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Abstract: Swarm and isolated porphyritic vaugnerite-Mg-diorite dykes spatially and temporally intimate with coarse grained equigranular diorite-
granodiorite small plutonic suite and porphyritic monozogranite Nonpoh pluton in the Precambrian Meghalaya-Assam Gneissic Complex of Ri-Bhoi
and West Khasi Hills districts, Meghalaya, North East India. Phlogopite/Phlogopitic biotite phenocrysts are set in a hypidiomorphic groundmass of
phlogopitic-biotite/biotite, plagioclase, amphibole, + minor Cpx (diopside), rare Opx, minor K-feldspar and quartz of vaugnerite. The phenocrystic
mica and mafic phase drastically decreases in the associated diorite and granodiorite. Accessories are sphene, apatite, magnetite, epidote,
monagzite, allanite, pyrite and chalcopyrite. Chemically, the vaugnerite corresponds to gabbro, monzogabbro or, monzodiorite rocks; the diorites to
gabbroic-diorite and monzodiorite while the granodiorite identifies as monzonite. The vaugnerites are calc-alkaline to tholeiite belonging to the high-
K shoshonite series, with abundant compatible elements complementing the moderate to high Mg#, suggestive of an ultramafic source while the
diorites and granodiorites are calc-alkaline. MORB normalized elemental plot show enriched LILE (e.g., K, Ba, Th), HFSE (e.g., Zr), LREE (e.g.,
La, Ce, Sm) and depleted HFSE (e.g., Ta, Nb, Ti & Y) and HREE inferring mixing of mafic/ultramafic magma with granitic magma; with some
evidence of melting, assimilation, storage and homogenization (MASH). MORB normalized plot shows a well defined Ta-Nb-Ti (TNT) negative
anomaly often diagnostic of calc-alkaline lamprophyres (CAL) that are associated with high K-calc-alkaline rocks in subduction tectonic setting.
Abundant rare-earth elements (Y REE ~ 330 to 605 ppm;, Lay = 254.85 to 427.27) are similar for the vaugnerite and high Mg-mica-diorite with slight
elevation in monzonite samples (Y REE ~ 274 to 749 ppm; Lay = 129 to 427); a manifestation of some assimilation and fractional crystallization
(AFC). High REE fractionation trend [(La/Lu)cy = 17 to 22] with high (Gd/Yb)cyratios (> 2) indicates garnet fractionation that could be linked to a
mantle sources that melted at depths of the spinel-garnet [(Gd/Yb)cn> 2] facies for the basic variants. Mineralogy, chemistry of the vaugnerites and
high Mg-diorites are comparable to the vaugnerite and durbachite associations of European Variscan orogen of French Central Massif and Corsica
of Central Europe that are emplaced in a subduction back arc tectonic setting. The association of these bodies/dykes with the major Pan-African
calc-alkaline porphyritic granite plutons (Nongpoh Pluton ~ 520 to 550 Ma) supports the northeastward continuation of the Pryz Bay Suture Zone or
collision of India and Antarctica along the Eastern Ghats orogen into Meghalaya-Assam/Shillong Plateau.
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Introduction: Lamprophyres are a specific group of mafic dyke rocks with mafic hydrous silicates — dark micas
and amphiboles — forming phenocrysts while feldspars are confined to the groundmass (Rock, 1991; Woolley et
al. 1996; Stemprok, et al, 2014). They are considered to be the product of melting of metasomatized mantle above
ancient subduction zones as demonstrated by their high contents of compatible major and trace elements (e.g.,
MgO, Cr, Ni, mg#) as well as incompatible trace elements (e.g., Cs, Rb and Li). Their high volatile content has
often been considered as important in ore forming processes caused or contributed by magmatic fluids (Rock
1991). The association of calc-alkaline lamprophyres with silicic batholiths poses a long-standing problem
regarding the genetic relationship between the sources of mafic and felsic magmas. Post-collisional magmatism
includes voluminous granitic rocks that were mostly derived by crustal melting (Stemprok, et al, 2014 &
references therein). By contrast, subduction of altered oceanic crust, oceanic sediments or continental crust results
in metasomatism of the mantle wedge (op. cit) where late-orogenic lamprophyre magmas, in particular calc-
alkaline lamprophyre types, form (op. cit). Lamprophyres are usually hypabyssal rocks with occasional volcanic
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equivalents and even rarer plutonic equivalents (Rock, 1991). The plutonic equivalents, e.g. appinite, vaugnerite,
debauchite, etc, are well documented from the Scottish Caledonian terrain and Central French Massif respectively
(Rock, 1991). In Nongpoh area phlogopite/biotite rich plutonic rocks were identified as diorite, granodiorites and
more recently as calc alkaline lamprophyric rocks with similar mineralogy to kernsantite (Sarkar, et al, 2007).

The Shillong Plateau regionally exposes Precambrian rocks of Archean to Late-Proterozoic age (Ghosh,
et al, 1994; Nandy, 2001; Bidyananda, et al, 2007; Yin, et al; 2010); Permian Lower Gondwana sediments, Early
Cretaceous ultramafic-alkaline-carbonatite complex and Sylhet Trap basalts, Cretaceous sediments of Khasi
Group, Eocene shelf sediments of Jaintia Group, Oligocene to Pleistocene sediments of Garo Group and
Quaternary sediments (Nandy, 2001). Dismembered caught up patches of high grade meta-pelite (sillimanite-
corundum rock, khondalite), calc-granulites and two pyroxene basic granulites occur within an undifferentiated
Meghalaya-Assam Gneissic Complex (MAGC). The gneissic components constitute an older grey sillimanite
cordierite biotite and quartzo-feldspathic para-gneisses emplaced by tonalitic-granodioritic orthogneiss & younger
pinkish K-rich granite orthogneiss (Ghosh, 1952; Gogoi, 1975; Khonglah, et al, 2008 & 2010). Patchy
metamorphic charnockite are exposed between Kynshi and Nongstoin (Khonglah, et al, 2008 & 2010). The
Umsning Schist Belt (USB) unconformably overlies the older gneiss (Devi & Sarma, 2010) but is emplaced by
the younger pink granite orthogneiss (Ghosh, 1952a; Khonglah, et al, 2008). The USB and gneissic complex is
unconformably overlain by metasediments of the Shillong Group (SG). The ‘Khasi Metabasic Intrusives’
(Mazumdar, 1976; Hazra, et al, 2015) of hornblende gabbroic composition, at places associate with meta-
hornblendite and meta-tonalite/trondhjemite (Khonglah, et al, 2012); are confined within the SG. Several Mid to
Late Proterozoic porphyritic granitoid plutons in association with norite/noritic-gabbro - mangerite - quartz-
mangerite - charnockite (Khonglah, et al, 2010) and other lamprophyric (similar to kersantite) - diorite
differentiates (Sarkar, et al, 2007). Early Cretaceous ultramafic-alkaline—carbonatite complexes intrude both the
MAGC and SG (Nandy, 2001). The southern part of the massif is covered by the Sylhet trap basalt volcanics,
Cretaceous and Tertiary sedimentary sequences (Nandy, 2001) (Fig-1).

The communication aims at documenting the geochemical attributes of the early vaugnerite and high Mg-
mica-diorite differentiates (Sarkar, et al, 2007) of the Late-Proterozoic Nongpoh porphyritic granitoid pluton (Fig-
1). These vaugnerite (V) dykes and diorite bodies are intrusive into the MAGC between Korstep in the NE to
north of Nongkhlaw in the SW.

Geological Setting of the Study Area: The oldest rock types from the study area comprises Archean to Early
Proterozoic metasedimentary supracrustal (khondalite and sillimanite-cordierite metapelite) caught-up-
patches/enclaves exposed around Nongdom-Langtor area and Umpyrtha (Gogoi, 1975; Khonglah, et al, 2010).
Discrete basic granulite bands occur within the gneisses around Mairang and Jirang. Older cordierite biotite
paragneiss occur around Umling, Jirang, Mawrong, and the southern part around Manai and west of Mairang
(Khonglah, et al, 2008). The paragneiss coexist along with tonalitic, dioritic to granodioritic orthogneiss around
Jirang and Umling. The older para and orthogneiss are henceforth collectively connoted as OG for easier
references. The younger pinkish K-feldspar coarse grained rich granitoid orthogneiss (refer to as YG) [Gogoi,
1975, Khonglah, et al, 2008, Khonglah, et al, 2010] dominates the area. The OG forms the basement rocks for the
green-schist facies metasediments of Umsning Schist Belt (USB) and Shillong Group (SG) with a basal
conglomerate of USB directly and unconformably overlying the OG around Nongkya (Devi & Sarma, 2010). An
intrusive relation is depicted between USB and YG (Khonglah, et al, 2008). Variegated schists, quartzites and
meta-volcanics define the USB, while two quartzite formations sandwiched a middle phyllite and minor meta-
rhyolite/dacite/tuffs formation of the SG. The SG unconformably lies over the USB with a persistent basal
polymictic conglomerate (Khonglah, et al, 2008; Devi & Sarma, 2010). The YG constituting sheared and foliated
to augen to gneissose syntectonic granitoids are emplaced into the OG, USB and SG. The Khasi Meta-Basics
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(refer as KMB) occurring as meta-gabbro/dolerite sills/dykes are restricted to the USB and SG (Fig. 2) [Nandy,
2001; Khonglah, et al, 2008]. Late Proterozoic Porphyritic Granitoid Plutons of Kyllang, Nongpoh and Mylliem
emplace the MAGC, USB and SG in the area (Nandy, 2001, Ghosh, et al, 2005, Khonglah, et al, 2008). Mafic
rocks of kersantite affiliation to dioritic early differentiates associate with the Nongpoh Pluton (Sarkar, et al,
2007). Small capping inliers of Eocene Tertiary sandstone with minor clay and coal bands occur around Umraleng

(near Barapani) and Mairang (Khonglah, et al, 2008).
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Fig- 1. Regional geological and tectonic framework of the Meghalaya-Assam Plateau
(modified after Mazumdar, 1976, Nandy, 2001, Srivastava, et al, 2004 & Khonglah, et al, 2008)

The gneissosity of the gneisses maintain trends varying from ENE-WSW, NE-SW to occasional NW-SE
and in large part is controlled by later porphyritic granitoid emplacements. The contact between the USB and YG
is intrusive and subsequently thrusted along NE-SW direction evidenced tight folds with shallow dipping axial
planes in SG near to the contact and development of NE-SW to ENE-WSW trending Sonidan-Lyngkhoi Shear
Zone (Ghosh, 1952, Bhattcharjee & Rahman, 1985; Khonglah, et al, 2008; Yin, 2010). The USB - YG;
porphyritic granitoid plutons-gneiss, Mylliem Granite-SG intrusive contacts are defined by high temperature
minerals such as sillimanite, andalusite and cordierite (Mazumdar, 1976, Khonglah, et al, 2008). The Tertiary
sandstones display a sub-horizontal to horizontal bedding attitude (Fig-1 & 2).
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Field setting and megascopic description of vaugnerite, mica diorites and granodiorite : Small plutonic
bodies compositing of diorite, granodiorite and grey granitoids fringes the Nongpoh and Kyllang Plutons that are
in turn closely intimated with vaugnerite dykes (Fig-3) of kersantite affiliation (Sarkar, et al, 2007), intrude the
gneisses. The biotite rich diorite-granodiorite bodies cover areas between < % and 1 sq km; however, around
Umling and Umran these occupy ~ 4 and ~ 7 sq km respectively (Fig-2). These coarse to medium grained,
homophanous to sub-porphyritic bodies contain enclaves of metasediments e.g. Umran; amphibolite e.g.
Umsohphria; quartz patches e.g. Umran & Umsohphria and mafic (vaugnerite) circular enclaves, e.g. Umran and
Umling (Fig-4). At Umran the circular quartz patches rimmed by a thin biotite rich layer vary in size from 1 to
~10 cm that forms immiscible blobs of quartz (Fig-5) along with small quartz ocelli. On the other hand the
vaugnerite occur as dyke swarm, e.g. Umling & Umran, or, as solitary dykes (Fig-3) within the gneisses
preferential to the N-S, NE-SW and ENE-WSW trends. The thicknesses vary from % to 75 m with few metres
length and an optimum length of ~1 km around Kyrdemkulai. Chilled margins and xenoliths of granitoids are
associated with the thicker dykes. Megascopically, vaugnerite are coarse grained, melanocratic to mesocratic and
porphyritic with megacrysts/phenocrysts (Fig-5) of phlogopite/phlogopitic-biotite or, biotite set in a medium
grained groundmass of gabbroic to dioritic composition (Sarkar, et al, 2007; Khonglah, et al, 2008). Random
grain size variation from very coarse to coarse to medium grained, associates with some of the dykes e.g.
Kyrdemkulai, Umling, Korstep, Jirang and Nongkhlaw. Usually the medium grained variety flanks the coarse
grained centre indicative of chilling effects e.g. Kyrdemkulai and Jirang (for more details see Sarkar, et al, 2007).
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‘ Photo:8A Khonglsh
Fig-4. Partly fragmented vaugnerite-Mg-diorite pillows in
granodiorite at Umling, Viewing northerly. Cap lens
diameter, 5 cm.
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Fig-3. Phlogopitic biotite phenocrysts within medium
grained melanocratic amphibole-feldspathic rich
groundmass, Stage-11l, Power House, Kyrdemkulai.

Viewing westerly. Coin- 2 cm

Fig-5. Globular qrtz inclusion in coarse granodiorite  Fig-6. Sharp intrusive contact of Neoproterozoic Nongpoh
(monzonite) around Myrdon, Ri Bhoi. Note the biotite porphyritic granite & mica diorite around Umta, Ri Bhoi

crystallization around the inclusion. Coin diameter-2.2 cm District. Pen - 14 cm

Petrography: The coarse to very coarse grained porphyritic vaugnerite dykes contain phenocryst plates of
biotite/phlogopitic-biotite set in a coarse to medium grained groundmass of plagioclase (modal - 23 to 33%,
mostly andesine, occasionally labradorite), hornblende (modal - 18 to 30%, mostly magnesio-hornblende,
actinolite-hornblende, actinolite), mica (phlogopite or, phlogopitic biotite), Cpx (diopside), K feldspar (modal - 4
to 6%, microcline), quartz (modal - 4 to 8%), myrmekite, apatite, sphene (4% in some samples), zircon, +
opaques (Sarkar, et al, 2007; Roy & Sesha Sai, 2011; present work). The large reddish brown idiomorphic
phlogopite/phlogopitic-biotite interlocking phenocrysts with enclose small intergrowths of sphene (Fig-7),
plagioclase, Cpx, hornblende, zircon and opaques. Mica occurs in two modes as phenocrysts and as smaller grains
in the groundmass. The medium grained hypidiomorphic mica-diorite constitute plagioclase (25 - 30 vol. %), Cpx
(diopside-15 - 20 vol. %), hornblende (15 - 20 vol. %), biotite (15 - 25 vol. %), quartz (5-10 vol. %) & K-
feldspars (5 - 10 vol. %) [Sarkar, et al, 2007; Roy & Sesha Sai, 2011]. Diopside form intergrowths with both
plagioclase and biotite. Primary amphiboles occur as equat intergrowths with pyroxene, quartz, plagioclase and
mica (Fig-7A) while, secondary amphiboles are pseudomorphed after pyroxene. Primary platy biotite forms
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intergrowth with plagioclase while secondary biotite is pseudomorphed after pyroxene or, amphibole (Fig-7B).
Most of the biotite phenocrysts are resorbed particularly along the margin (Fig-7 & 7A) with quartz and K-
feldspars while sieve texture is associated with diopside and amphibole (Fig-7B). Both allotriomorphic quartz and
K-feldspar are modally more predominant in the diorite variants and have embayed contacts with both plagioclase
and biotite but are in sharp contact with both pyroxene and amphibole. Graphic and myrmekite texture is
associated with some of the diorite (Fig-7C). Accessories in vaugnerite and diorite mainly consist of elongated to
euhedral shaped sphene, apatite, zircon, allanite, monazite and magnetite. Apatite occurs as inclusions in feldspar
and phlogopite/phlogopitic-biotite. Big euhedral grains of sphene contain inclusions of opaques and apatite while
smaller grains margin the boundaries and cleavage planes of phlogopite/phlogopitic biotite. Opaques are (upto 1
modal %) represented by mainly magnetite, chalcopyrite, pyrite and arsenopyrite.
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Fig-7. Phlogopitic biotite phenocryst with inclusions of Fig-7A. Partly resorbed phlogopitic biotite phenocryst
sphene (S) set in groundmass of finer biotite, plagioclase (P), and hornblende intergrowth with inclusions of sphene
K-feldspar, amphibole (A) & quartz (Q). Ap-apatite, E-  (S) set in groundmass of plagioclase (P), amphibole (A)
epidote. View in cross-nicols (magnification - 4x). Location - & quartz (Q). Ap-apatite, E-epidote. View in cross-

Korstep.

nicols (magnification - 4x). Location - Korstep.

™

d by altered biotite (B),
sphene (S), plagioclase & quartz (Q) in Mg-diorite diorite of Umran (magnification - 4x).
(magnification - 4x). Location —-Umran
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Geochemistry:

Methodology: Major oxides and trace-element (Ba, Ga, Sc, V, Th, Pb, Ni, Co, Rb, Sr, Y, Zr, Nb, Cr, Cu and Zn)
bulk analysis of representative samples 1, 6, 7 and 9 were analyzed by a fully automated X-ray fluorescence
(XRF), PANalytical model MagiX-2424 using end window X-ray tube at the Chemical Division, Geological
Survey of India, North Eastern Region, Shillong. The remaining samples were analyzed by Atomic Absorbtion
Spectrometry (AAS) method in the Chemical Division; Geological Survey of India, North Eastern Region,
Shillong. The REE and other trace elements (Be, Ge, As,Mo, Cd, Sh, Cs, Hf Ta, W and Bi were analyzed by
Inductively Coupled Plasma Emission Mass Spectrometer (ICP-MS) in the Chemical Laboratory, Southern
Region, Geological Survey of India, Hyderabad, India. The details of techniques, procedure, precision and
accuracy of these analyses are described in SOP (http://www.portal.gsi.gov.in/, GSI, 2010). The chemical data of
the representative samples are presented in Table-1 to Il and five more samples of major oxides analysed by
Sarkar, et al, (2007) were also considered in the major oxide discrimination plots.

Major oxide geochemistry: As the rocks display wide petrographic and chemical variations, with high MgO and
K,0 wt%,; both discrimination diagrams used for identification for basic and granitic rocks were used for accurate
interpretational purposes. The vaugnerites with SiO, - 47.1 to 51.8, MgO- 6.61 to 10.0, CaO-5.06 to 13.64 wt %);
are calc-alkaline to tholeiite while the medium grained mica rich gabbroic-diorite bodies with SiO,-50.9 to 53.4,
MgO-8.08 to 16.89, Ca0-3.31 to 9.21 wt % are all calc-alkaline (Fig. 8). The high-K shoshonite samples [Table-I,
Fig. 8A & B, (Peccerillo & Taylor, 1976)] are mildly enriched in compatible elements e.g. Cr, Ni and V
complementing the moderate to high Mg#. Al-[Fe(T)+Ti]+Mg ternary diagram of Jensen (1976) shows komatiitic
to high Mg-tholeiite basalt characteristics (Fig-8C) of gabbro, monzogabbro, gabbroic-diorite to monzodiorite
compositions (Fig. 8D). In the SiO, vs. Na,O+K,0 binary plot of Middlemost (1985), they are either alkaline to
sub-alkaline (tholeiitic) as demonstrated by the Irvine & Baragar, (1971) division line. The associated diorites all
straddle in the monzonite field. Normative QAP plot suggest a monzonite composition for most of the samples
with a few samples straying into the adjacent fields of diorite/gabbro; monzodiorite/monzogabbro, quartz-
gabbro/quartz-diorite and quartz-monzonite (Fig. 8E). The granodiorite classifies in the quartz-monzonite domain
(Fig. 8E). Considering their lamprophyric mineralogy (Sarkar, et al, 2007 & present work) the samples were
plotted in the K,0/(K,O0+Na,0)x100 vs. MgO/(MgO+FeOt)x100 diagram [Rock, 1991] where most samples
station in the vaugnerite field, close to the mean compositions of kersantite, minette and vogesite, with a few
samples staying close to the basalt and diorite average compositions (Fig. 8F). In the Al,O3 vs. MgO binary plot
of Buda & Dobosi (2004) the samples featured near to the Massif Central and Corsica vaugnerite domain (Fig.
8G).

All but two samples are potassic, with K,O/Na,O ratio in range from 1.12 to 3.87 (Table - I); where the
medium grained mica gabbroic-diorite and monzodiorite samples have higher ratios in comparison to the
vaugnerite. The variable moderate to very high MgO wt%, Mg# and enriched Cr,O3; wt%, or, Cr (ppm) with
elevated normative diopside and hypersthene and some samples showing normative olivine indicating a possible
ultramafic ancestry. Well defined positive correlation of mg# vs. Cr,O3 suggests olivine, pyroxene and spinel
fractionation (Fig-81) for the vaugnerite and high Mg-mica diorites. Strong negative correlation between mg# vs.
Al,O3 (Fig-8H) infer normal differentiation trend while scattered ill defined trends displayed by mg# vs. SiO,,
Na,O and K,O (Fig-8H) invokes hybridization mixing and mingling of a mafic with a granitic magma (Fig-4).
This is in accord with occurrence of globular/pillows of vaugnerite, mica-diorite and MME’s (present work, Fig-
4) earlier inferred as endogenous mafic inclusions (Sarkar, 2007) in granodiorite or, quartz-monzonite; further
supported by ill defined trends in Harker’s variation diagram (Fig-8I).
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Fig-8G: Al,O; vs. MgO binary plot in comparison to
vaugnerite of France (Buda & Gabor, 2004). Symbols same
as Fig-8.
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Trace and REE geochemistry: Abundant rare-earth elements of > REE ~ 330 to 566 ppm and Lay ~ 209 to 427
in vaugnerite; Y REE ~ 210 to 605 ppm and Lay ~ 129 to 351 in high Mg-diorites; that slightly are elevated in the
monzonite samples (3} REE ~ 274 to 749 ppm; Lay = 179 to 469) manifest some assimilation and fractional
crystallization (AFC) (Fig-9). The enriched LREE with respect to depleted HREE typifies normal fractionation
trend comparable to shoshonites, K-rich basalts and K-rich mafic - intermediate rocks and lamprophyres (Culler
& Graf, 1984) supported by similar Eu/Sm ratio in tune from 0.211 to 0.267. The coarse grained vaugnerite and
diorite has fractionation (La/Yb)N ratio in range between 17.00 and 20.04, with one CaO-rich tholeiite dyke
indicating least fractionation with no contamination [(La/Yb)N = 45.41]. The ranges are consistent with the group
of rocks mentioned above, corroborated by the high REE fractionation trend [(La/Lu)cy = 17 to 22] and
considerable depleted HREE as compared to LREE. The smooth negative REE pattern (Nakamura, 1974) with a
weak negative Eu anomaly refers to mild plagioclase fractionation (Fig-9) suggesting consanguinity of the
variants with different degree of enrichment that is similar for the vaugnerite and diorite and only slightly elevated
in monzonite. Sample MORB normalised spider diagram for trace elements (Sun, 1980) of the rocks is consistent
with typical average OIB (Fig-10; Winter, 2000) and calc alkaline lamprophyre (CAL) (Fig-10A; Rock, 1991)
with a prominent Ta-Nb-Ti negative anomaly characteristic of calc-alkaline lamprophyres (CAL) and calc
alkaline rocks evolved in a collisional/subduction tectonic domain . The samples are enriched in K, HFSE (e.g.,
Th, Zr & Y) and LREE (e.g., La, Ce, Sm) with impoverished HFSE (e.g., Ta, Nb & Ti) and depleted HREE.
Trace element and REE discrimination plots based on trace elements after Wood, 1980 (Fig-11) suggest the
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samples are derived from a calc-alkaline basalt magma of sub-alkaline to alkaline and andesite composition (Fig-
11A) in accordance to the Ta/Yb vs. Th/Yb discriminatory plot of Pearce & Cann, 1983 (Fig.11B) and La/10-
Y/15-Nb/8 ternary plot of Cabanis & Lecolle, 1989 (Fig. 11C). The Ta/Yb vs. Ce/Yb and Ta/Yb vs. Th/Yb
diagrams of Hastie, et al, 2007, suggest a shoshonitic character (Fig. 11D & 11E) evolved in an active continental
margin + alkalic oceanic arcs (Fig-11B). The Ce/Yb vs. Sm variation plot reveals a calc alkaline lamprophyre
characteristic for the samples (Fig. 12) while the La/Yb vs. Nb/La variation diagram (Fitton, et al, 1991) infer the
samples evolved in the lithospheric mantle near to the average crust compostion (Fig-12A) in an enriched fluid
environment (Fig. 12B). The samples were generated from a mantle that is transitional between the garnet and
spinel facies melting curves at low degree 3 to 5 % partial melting as indicated by the Ce/Yb vs. Th/Yb (Fig-12C,
Walter, 1998 & Kinzler, 1997) binary plot; that is in agreement with the Sm/Yb vs. Sm diagram which exhibit 1
to 10 % melting of garnet and spinel garnet iherzolite (Fig-12D, Zhao & Zhou, 2007).
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Petrogenesis and Tectono-magmatic Setting: Small stocks of diorite-granodiorite plutonic bodies chemically of
gabbroic-diorite/monzodiorite and monzonite compositions temporally and spatially associate with vaugnerite
dykes, chemically of gabbroic to monzogabbro compositions, around the Nongpoh and Kyllang plutons (Fig-2).
Caught up patches of vaugnerite and diorite within the homophanous and porphyritic granitoids (Sarkar, et al,
2007) suggests pre to syn plutonic intrusion. Mica rich diorite association with Mylliem Porphyritic Granitoid
near Shillong Peak (Khonglah, et al, 2008) indicate these rocks to be younger than the Mid-Proterozoic Shillong
Group metasediments (~1500 Ma) [Rao, et al, 2009]. The Nongpoh Pluton is Rb-Sr dated at ~505 (Ghosh, et al,
1994) Ma while zircon dates reveal an age of ~ 520 Ma (Yin, 2010). Elliptical to globular endogenous mafic
inclusions (Sarkar, et al, 2007) identified as vaugnerite and high Mg-diorite in the present work suggest
contemporaneous origin of the vaugnerite, Mg-mica-diorite, granodiorite (monzonite) and Nongpoh porphyritic
granitoid pluton. Interlocking phenocrystic phlogopite/phlogopitic-biotite in the coarse grain vaugnerite and mica-
diorite with abundant inclusions of plagioclase; pyroxene, apatite, and sphene implicate an early crystallisation
along with the early phase inclusions that is similar to the mafic megacrystic/phenocrystic phase in calc-alkaline
lamprophyres (Rock, 1991) and lamproites (Mitchell & Bergman, 1991). Abundance of phenocrystic
phlogopite/phlogopitic-biotite in vaugnerite and some Mg-diorites at places constituting 15 to 30% by volume is
comparable with some calc alkaline lamprophyres like minettes and kersantite (Sabatier, 1991; Rock, 1991, Cid,
et al, 2002). However, lack of panidiomorphic texture typifying lamprophyres makes classification of these rocks
difficult (Sarkar, et al, 2007). Nevertheless, their shoshonitic and lamprophyre characteristics are well constrained
by the binary trace element discriminatory plots (Fig-8F, 11B, 11D, 11E & 12). Furthermore, plutonic equivalents
of lamprophyres, though still misunderstood, had only recently been well documented (Rock, 1991, Cid, et al,
2002; Couzinie, et al, 2014; Stemprok, et al, 2014, Von Raumer, et al, 2014) for e.g. the appinite suite - diorite
association of Scottish, Scandinavian and American Caledonides and the vaugnerite-durbachite series unique for
the European Hercynides (op. cit) are the most noteworthy examples. Vaugnerite-durbachite bearing magmas are
most likely derived from an enriched mantle source associated with subduction (Von Raumer, 2014 & references
therein). Schaltegger (1997) documented the significance of these K—Mg-rich rocks as markers of a suture zone in
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the Central Variscan Belt. Broadly, durbachites/vaugnerites though rare, are considered to be granitoid rocks [op.
ct] with very sporadic occurrences documented, with the exception of the Variscan fold belt where concentrations
are highest. Some monzonitic rocks and high Sr - Ba granites of the Fennoscandian Shield are considered to be
equivalent to the Variscan durbachites—vaugnerites [Von Raumer, 2014 & references therein]. Geochemically, the
durbachite—vaugnerite rocks show affinities to post-collisional ultrapotassic, mafic to intermediate mantle
magmatism of Tibet, North Korea or eastern China [op. ct]. Accepting the common view that magmas of the
durbachite—vaugnerite family are extracted from enriched mantle sources require at least, two prerequisites (\Von
Raumer, 2014). First, these regions, including the Nongpoh-Nongkhlaw of the area under study (present work),
must have been underlain by fertile enriched mantle material. Second, a proper tectonothermal trigger must have
appeared to get this source melted. The common scenario for building up an enriched mantle reservoir is
subduction (op. ct). Aqueous fluids derived from the down going slab infiltrate the mantle wedge and bring along
water soluble chemical elements (Fig. 14) [Winter, 2001; Von Raumer, 2014). Where the thermal conditions are
appropriate, this fluid input will cause peridotite melting and arc magmatism. Where the melting curve of the
peridotite is not overstepped, the mantle will be successively hydrated. The formation of phlogopite in such
mantle domains causes an increased fertility with reference to a possible later melting event (op. ct) (Fig. 14).
Elements compatible for phlogopite, mainly K, Ba and Rb are strongly enriched in partial melts derived from such
a source (op. ct) which is applicable to the vaugnerite, Mg-diorites and monzonite of the study area (Winter, 2001
& present work). Enriched compatible (e.g. MgO & Cr) and incompatible elements (K, Ba, Sr and LREE) invoke
generation of hybrid magma (lamprophyric) either through partial melting of a lithospheric mantle or, mixing of
basic and felsic magmas or, crustal contamination of a basic/ultrabasic magma. The mica rich mineralogy clearly
favours the former, but other factors like fractional crystallisation and crustal contributions may have played their
part for the generation of lamprophyric to Mg rich dioritic magmas of the area. These activities are common in
subduction zones, where post collisional granitic activity takes place in the later stages during collision relaxation
or post collisional collapse (Rock, 1991; Winter, 2001). Similar REE profiles with variable degree of enrichment,
of the coarse grained vaugnerite and medium grained Mg-diorites suggest some assimilation and fractional
crystallization (AFC & FC) (Fig. 11B, Pearce, 1983) and/or melting, assimilation, storage and homogenization
(MASH) [Aldanmaz, et al, 2000] for evolution of these rocks as confirmed by the La/Yb vs. Nb/La binary plot
(Fig. 12A) where the samples gathered around the average lower crust of the lithospheric mantle domain while
Th/Zr vs. Nb/Zr binary plot (Pearce, 2008) indicate fluid related enrichment of the samples (Fig.12B). Notable
enrichment, in increasing order of REE from vaugnerite and Mg-diorite to monzonite reflected the different depth
of partial melting of these samples or, different rate of crystallisation and differentiation; with vaugnerite dykes
tapped from a deeper source. Higher REE enrichment in diorite (monzodiorite) and granodiorite (monzonite)
denotes probable derivation from an upper level crustal source. Low Th/La ratio (< 0.3), a sensitive indicator of
crustal interaction (Pearce, 1983, Taylor & McLennan, 1985; Sun & McDonough, 1989) suggests significant
crustal contribution in this case mixing with granitic melts as evidenced by mixing and mingling features in the
field (Fig. 4 & 5). High (Gd/Yb)cy ratios suggest garnet fractionation during formation (>60 km) because the
HREE are partially coherent in the garnet phase (Hirschmann, & Stolper, 1996). The mafic dykes with (Gd/Yb)cn
> 2 could therefore be linked to mantle sources that melted at depths of the garnet facies invoking presence of
garnet as a residual phase in the source except for CaO rich sample with (Gd/Yb)cy of 1.39 of spinel facies
(Safonova, et al, 2011) supported by the Ce/Yb vs. Tb/Yb and Sm/Yb vs. Sm plots [Fig-12C, Walter, 1998;
Kinzler, 1997] that indicate the samples are derived from low degree partial melt of 1 to 10 % of garnet and
garnet-spinel iherzolite mantle (Fig.12D).

In the Meghalaya-Assam Gneissic Complex, porphyritic granitoid plutons overcrowd a zone close to the
contact of Gneisses with Umsning Schist Belt along NE-SW and ENE-WSW trends following the Sonidan-
Lyngkhoi Shear Zone (SLSZ) [Khonglah, et al, 2008] and the contact of USB with SG along a NE-SW direction
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paralleling the Barapani-Tyrsad Shear Zone (BSTZ) [Khonglah, et al, 2008 & 2010, Fig-13] which on a regional
scale coincide with the Calcutta-Mymensingh hinge tectonic zone documented from Bangladesh (Ameen, et al,
2007). In MAGC this zone is also affected by charnockitisation and intrusion of norite/noritic-gabbro-mangerite-
charnockite suite and associated porphyritic quartz monzonite-monzogranite-granite of South Khasi, Kyllang and
Mawdoh plutons (Khonglah, et al, 2010; 2012). Geochronology data suggest a Grenvillian age in range from
1284+60 to 1077+81 M.a. and ~1108 M.a. for the metamorphic and igneous charnockite respectively
(Bidyananda & Deomurari, 2007; Bhattacharya, 1986) that coincide with similar dates in younger leucocratic
ortho-gneisses (Ghosh, et al, 1994, 2005; Bidyananda & Deomurari, 2007 & Yin, et al, 2010). Conceptualized
continent configurations for MAGC involving Antarctica, Australia and India through different periods provided
by Yin, et al, (2010) from 1000 Ma; implied that the Pan-African orogeny got overprinted over a Grenvillian belt,
which has been postulated for the Eastern Ghat Mobile Belt (Rogers & Santosh 2004) that possibly extends
northeast ward into MAGC as first proposed by Crawford, (1974). If these models are presumed be accurate the
occurrence of vaugnerite, Mg-mica-diorite in association with monzonite and porphyritic calc-alkaline plutons is
profound; because the isotope composition in vaugnerite requires derivation from metasomatically enriched
mantle layers about 200 to 800 M.y. old (Bea, et al, 2005) that is accordance to the models put up by Yin, et al,
(2010). The abundance of phlogopite or, phlogopitic biotite in the vaugnerite that was derived from melting of a
subducted slab below the amphibole facies at depths > 80 km in an back-arc setting (Fig-14, Winter, 2001) that is
comparable to the petrogenesis of lamproite and lamproitic rocks (Ayrton, 1991; Cid, et al, 2002; Debon &
Lemmet, 1999).

Discussions and conclusions: The Meghalaya Assam Gneissic Complex and adjacent areas of Banglandesh was
actively involved in the several breaking and making medley of supercontinents relating to Columbia (Hossain, et
al, 2007), Rodinia (Chatterjee, et al, 2007; Bidyananda & Deomurari, 2007) and Gondwana (Crawford, 1974,
Ghosh, et al, 2005; Chatterjee, et al, 2007; Bidyananda & Deomurari, 2007). Chatterjee, et al, (2007) proposed the
northward continuation of the Pryz Bay suture zone into the Meghalaya-Assam Plateau evidenced by presence of
numerous post collisional granitoids in the area (Ghosh, et al, 2005). The Nongpoh pluton dated at ~505 Ma
(Ghosh, et al, 2005) or, ~520 Ma (Yin, et al, 2010) is correlated to the Pan-African activity (Crawford, 1974)
during assembling of Gondwana supercontinent (Ghosh, et al, 2005). A collision zone had recently been
documented from the Shillong Plateau evidenced by bimodal plutonism of Khasi metabasics of meta-
hornblendite/hornblende-gabbro composition and meta-tonalite/trondhjemite pluton in Jaintia Hills District
(Khonglah, et al, 2012) while the geochemical attributes of the Khasi Metabasics (erstwhile Khasi Greenstone) in
Khasi Hills suggested a back arc tectonic setting (Hazra, et al, 2015). The vaugnerite - high Mg-mica-diorite -
monzonite and Nongpoh Granitoid association is adding more impetus in support for such a suture/collisional
tectonics and possible continuation of the Pryz Bay suture zone into the MAGC (Chatterjee, et al, 2007) or,
continuation of the subduction of the Mawson Sea along the east and north sides of India and the development of
the Eastern Ghats and paleo-Hima arcs (Yin, et al, 2010) and successive development of the collision of India and
Antarctica along the Eastern Ghats orogen and collision between India and Lhasa along the paleo-Hima orogen
(Yin, et al, 2010). This association is comparable to the European Variscan orogen of French Central Massif and
Corsica of Central Europe; both considered to evolve in subduction zones (Von Raumer, 2014). The first record
of the plutonic lamprophyres like vaugnerite, durbachite, amongst others is documented to be associated with
monzonite and monozogranite plutons from these zones. Similarly the occurrence of vaugnerite, Mg-mica-diorite
in association with monzonite and porphyritic calc-alkaline plutons of the present work, has become critical;
because the isotope composition in vaugnerite requires derivation from metasomatically enriched mantle layers
about 200 to 800 M.y. old (Bea, et al, 2005) that is agreement to the models put up by Yin, et al, (2010). The
abundance of phlogopite or, phlogopitic biotite in the vaugnerite that was derived from melting of a subducted
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slab below the amphibole facies at depths > 80 km in an back-arc setting (Fig-14, Winter, 2001) commonly
associated with petrogenesis of lamproite and lamproitic rocks (Ayrton, 1991; Cid, et al, 2002; Debon & Lemmet,
1999). However, the authors have only initiated a preliminary study that warrants further advance studies; through
futuristic indepth, petrography, mineral chemistry, geochemistry and most importantly isotope and
geochronological studies that will unravel a clear understanding of these enigmatic rocks and their role in
evolution of the granitoids of the Meghalaya-Assam Plateau and their tectono implications with special reference
to Precambrian subduction/collision tectonic setting in the region.
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Table-1: Major oxide (in wt %) and CIPW Norm calculations of vaugnerites (1 to 8), Mg-diorites (9 to 14) and monzonite (15 to 17).
SI No 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Location Korstep | Umtasor Eg}’;’; Non':l?rzlaw Umling NonNgI?l:IaW Bhalta gg\;{?ﬁgz Korstep | Korstep |[Nongpoh|Nongpoh|Nongpoh|Nongpoh|Manipur|Nongpoh| Umran
Field Coarse grained mafic rock (Vaugnerite) Medium grained biotite diorite Medium grained biotite
remarks granodiorite
Middle- Ga_bbrmc Monzodiorite Gabbro ngpro Gabbro Gapb_rmc Monzodiorite Gapb_rmc Monzonite
most, 85 | diorite diorite diorite diorite
Si02 50.6 51.8 50.7 48.9 48.8 52.5 47.3 47.1 50.9 54.6 522 | 53.4 | 546 | 542 | 559 55 55.8
Al203 12.61 | 12.58 125 13.25 11 10.28 13.04 13.8 10.01 10.5 13.13 | 12.36 | 7.58 8.1 | 14.84 | 13.33 | 14.43
Fe203 3.06 3.79 5.88 5.37 4.53 2.79 4.27 8.71 3.62 3.94 358 | 409 | 298 | 332 | 6.13 2.1 4.21
FeO 6.3 5.04 3.78 9.36 5.04 4.72 11.43 7.02 5.22 4.14 504 | 486 | 594 | 522 2.7 5.22 4.5
MnO 0.15 0.14 0.14 0.22 0.15 0.12 0.19 0.26 0.16 0.15 014 | 023 | 014 | 012 | 0.12 | 0.11 | 0.14
MgO 9.07 9.23 9.88 10 14.13 5.06 8.68 6.61 12.42 1087 | 822 | 8.08 | 16.89 | 16.76 | 3.89 | 6.53 | 4.39
CaO 7.75 7.63 6.74 6.48 7.98 13.64 4.97 10.08 9.21 8.75 586 | 5.86 | 3.48 | 3.31 | 557 5.6 5.57
Na20 1.85 1.97 1.68 2.26 1.7 1.02 2.46 0.97 1.73 1.85 197 | 177 | 1.02 1.02 | 203 | 1.78 | 2.35
K20 2.88 3.83 4.95 0.45 3.02 3.95 1.25 1.21 2.25 2.59 541 | 527 | 352 | 395 | 474 | 539 4.1
TiO2 1.29 1.29 1.41 1.58 0.9 1.2 3.15 1.75 0.73 0.71 153 | 157 | 095 | 1.11 | 175 1.8 1.57
P205 0.84 0.5 0.44 0.15 0.48 0.48 0.34 0.35 0.32 0.28 0.8 084 | 035 | 047 | 068 | 094 | 0.73
Cr203 - 0.05 0.09 0.03 0.15 - - 0.02 - 0.11 0.06 | 0.07 | 018 | 0.17 | 0.01 | 0.03 | 0.01
L.O.l. 2.02 1.34 1.06 0.67 1.26 3.29 1.44 1.13 2.51 1.35 1.25 | 0.77 1.3 1.4 1.08 | 1.32 | 143
Total 98.42 | 99.19 | 99.25 98.72 99.14 99.05 98.52 99.01 99.08 99.84 | 99.19 | 99.17 | 98.93 | 99.15 | 99.44 | 99.15 | 99.23
K20/Na20| 1.56 1.94 2.95 0.20 1.78 3.87 0.51 1.25 1.30 1.40 275 | 298 | 345 |387 |233 | 3.03 1.74
Norm
Q 1.10 - - 2.26 0.00 5.32 0.18 8.75 - 4.43 - 205 | 230 | 1.63 | 11.39 | 4.60 | 10.23
Or 17.02 | 22.63 | 29.25 2.66 17.85 23.34 7.39 7.15 13.30 15.31 | 31.97 | 31.14 | 20.80 | 23.34 | 28.01 | 31.85 | 24.23
Ab 15.65 | 16.67 | 14.22 19.12 14.38 8.63 20.82 8.21 14.64 15.65 | 16.67 | 14.98 | 8.63 | 8.63 | 17.18 | 15.06 | 19.89
An 17.60 | 14.17 | 11.95 24.68 13.46 11.80 20.85 29.73 12.90 12,70 | 11.00 | 10.22 | 571 | 5.86 | 17.38 | 12.46 | 16.72
Di 12.30 | 16.18 | 14.49 5.23 18.12 35.84 1.29 14.28 24.32 22,77 | 10.18 | 1058 | 7.34 | 591 | 452 | 7.34 | 4.89
Wo - - - - - 3.38 - - - - - - - - - - -
Hy 23.90 | 17.70 | 11.44 | 32.94 8.84 - 33.60 12.99 21.36 19.82 | 14.18 | 1851 | 45.74 | 4420 | 7.59 | 17.83 | 11.07
Ol - 1.34 4,53 - 15.69 - - - 2.67 - 3.92 - - - - - -
Mt 4.44 5.50 8.53 7.79 6.57 4.05 6.19 12.63 5.25 5.71 519 | 593 | 432 | 481 | 402 | 3.04 | 6.10
1 2.45 2.45 2.68 3.00 1.71 2.28 5.99 3.33 1.39 1.35 291 | 298 | 181 | 211 | 333 | 3.42 | 2.98
Hm - - - - - - - - - - - - - - 3.36 - -
Ap 1.99 1.18 1.04 0.36 1.14 1.14 0.81 0.83 0.76 0.66 1.89 | 199 | 0.83 111 | 161 | 223 | 1.73

Samples — 1, 6, 7 & 9 analysed by XRF and the rest AAS analyses at GSI, NER, Shillong
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Table-11: Minor and trace elements analyses of vaugnerite, Mg-diorite and monzonite of the area (in ppm)

SI No 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Location | Korstep | Umtasor Iég\lliv;: Nonl\gl;lgkflaw Umling Non’\élfrfmlaw Bhalta PBg/vrvr:Pgtt Korstep | Korstep | Nongpoh [Nongpoh|Nongpoh|Nongpoh/ManipuriNongpohl Umran
Middle- Ga.bb.m'c Monzodiorite Gabbro G_abk_)ro Gabbro Ga_bb_r0|c Monzodiorite Ga_bb_r0|c Monzonite
most, 85 | diorite diorite diorite diorite

Ba 2867 na na na na 1261 573 na 1154 na na na na na na na na
Ga 18 14.6 17.8 19.1 13.6 16 25 19.1 13 127 | 181 | 181 | 121 | 119 | 195 | 17.1 | 19.1
Sc 24 na na na na 20 25 na 35 na na na na na na na na
Vv 240 na na na na 128 650 na 186 na na na na na na na na
) <3 3.86 2.33 0.59 411 3 <3 0.56 3 539 | 331 | 6.38 | 1.74 | 216 | 216 | 1.51 | 4.78
Th 8 28.3 12.6 2.66 32.9 6 5 3.21 13 19.7 | 177 | 249 | 11.7 | 18.7 | 25.2 | 13.1 | 43.7
Pb 30 na na na na 16 13 na 25 na na na na na na na na
Ni 138 na na na na 408 60 na 177 na na na na na na na na
Co 39 41.1 30.2 50.4 59.4 65 66 57.6 49 384 | 389 | 318 | 56.9 | 61.3 | 23.2 | 439 | 24.6
Rb 104 na na na na 170 36 na 82 na na na na na na na na
Sr 1340 na na na na 378 307 na 551 na na na na na na na na
Y 57 38.7 27.4 45.1 24.1 35 39 36.4 34 277 | 405 | 408 | 169 | 188 | 44.1 | 25.2 | 57.2
Zr 215 481 91.2 167 266 299 167 141 178 146 351 228 | 404 | 558 | 397 | 297 | 324
Nb 10 16.1 20.6 4,77 10.2 16 13 8.73 9 852 | 349 | 40.1 | 191 | 17.1 | 231 | 19.2 | 26.1
Cr 327 na na na na 807 45 na 708 na na na na na na na na
Cu 96 na na na na 48 236 na 60 na na na na na na na na
Zn 96 na na na na 76 128 na 76 na na na na na na na na
Be na 2.77 5.02 1.07 3.02 na na 1.48 na 191 | 494 | 561 | 434 | 471 | 3.92 | 4.27 | 3.66
Ge na 1.37 1.38 1.44 1.28 na na 1.86 na 136 | 152 | 151 | 156 | 1.62 | 151 | 1.39 | 1.61
As na <2 <2 <2 <2 na na <2 na <2 <2 <2 <2 <2 | 749 | <2 <2
Mo na <5 <5 <5 <5 na na <5 na <5 <5 <5 <5 <5 <5 <5 <5
Cd na <2 <2 <2 <2 na na <2 na <2 <2 <2 <2 <2 <2 <2 <2
Sh na 0.92 <0.2 <0.2 0.25 na na 0.61 na 123 | <0.2 | <0.2 | <0.2 | <0.2 | 091 | <0.2 | <0.2
Cs na 1.68 2.95 0.01 1.24 na na 3.61 na 127 | 242 | 423 | 207 | 202 | 1.81 | 3.01 | 2.67
Hf na 12.6 2.71 4.41 6.81 na na 3.58 na 3.86 | 942 | 532 | 11.1 | 149 | 9.48 | 8.09 | 7.96
Ta na 1.34 0.79 0.32 0.57 na na 0.94 na 1.01 149 | 234 | 1.13 | 098 | 1.85 | 1.15 | 2.06
W na <5 <5 1.65 7.88 na na 5 na <5 407 | 571 | 129 | 211 | <5 <5 | 3.79
Bi na 0.13 0.21 0.1 0.11 na na 9.02 na 0.12 0.1 018 | 0.1 | <01 | 0.1 0.1 | 0.21

Samples — 1, 6, 7 & 9 analysed by XRF, GSI, NER, Shillong and the rest by ICPMS, GSI, Hyderabad, (na — not analysed).
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Table-111: Rare earth element analyses of vaugnerite, Mg-diorite and monzonite of the area (in ppm)

SINo 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Location | Korstep | Umtasor I;z\l,i\l:r: Non’\glllgrl:la Umling Nor:\glglgrl:law Bhalta Engr]ei:]gtt Korstep | Korstep | Nongpoh | Nongpoh | Nongpoh | Nongpoh | Manipur | Nongpoh | Umran
Middle- Ga_bb_rom Monzodiorite Gabbro Gfabt_)ro Gabbro Ga_bb_rmc Monzodiorite Ga_bb_rmc Monzonite
most, 85 | diorite diorite diorite diorite

La na 116 69.2 na 141 na na 194 na 84.1 105 116 42.6 54.1 124 56.7 155
Ce na 217 145 na 249 na na 45.2 na 169 202 252 96.1 126 225 121 316
Pr na 28.5 16.4 na 30.1 na na 5.56 na 21.1 26.4 35.6 10.7 12.7 28.2 14.1 42.1
Nd na 105 63.4 na 105 na na 24.6 na 77.5 100 139 39.9 46.6 105 52.1 157
Eu na 3.99 2.99 na 3.55 na na 2.03 na 281 4.02 541 151 171 3.53 2.14 5.82
Sm na 16.6 11.2 na 15.5 na na 5.82 na 125 17.3 21.3 6.51 7.55 16.7 8.99 25.1
Th na 1.65 121 na 1.22 na na 1.12 na 1.19 1.72 1.89 0.71 0.78 1.79 1.01 2.53
Gd na 121 8.67 na 9.81 na na 6.51 na 8.71 124 14.6 4.94 5.68 131 6.72 18.6
Dy na 7.78 5.65 na 5.29 na na 6.47 na 5.61 8.28 8.45 341 3.87 8.86 4.98 11.7
Ho na 151 1.08 na 0.91 na na 1.42 na 1.07 1.57 1.57 0.67 0.74 171 0.98 2.21
Er na 3.85 2.59 na 2.17 na na 3.91 na 2.72 3.96 4,01 1.72 1.94 437 251 5.76
Tm na 0.62 0.39 na 0.34 na na 0.62 na 0.43 0.65 0.65 0.27 0.32 0.68 0.41 0.91
Yb na 3.86 2.35 na 2.07 na na 3.78 na 2.65 4.04 4.02 1.67 1.95 411 2.45 5.47
Lu na 0.57 0.34 na 0.29 na na 0.56 na 0.39 0.61 0.59 0.25 0.29 0.62 0.35 0.82

>REE na 519.03 | 330.47 na 566.25 na na 127 na 389.78 | 487.95 | 605.09 | 210.96 | 264.23 | 537.67 | 274.44 | 749.02

Th/La na 0.24 0.18 na 0.23 na na 0.17 na 0.23 0.17 0.21 0.27 0.35 0.20 0.23 0.28

Th/Ce na 0.13 0.09 na 0.13 na na 0.07 na 0.12 0.09 0.10 0.12 0.15 0.11 0.11 0.14

Samples —analysed by ICPMS, GSI, Hyderabad, (ha — not analysed).
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