25+ 5; Hofmannet al. 198§. The diagrams. The Jhalida porpltic granitoids exhibit low A4
observed Nb/U and Ce/Pb ratios of the Jhalida granitoid samplé3eO(tp MgOp TiO,) and intermediate (N#p K;0)/(FeO(th
therefore probably reveal the values of the source rock and, hendgOp TiO,) ratios, suggesting theiredvation from amphibolite
crustal rocks. and/or metagreywacke sources (E#p,c). Since the Jhalida porphy-
Partial melting experiments have shown that granitoid magmagic granitoids are metaluminous to slightly peraluminous, we can
can be generated from a wide range of crustal rocks at geologicaliscard the pelitic rocks dlseir potential source.
reasonable pressures and temperatures, and exhibit discrete chemin the SiQ versus KO and the Si@ versus NgO diagrams
cal composition that can be used to identify the actual source rogkompiled by Cheret al.2013, the Jhalida porphyritic granitoid
of the magma. samples plot well within the experimentally derived melt field,
Tepperet al. (1993, Wolf & Wyllie (1999 and Patiio Douce drawn from the melting of medium- to high-K high-alumina basal-
(1999 have experimentally shown that partial melting of crustatic source rock, ataround 7 kbar and 8250°C (Sissoet al.2005
metabasalt can produce a variety of granitoid rocks under differeftig. 12d,e). The medium- to high-K high-alumina basalts are
water activities. The required heat for partial melting of the crustharacteristic of subduction zone environment.
can be supplied from the underplating of basaltic magmas, or from Weinberg & Hasalove2Q15 reported that a great diversity of
an upwelling of the mantle (see Bon#907. granitoid magma can be obtained from the melting of similar pro-
Granitic magma generated by the partial melting of theoliths under different activity levels of water. In the normative
amphibolitic (basaltic) continental crust should have low Mg noAn-Ab—Or diagram of Weinberg & Hasalova(15, the samples
values €40) (Rapp & Watson]995. The Mg no. values of the of Jhalida porphyritic granitoids plot in the fields of dehydration
Jhalida porphyritic granitoids are low (average Mg=d5) and melting of quartz amphibolite and biotitgneiss and water-
vary from 10 to 23. These values are consistent with their derivaresent melting of hornblende shoshonitic high-alumina basalt
tion from the melting of the crustal source. In the SiO2 versus M{fSissonet al. 200§ (Fig. 129). However, the metaluminous
no. diagram compiled by Jiaegjal.(2013, the samples of Jhalida character of Jhalida porphyritic granitoids strongly supports an
granites plot within the experimentally determined field of crustahmphibolite (basaltic) source for these rocks.
partial melts (Figl2a). The high estimated kD content (2.26.5 wt%) together with
Patifio Douce 1999 showed that compositional variations of liquidus temperature near 800°C (zircon-saturation temperature)
magmas generated by partial melting of common crustal roclssiggests that the parental magma of Jhalida porphyritic granitoids
such as amphibolites, metagreywackes and metapelites carwas not produced by the melting of the dry granulitic lower crust;
discriminated using major oxide ratios. He drew the fields of gran contrast, dehydration melting of an amphibolite-grade middle
nitic melts generated from the partial melting of amphibolites¢rust is the most possible source.
metagreywackes and felsic pelites in (iL,QAp FeO(th MgOp Sissoret al.(2005 experimentally produced granitic melt from
TiO,) versus AlO5/(FeO(th MgOp TiO,) and (i) (Na&Op K-Op moderately hydrous (1-2.3 wt% HO), medium-to-high K basal-
FeO(tp MgOp TiO,) versus (NgOp K,O)/(FeO(th MgOp TiO,)  tic rocks at 7 kbar pressure, 8255°C temperature and relatively
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Fig. 11. (Colour online) Plots of the Jhalida porphyritic gran-
itoids in (a) R1 versus R2 diagram of Batchelor & Bowden
(1989; (b) Y versus Sr/Y diagram of Drummond & Defants
(1990; (c-h) trace-element variation diagrams to discriminate
arc, slab failure and A-type granitic rocks after Whalen &
Hildebrand @019.

high oxygen fugacity (Ni-NiO = —-1.3 top 4). The compositional amphibole was retained in the source as a residual phase.
range of granitic melt derived from their study was plotted on thdloreover, depletion in Sr and Eu in the primitive-mantle-normalized
CIPW normative quartz (Qtz), orthoclase (Or) and alpite spider diagram (Fi@a, b) of the granitoids of this study strongly sug-
anorthite triangular diagram (Fid.2h). Many of the samples of gests a source rock within the plagiselatability field or fractionation
Jhalida porphyritic granitoids are plotted within the compositionabf plagioclase. High-K basalticusoe rocks which metamorphosed
field of granite melt derived in these experiments (Ei#h). under amphibolite facies would therefore be a potential source rock
Medium-to-high K basaltic is therefore a potential source rocfor the generation of the Jhalidarpbyritic granites. The medium- to
for the granitoids of this study. high-K high-alumina basalt was enriched in LILE and LREES but
Further, the Jhalida porphyritic granitoids show strong REHBepleted in high-field-strength elements (HFSE), suggesting that these
fractionation with slightly concave intermediate REE patterns iwere emplaced during a previoudduction process and later meta-
the chondrite-normalized REE diagram (Fb), suggesting that morphosed under amphibolite facies.
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Fig. 12. (Colour online) Source rock of the Jhalida porphyritic granitoids. (a) Si@vt%) versus Mg no. ((MgL00)/(M¢ FeO(t))). The fields of pure crustal partial melts determined in
experimental studies on dehydration melting were compiled by Jianet al. (2013. (b) (AOsp Mg FeO(tp TiO,) versus AlOy/(MgQp FeO(tp TiOy) and (c) (NaOp K,Op FeO(th
Mg@ TiO,) versus (NaOp K0)/(FeO(f Mg(p TiO,) diagrams to show the composition of Jhalida porphyritic granitoids compad with melts produced by experimental dehydra-
tion-melting of various kinds of metasediments and amphibolites. Referamfields after Pafio Douce (999. (d) SiQ (wt%) versus KO (wWt%) and (e) SiQ(wt%) versus NgO (wt

%) diagrams with published data for experimental melts as compiled by Chetal. (2013 from the

literature. Reference fields: amphibolites (Beard & Lodgr, 1997); metabasalt

(Rapp & Watson1995; quartz amphibolites and biotite gneiss (Pdiio Douce & Beard,1995; medium- to high-K basaltic rocks (Sissoet al. 2009. (f) Plots of compositions of
Jhalida porphyritic granitoids in the ArRAb-Kfs normative triangle for melts produced from dehydration-melting eetions and water-present-melting reactions of distinct source rocks
(diagram modified after Weinberg & Hasalova019. (g) Plots of compositions of JPG in the-@r~Alkb An) diagram. Note that most of the samples of JPG plot within the field prodad

by the melting of high-K high-alumina basalt (amphibolite) at 7 kbar (Sisset al. 2005.
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Fig. 13. (Colour online) Modelled rare earth element (REE) com-
positions derived from partial melting (batch melting) of enriched
metabasalt. Starting material (assumed metabasalt) is an incom-
patible-element-enriched amphibole granulite occurring in the
North Purulia Shear Zone. Mineral-melt partition coefficients
from Rollinson (1993.

4.9.2. Batch melting model for porphyritic granite magma locally neoformed porphyritic granite gneiss were related to
The REE patterns in the Jhalida porphyritic granite can be modk-metasomatism and transformation of hornblende into biotite.
elled following the experiments of Sissdml.(2005 by assuming In this work, it has been concluded that the porphyritic granite

a high-K amphibolite parent rock had been enriched and emplacedagma was generated by partial melting of high-K high-alumina
at the middle crust during earlier subduction. In the absence a@imphibolites. In the present area, the field relations indicate that
direct information on the composition of high-K amphibolite xen-the porphyritic granitoids were injected into the host amphibolite
oliths within porphyritic granitoids, we have chosen amphibol@nd, as a result, the hornblende of the latter have been biotitized in
granulites from the NPSZ as the possible source rock (detailedrying degrees, culminating in biotite schist in which hornblende
analyses of these amphibole granulites are given in onlih@s completely disappeared, giving rise to an abundance of biotite
Supplementary Table S1, availablehtip://journals.cambridge. with other mineralogical and textural changes. We have described
org/geg. Mineral-melt partition coefficients for andesite were useth Sectiord.athat at least some biotites in porphyritic granitoids
after Rollinson 1993. have been derived from the highly biotitized mafic xenoliths. A
It may also be mentioned that the relative enrichment in LREEspmparison of the chemical analysis of biotite from a Type-c xen-
the relatively flat HREE pattern and relative depletion of middlelith (SD/B/6) and those from Jhalida porphyritic granitoids
REEs (MREEs; Figb) can be interpreted as the result of partial(Table4) shows that the cationic Fg(Fe? b Mg) ratios of the bio-
melting of these amphibole granulites. Fractionation of Eu depentites for the porphyritic granitoids (0.48.62) are very similar to
on the proportion of plagioclase and amphibole involved in meltthose of the xenolith rocks (0.60). The xenocrystic mineral grains
ing. To obtain significant enrichment in LREES, the melting of ancorporated within a granitic magma will tend to change their
significant amount of pyroxene is necessary. composition as per the composition of the same minerals crystal-
The REE melting model suggests that the parental melt of tiging at that time from the magma to attain equilibrium
porphyritic granite can be produced by the-20% batch melting (Clarke,2007.
of the amphibole granulite source. The modelled proportions of
minerals in Figurd 3are similar to those obtained from the aver-

age of eight hornblende granulite samples of the NPSZ. 4.9.4. Petrogenesis of xenolith suites . _
Restitic xenoliths within granitoid rocks contain refractory mineral

phases (Didier & Barbarir,99). However, xenoliths devoid of
4.9.3. Role of migmatizatiegranitization in the petrogenesis  any refractory mineral are shown as restitic based on Nd-isotope
of porphyritic granitoids studies, zircon morphology and age dating of zircon (Géteal.
Sahaet al.(1976§ suggested that the migmatization of amphibolite2014. We discuss the nature (restitic or not) of the xenolith suite
by injection of granite magma near Tulin (9.2 km west of Jhaliden porphyritic granitoids in the light of the experimental work of
town) has given rise to porphyritic granite gneiss locally. Th&harikov & Khodorevskay&00§.
injected veins of granite are generally pink-colored, coarse-grainedZharikov & Khodorevskay@00§ experimentally reproduced
hololeucocratic rocks. Alkali feldspar megacrysts and biotite in thiee granitization of amphibolites at-B kbar fluid pressures and
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Present study Zharikov &
ALO.+SiO, Khodorevskaya, 2006

O Porphyritic granitoids (unaltered amphibolite)
<> Type-a xenolith o (Weakly altered amphibolite)

- lith 8 O (Strongly altered amphibolite)
D Pyperbenct @13 @) (Granites formed by

<> Type-c xenolith alteration of amphibolite)

Fig. 14. (Colour online) Plots of chemical compositions of %

porphyritic granites of Jhalida and xenolithic rocks in the O

(ALOsp SIQ)«(NaxOp K:OHMg@ Fe(p CaO) diagram (after <>

Zharikov & Khodorevskaya2006. Note the plots of chemical

compositions of parental amphibolite and granitic melt derived o

by the melting of parental amphibolite in the experiments of

Zharikov & Khodorevskaya2006. Also, note the alteration of ’ <
amphibolite by invading granitic melt, as given by Zharikov &

Khodorevskaya 2009. Na,0+K,0

temperatures of 76850°C. They showed the results of chemicaBhattacharyya2014. The post-collisional extension was caused
changes of amphibolites in an 8b Si0,)—(Na,Op K;O)- by the delamination of the subducted slab (Black & Liégeois,
(MgOp Fe(p CaO) diagram as a result of metasomatic alteration993 Sylvestei 998 Jacobst al.200§. We therefore suggest that,
by the infiltrating granitic melt. Zharikov & Khodorevskag®Q§  afterc.1.0 Ga, the delamination of the subducted slab of the South
showed in a trajectory (Fi@i4) that feldspathization and granitiza- Indian Block below the CGC led to an asthenospheric upwelling.
tion are the major changes as a result of the metasomatic alteratidach an upwelling caused partial melting of the lithospheric
of amphibolite protolith. All the Type-a, Type-b and Type-cmantle, forming basaltic magma. The underplating of such basic
amphibolites plot on the trajectory defined by Zharikov &magma or the hot, upwelled asthenosphere under the CGC trig-
Khodorevskaya2006, suggesting that the amphibolite xenolithsgered partial melting of the previously emplaced, incompatible-
of this study are crustal xenoliths that have undergone metaselement-enriched high-K high-alumina basalts (hornblende
matic alteration during the emplacement of porphyritic granitoidgranulite) of the middle crust, producing a silicic magma that
magma. The amphibolite xenoliths have been incorporated inted to the final emplacement of the porphyritic granitoids of the
the porphyritic granitoid magma during emplacement into its cur-Jhalida.

rent position.

4.h. Tectonic implications 5. Conclusion

Standard tectonic discrimination diagrams show that the Jhalidéhe pink-coloured, very coarse-grained porphyritic granitoids of
porphyritic granitoids are slab-failure granites (Whalen &Jhalida are composed mainly of syenogranite, monzogranite and
Hildebrand 2019 that emplaced during a post-collisional tectonicgranodiorite. The presence of both magmatic and solid-state defor-
setting (Fig11). Structural studies reveal that this pluton emplacednation features in porphyritic granitoids suggests that shearing
late-tectonically (Sengupta & SarkB®64 1969. Detailed petro- was active during the emplacement of magma and outlasted the
graphic studies on the basic granulites occurring a few kilometrsslidification of the magma.
east of the Jhalida pluton also reveal that the area experienced &Relatively high oxygen fugacity, as indicated by the presence of
strong near-isothermal decompression from 11 to 5kbar a&phene, allanite and magnetite, and biotite composition suggest
€.990-940 Ma (monazite age) (Karmakaitral.201J. crystallization under higfO, conditions ( QFM:p 1 top 2) con-

The late-tectonic emplacement of the Jhalida pluton within theistent with the I-type nature of the Jhalida granitoids. HigloH
NPSZ and the presence of porphyritic grading to mylonitic textureontent (2.246.47 wt%), together with high temperature (¥98
in the pluton suggest a shear-zone control emplacement of the p@&931°C) and oxygen fugacity QFM:p 0.8 top 1.6) of the magma
phyritic granitoid magma, like many other post-collisional plutonsare consistent with the calc-alkaline nature.
in orogenic belts elsewhere (e.g. Goodencetghl. 2010. The Chemically, the granitoid rocks are high-K to shoshonitic and
shearing movement persisted even after the consolidation of theetaluminous to weakly peraluminous in nature. On the Harker
porphyritic granitoid magma (see Section 4.g). The closure wériation diagrams, a general decrease of MgOp, THRgO4(t)
the basin south of the CGC and contineodntinent collision and ALOz with increasing Si@indicates the fractional crystalliza-
between the Singhbhum craton (belonging to the South Indiation of amphibole, biotite, ~&i oxides and sphene. The general
Cratonic Block) and the CGC (belonging to the North Indiandecreasing trend of CaO and.®k with increasing Si@indicates
Cratonic Block) took place at. 1.0 Ga (Rekhaet al. 2011 plagioclase/hornblende fractionation. CaO and,Efbw distinctly
Chakrabortyet al. 201%). The emplacement of post-collisional positive correlation in these granitoids, which supports sphene frac-
porphyritic granitoids into older migmatitic gneisses in the CGQionation. Moreover, the negative correlation of Sitith P,Os is
was related to the convergence of CGC and the Northlso atypical character of I-type granitoids. Further, high zircon sat-
Singhbhum Mobile Belt lying just south of the CGC (Fig), uration temperature (79891°C) and high apatite saturation tem-
involving N-wards subduction of oceanic crust of the Soutlperature ¢.800-950°C) also suggest that the porphyritic granitoid
Indian cratonic block beneath the CGC (Goswami &magma was not derived from a sedimentary source.
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Strong fractionation of light and middle rare earth elements iBaidya TK, Chakraborty S, Drubetskoy E and Khilatova(1987) New geo-
porphyritic granitoids does not support the involvement of any chronologic data on some granitic phases of the Chhotanagpur granite gneiss
mantle magma in their origin. The metaluminous I-type character complex in the north western Purulia district West Benlgalian Journal of
of Jhalida granitoids, their crystallization at high presscugKb) Earth Scienceis, 13641. _
and temperature (82850°C), low Nb/U and Ce/Pb ratios, and Barbey P and Cuney M1982) K, Rb, Sr, Ba, U and Th geochemistry of the
strong fractionation of light énd middle rare earth elemer;ts can Lapland granulites (Fennoscandia). LILE fractionation controlling factors.

- . . - . Contribution to Mineralogy and Petrology, 304-16.
be reconciled with the generation of a melt by partial melting oéatchelor AR and Bowden F1985) Petrogenetic interpretation of granitoid

amph'b_OI'teS' Slnge the granitoids qre.metalumlnous, I-pre 9réy-rock series using multicationic paramet@hemical Geolog)8, 43-55.

wacke is not considered as a protolith in the source but incompageard Js and Lofgren GEL991) Dehydration melting and water-saturated
ible-element-enriched high-K amphibolites are considered as themelting of basaltic and andesitic greenstones and amphibolites at 1, 3,
source rock for the magma generation. Low Nb/U and Ce/Pb ratiosand 6. 9 kbJournal of Petrolog32, 365-401.

and high zircon-saturation temperatures of these granitoids aBiowmik SK, Wilde SA, Bhandari A, Pal T and Pant N2012) Growth of
consistent with the derivation of parental magma through amphib- the Greater Indian Landmass and its assembly in Rodinia: geochronological
ole-dehydration melting of the crustal source rocks. The parental évidence from the Central Indian Tectonic Zo@andwana Researe,
magma was generateda@t/ kbar pressure and 82850°C. REE
mOdelll.mg shows th?(t ].-QO% Il::jatCh nr]]elt_lrjg of a.n %mphllbe_ll_eh_ continental lithospheric mantle; the Pan-African testimaigurnal of the
granulite source rock can yield porphyritic granitoid melt. IS Geological Society of Londkt, 89-98.

parenta_ll magma Was metaluminous, but fraCt'O_nat'on of eal'I3_§oninB(2007) A-type granites and related rocks: evolution of a concept, prob-
crystallized amphibole from the magma results in the peralumi- |ems and prospectsithos97, 1-29.

nous character of the fractionated rocks. The incompatiblésurnham Cw(1979) The importance of volatile constituentsThe Evolution
element-enriched amphibolite source was emplaced during aof the Igneous Rocks: Fiftieth Anniversary PerspgetivétS Yoder Jr), pp.
previous subduction event. The probable heat source for amphibo-439-82. Princeton, NJ: Princeton University Press.

lite melting was an upwelling of the asthenospheric mantle in thgurnham CW and Nekvasil H(1986) Equilibrium properties of granite peg-
post-collisional setting as a result of slab break-off. Three distinctmatite magmasmerican Mineralogist1, 239-63.

types of xenoliths are noted in the porphyritic granitoids, namelyznakraborty K, Ray A, Chatteriee A, Deb GK and Das K2019a)
Type-a (plagioclas@ornblende schist with minor biotite); Type-b Neoproterozoic granitic activity in syn-collisional setting: insight from

. s . . . ’ petrology, geochemistry, and zireamonazite geochronology of S-type
(plagioclasequartz-biotite schist with minor hornblende); and granites of the Chotanagpur Granite Gneissic Complex, eastern India.

Type-c (plagioclaseuartz-biotite schist with no homblende).  Geqiogical Journgsublished online 19 July 2019, dbd. 1002/g].3555
Chemical characteristics of the Type-a, Type-b and Type-C Xengrakraborty T, Upadhyay D, Ranjan S, Pruseth KL and Nanda @019b)
liths of this study suggest that these are crustal xenoliths. DuringThe geological evolution of the Gangpur Schist Belt, eastern India: con-
emplacement, the amphibolite country rocks were incorporated asstraints on the formation of the Greater Indian Landmass in the
xenoliths into the porphyritic granitoid magma. The amphibolite ProterozoicJournal of Metamorphic Geoldgj§ 113-51.
xenoliths underwent feldspathization and granitization during th&happell BW(1999) Aluminium saturation in |-and S-type granites and the
emplacement of porphyritic granitoid magma. characterization of fractionated haplograniteithos46, 535-51.
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