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ABSTRACT

The Proterozoic Sushina Hill Complex is the only agpaitic complex, reported from India and is
characterized by a eudialyte-rinkite-bearing nepheline syenite. The complex is considered a
‘metamorphosed agpaitic complex’. This study describes the mineral assemblages formed during
successive stages of evolution from magmatic to hydrothermal stages and low-temperature subsolidus re-
equilibration assemblage. The primary—late magmatic assemblage is characterized by albite, orthoclase,
unaltered nepheline, zoned diopside-hedenbergite, rinkite, late magmatic eudialyte and magnesio-
arfvedsonite formed at ~700°C with maximum ag;, 0f 0.60. In contrast, a deuteric assemblage (400-348°C)
is represented by aegirine—jadeite-rich clinopyroxene, post-magmatic eudialyte, sodalite, analcime and
the decomposition assemblages formed after eudialyte with decreasing ag;, (0.52-0.48). A further low-
temperature subsolidus assemblage (<250°C) represented by late-forming natrolite could be either related
to regressive stages of metamorphism or a continuum of the subsolidus processes. Considering the P/T
range of the greenschist — lower-amphibolite facies of metamorphism it is evident that the incorporation
of a jadeite component within pyroxene is related to a subsolidus process between ~400°C and 348°C in
a silica deficient environment. We emphasize that the deuteric fluid itself acted as an agent of
metamorphism and the decomposition assemblage formed after eudialyte is retained even after
metamorphism due to the convergence of subsolidus and metamorphic domains. The formation of
jadeite-rich aegirine is not considered to result from metamorphism. Overall it is near-impossible to
discern any bona fide metamorphic textures or mineral assemblages in these syenites which appear to
preserve a relict mineralogy regardless of their occurrence in country rocks which have experienced
greenschist — amphibolite facies metamorphism. The Sushina complex is very similar in this respect to
the Norra Kérr complex (Sweden).
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Introduction

ALKALINE rocks are characterized by the modal or
normative abundance of feldspathoids, alkali
*E-mail: aniket_chakrabarty@rediffmail.com amphiboles and aegirine (Le Maitre, 2002; Marks
DOI: 10.1180/minmag.2016.080.057 etal.,2011). On the basis of the peralkalinity index,
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i.e. molar ratio of Na,O +K,O relative to Al,O;,
alkaline rocks are divided broadly into peralkaline
[Na,O + K,0> Al,05] and metaluminous [(Na,O +
K,0) < Al,O; < (CaO + Na,O + K,0)] types.
Peralkaline rocks are well known as hosts for rare
exotic minerals enriched in large ion lithophile
elements (LILE): Na, K, Li; high-field-strength
elements (HFSE): Ti, Zr, Nb, Ta, rare-earth elements
(REE), U and Th (Ussing, 1912; Serensen, 1992,
1997; Marks et al., 2011). The term ‘agpaitic’ is
restricted to a particular group of peralkaline
nepheline syenites containing complex Na-Ca-
Fe-Ti-Zr-REE silicates such as rinkite, eudialyte,
mosandrite, lavenite etc. These minerals are termed
the ‘typomorphic’ minerals of agpaitic systems.
Some agpaitic syenites (e.g. Lovozero) enriched in
Na are termed hyperagpaites (Khomyakov, 1995).
In contrast, nepheline syenites which lack complex
silicates and contain ilmenite, titanite and zircon are
known as ‘miaskitic’ types. Agpaites are one of the
most important variety of peralkaline feldspathoidal
rocks owing to their potential to form economic
mineral deposits (Ilimaussaq complex, Greenland;
Lovozero and Khibina, Kola Peninsula, Russia;
Pilansberg, South Africa; Mont Saint Hilaire,
Canada; Tamazeght, Morocco) (Kogarko et al.,
1982; Mitchell and Liferovich, 2006; Marks et al.,
2011 and references therein; Schilling et al., 2011a).
Peralkaline syenites and granites (e.g. Straumsvola,
Antarctica; Ascension Island; Strange Lake,
Canada) are rarer than undersaturated peralkaline
syenites. They usually lack titanite and contain
cudialyte, elpidite, dalyite, vlasovite and aenigma-
tite (Harris and Rickard, 1987; Salvi and Williams-
Jones, 1995).

Agpaitic rocks commonly experience metasoma-
tism during their course of evolution from early-to-
post-magmatic to hydrothermal stages (e.g.
Pilansberg complex, South Africa, Mitchell and
Liferovich, 2006; Thor Lake complex, Canada,
Sheard et al., 2012). The parent melt of the agpaitic
rocks usually contains significant amounts of
volatile species which induce metasomatic
changes by their interaction with earlier crystalliz-
ing phases. Such phenomena eventually result in
changes to both the mineralogical and textural
features of the rock and are commonly termed
autometasomatic/deuteric alteration.

In India, agpaitic rocks were not recognized until
recently when an occurrence of eudialyte-bearing
nepheline syenite gneiss from the Sushina Hill
Complex at Purulia, West Bengal was reported by
Chakrabarty (2009). This is the only known occur-
rence of agpaitic rock (sensu stricto) from the Indian
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subcontinent. The Sushina Hill Complex is composed
of diverse undersaturated rocks including miaskitic
and agpaitic nepheline syenite gneisses and albitite
(Chakrabarty ef al., 2013). Mitchell and Chakrabarty
(2012) reported compositionally different late-
magmatic and hydrothermal Mn-rich eudialytes from
the agpaitic units of the complex. Volumetrically,
hydrothermal eudialyte dominates over the late-
magmatic types. It is now well-established that the
rocks of the complex have undergone extensive post-
intrusion metasomatism together with multiple phases
of metamorphism during Palaco-Mesoproterozoic
times (Chakrabarty and Sen, 2013). The majority of
recent work on the peralkaline rocks of Sushina Hill
have been restricted to describing eudialyte and rinkite
and their decomposition to diverse REE-bearing
phases such as cerianite-(Ce), hingganite-(Ce), cata-
pleiite, hilairite (Chakrabarty et al, 2011, 2013;
Mitchell and Chakrabarty, 2011; Goswami and Basu,
2013), and little attention has been given to the major
rock-forming minerals. Goswami and Basu (2013)
reported a metamorphic assemblage of epidote,
scapolite, piemontite and natrolite from these agpaitic
gneisses and suggested the metamorphic grade
was within greenschist-to-amphibolite facies. These
authors also suggested that pure end-member compo-
sitions of nepheline, albite and orthoclase together with
the development of gneissosity are suggestive of
metamorphic origin for these agpaitic rocks.

Floor (1974) suggested that textural and mineral-
ogical criteria are useful tools for distinguishing
between alkaline rocks formed predominantly by
igneous processes and those formed by metamorphic—
metasomatic processes. In regions of moderate-to-
high-grade metamorphism, such as experienced by
the host rocks of Sushina Hill (India), Norra Kérr
(Sweden) and Red Wine (Labrador, Canada) com-
plexes, it is commonly found that igneous and
metamorphic—metasomatic processes tend to con-
verge making such distinctions difficult. The main
objective of the present work is to distinguish between
magmatic and metamorphic/metasomatic mineral
parageneses of the Sushina Hill metamorphosed
agpaites using mineralogical and textural criteria.
Such a study is useful in delineating the paragenetic
sequence of the magmatic-to-hydrothermal evolution
of the agpaitic rocks and its relation to the subsequent
metamorphism and deformation.

Geological setting

The Mesoproterozoic Sushina Hill complex (22°
57'N, 86°37'E) (~480 x 93 m?) lies within Chandil
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Formation of the North Singhbhum Mobile Belt,
along a shear zone which is termed variously as the
Northern Shear Zone or South Purulia Shear Zone
(Saha, 1994). This WNW-ESE trending 100 km
long discontinuous shear zone is located at the
contact between the Chotanagpur Granitic Gneissic
Complex in the north and the Chandil Formation in
the south (Fig. la). This shear zone is believed to be
an extension of the Central Indian Shear Zone
(Rekha et al., 2011). Alkaline intrusive rocks such
as carbonatite, alkali-pyroxenite and nepheline
syenite occur along the Northern Shear Zone
(Basu 1993; Chakrabarty et al., 2009, 2011,
2012; Chakrabarty and Sen, 2010, 2013; Mitchell
and Chakrabarty, 2012). The Sushina Hill complex
is composed of diverse undersaturated syenite
gneisses within country rocks consisting of sodic-
schists, phyllites and amphibolites. Two varieties of
nepheline syenite gneiss namely, eudialyte nephel-
ine gneiss (agpaitic) and miaskitic nepheline
gneiss, have been recognized at Sushina Hill
(Fig. 1b) together with a large albitite body
(Chakrabarty, 2009). The miaskitic syenite is
considered to be the oldest unit of the complex
with an emplacement age of c¢. 1.51Ga
(Chakrabarty, 2009; Chakrabarty et al., 2013). A
similar age (c. 1.55 Ga) is also considered as the
emplacement age of the carbonatite and anorthosite
situated at the western and eastern extremities along
the Northern Shear Zone (Chatterjee et al., 2008;
Chakrabarty and Sen, 2013).

The Sushina agpaitic gneisses, are characterized
by the presence of the typomorphic minerals
eudialyte and rinkite (Mitchell and Chakrabarty,
2012; Chakrabarty et al., 2013). These occur
together with albite (~45-50 modal%), orthoclase
(~20-25 modal%), nepheline (~10-15 modal%),
aegirine (~8-10 modal%) and arfvedsonite
(<I modal%). The gneiss is characterized by
modal layering resulting from variations in the
proportions of nepheline, feldspar and ferro-
magnesian minerals. The mafic minerals coalesce
and cluster, giving rise to an incipient gneissic
texture as well as a ‘knotted’ or ‘mottled’
appearance. Various textural features such as
unusually elongated albite, nepheline and pyroxene
along the gneissic trend, ovoid nature of some felsic
minerals with their long axes parallel to the gneissic
trend are suggestive of a metamorphic overprint on
the precursor eudialyte syenite (Goswami and
Basu, 2013). However, it must be noted that
similar textural features found in the Norra Kérr
agpaitic complex have been attributed entirely to
magmatic processes (Adamson, 1944; von
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Eckermann, 1968). Similar textures are found in
lujavrites from the Ilimaussaq complex which has
not been subjected to any metamorphism and thus
are considered as primary textural features
(Ratschbacher et al., 2015). Koark (1960, 1968)
opined that some features at Norra Kérr, such as the
development of the gneissosity, shearing, and
folding are the result of the metamorphic over-
printing on an igneous lithology. The presence of an
albitized zone around the agpaitic rocks of the
Sushina Hill complex is also similar to the fenitized
zone found at the contact between the catapleiite
syenite (grennaite) and Vaxjo granite at Norra Kérr
(Sjoqvist et al., 2013). However, unlike the Norra
Kéarr rocks none of the Sushina agpaites are
schistose. The emplacement age of the Sushina
nepheline syenite is not well constrained. A recent
study of the post-magmatic eudialyte by the Rb-Sr,
Sm-Nd and Lu-Hf methods, confirms that eudialyte
precipitation from the deuteric fluid occurred at
¢. 1.30 Ga and therefore the emplacement age of the
host agpaitic syenite is considered to be older than
1.30 Ga (authors’ unpublished data).

It is now well established that the rocks of both
Chotanagpur Granitic Gneissic Complex as well as
the North Singhbhum Mobile Belt, experienced
multiple phases of metamorphism accompanied by
distinctive deformational events between c. 1.87
and 0.78 Ga (Maji et al., 2008; Rekha et al., 2011,
Sanyal and Sengupta, 2012). The earliest meta-
morphic event is recorded within the granulite
enclaves in Chotanagpur Granitic Gneissic
Complex at ¢. 1.87 Ga (>900°C at c. 5-8 kbar).
This was followed by felsic magmatism and
contemporaneous metamorphism at c¢. 1.66—
1.55 Ga. Alkaline magmatism (carbonatite and
nepheline syenite) was accompanied by the intru-
sion of a suite of anorthosite and porphyritic
granitoids at ¢. 1.55-1.51 Ga. These experienced
greenschist-to-amphibolite facies metamorphism
(c. 700+50°C, 6.5+ 1 kbar) between 1.20 and
0.93 Ga. A final phase of metamorphism (600—
750°C at 7+ 1 kbar) related to defragmentation of
the Rodinia supercontinent affected the entire
castern margin of the Indian subcontinent at
~0.87-0.78 Ga, and resulted in the formation of
the Eastern Indian Tectonic Zone (Chatterjee et al.,
2010). This last metamorphic event is wide-spread
both within the Chotanagpur Granitic Gneissic
Complex and North Singhbhum Mobile Belt
(Chatterjee and Ghose, 2011; Rekha ez al., 2011).
Although, the detailed metamorphic history of the
Sushina Hill complex is yet to be investigated
systematically, available data suggests that the rocks
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of the complex experienced metamorphism at
c. 1.20 and 0.87 Ga, respectively (Chakrabarty,
2009; Chakrabarty and Sen, 2013).

Analytical methods

Mineral compositions were determined on polished
thin sections using a JXA-8900 SuperProbe and
CAMECA SX-100 electron microprobe operated in
wavelength-dispersive mode at the Electron
Microanalysis and Imaging Laboratory (EMIL),
University of Nevada, Las Vegas (UNLV), USA
and Institute Instrumentation Centre (IIC), IT
Roorkee, India, respectively. Polished sections
were examined by optical microscopy to identify
target areas for analyses. Selection of analytical
sites was also guided by back-scattered electron
imagery. For a majority of the silicate minerals such
as feldspar, clinopyroxene, amphibole, garnet,
nepheline and sodalite, we used a beam current of
15 nA and an acceleration voltage of 15 kV. Peak
counting times were 16-20 s for major elements
and 30-60 s for minor elements. For eudialyte, a
beam current of 20 nA and an acceleration voltage
of 20 kV were used as described by Pfaff et al.
(2010). The peak counting times were generally
between 16 and 120 s, depending on the abundance
of the respective element. Background counting
times were kept at half of the peak counting times
for all analyses. Special attention was given to
avoid Na migration under the electron beam during
analyses of feldspar, nepheline, eudialyte, sodalite
and zeolite-group minerals. This was achieved by
first analysing Na with a defocused beam of 10 pm
or where possible 20 pm and with peak-counting
time not exceeding 10 and 5 s on the background.
The following well-characterized minerals and
synthetic standards were used: Na (NaKa:
jadeite); fayalite (FeKo); wollastonite (SiKo,
CaKoy); olivine (MgKa); sanidine (KKa); zircon
(ZrLo; titanite (TiKo); Nb (NbLa); AL O5 (AlKo);
rhodonite (MnKa); BaF, (FKo); REE-phosphates
(REE Lo for La, Ce, Yb, Lu; REE L for the
remaining REEs); YPO, (YLa) and halite (ClKa).
Peak overlaps between Fe and F; Nd and Zr; Ti and
Hf and other REEs (Chakrabarty et al., 2013) were
corrected. Processing of the raw data was carried
out with the internal ¢pZ correction method of
JEOL (for JXA-8900) (Armstrong, 1991) and PAP
CAMECA software (for CAMECA SX-100)
(Pouchou and Pichoir, 1991). Analytical precision
based on replicate analyses of standards has
standard deviation <0.5 for major and <0.1 for

minor elements. The method of Droop (1987) was
used to recalculate the microprobe-obtained total Fe
(as FeO wt.%) to Fe** and Fe** for clinopyroxenes,
amphiboles and garnet.

Major primary silicates — paragenesis and
compositions

Feldspar

Albite and orthoclase are the predominant felsic
minerals in the agpaitic syenite gneiss. These form
discrete crystals and primarily present as macro-
crysts. However, albite (>45 modal%) is volumet-
rically ~more abundant than  orthoclase
(20-25 modal%). In places megacrystic albite (up
to 1 cm) containing early-formed nepheline and
clinopyroxene is well preserved. However, such
megacrystic albite is commonly found to be
extensively-altered by late-stage hydrothermal
activity. Orthoclase crystals are also coarse
grained (>250 um) and present as macrocrysts
and as granular crystals (Fig. 2a,b). The majority
of the albite and orthoclase are typically subhedral
and show hypidiomorphic interlocking textures
demonstrating the plutonic character of the rock.
Marginal granulation of the megacrystic albite,
polygonal contacts between albite and orthoclase,
and elongated-platy habit of the feldspars in some
places is suggestive of post-crystallization deform-
ation. These textural features are similar to those
observed in the Norra Kérr catapleiite syenites
(Fig. 2¢,d), although cataclastic textures have not
been observed at Sushina.

In terms of their composition both feldspars
represent end-member albite and orthoclase, respect-
ively with no anorthite component (Table 1). The
presence of microcline at the margins of orthoclase
macrocrysts and incipient development of cross-
hatched twinning (Fig. 2b,e) indicates some re-
equilibration has taken place at relatively lower
temperatures. The rare presence of antiperthite in
association with albite and orthoclase probably
indicates that exsolution of orthoclase occurred
during low-temperature alteration (Fig. 2f). In
places twinned albite with subsequent conversion
to antiperthite (Fig. 2f") is also observed.

Nepheline

Discrete crystals of subhedral-to-anhedral nepheline
occur in two distinct textural modes. Early-formed
unaltered nepheline (Ne-I) occurs as inclusions
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F1G. 2. Characteristic textures observed in Sushina (a,b,e,f") and Norra Kérr (c,d) agpaitic syenites. All images are in cross-
polarized light. (@) Gneissic textures defined by alternating layers of felsic (orthoclase: Or, albite: Ab, nepheline: Ne-II) and
mafic minerals (clinopyroxene: Cpx-II). Note at the centre a macrocryst of orthoclase containing numerous inclusions of
early formed clinopyroxene (Cpx-I). (b) Microcline (Mc) formation (microclinization) along the grain boundary of a
macrocryst of orthoclase (Or) suggestive of post-crystallization low temperature re-equilibration. (¢) Incipient development
of gneissosity defined by the aegirine—jadeite (Ae—Jd) and felsic minerals in catapleiite-syenite (grennaite) of the Norra
Karr complex. Note in common with Sushina the presence of large macrocrysts of orthoclase (Or). (d) Cataclastic texture in
the catapleiite-syenite from the Nora Kérr complex and microclinization along the grain boundary of an orthoclase
macrocryst. () Macrocrysts of albite (Ab), orthoclase (or) and nepheline (Ne-II) defining an overall macrocrystal-to-
hypidiomorphic texture in eudialyte-syenite. Note that incipient development of cross-hatched twining (microcline: Mc) in
orthoclase and formation of analcime at the expense of nepheline (Ne-II) and albite are suggestive of low-temperature
subsolidus alteration process. (/) Antiperthite with relict twin lamellae of the host albite.
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A Wariupolite Series, Azov, Russia
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; Blue Mountain
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Vaal River, South Africa
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French River, Ontario, Canada

@ e

Fic. 3. Different textural modes of nepheline in Sushina agpaitic syenites. (a,b) are back-scattered electron (BSE)

images. (a) Relict unaltered nepheline (Ne-I) present as inclusion within megacrystic albite. Note that the reaction

texture involving nepheline (Ne-II) and albite (Ab) giving rise to analcime (Anl) are suggestive of low-temperature fluid

activity in the agpaitic syenites (b) Inclusions of Ae-Jd rich Cpx-II within megacrystic albite. (¢) Nepheline

compositions of agpaitic syenites of Sushina plotted against nephelines from the metamorphosed agpaitic complexes
(after Tilley, 1954).

within the megacrystic albite (Fig. 3a), whereas
nepheline (Ne-II) occurs as veinlets replacing albite
and in association with sodalite, analcime and
natrolite and is commonly partially-altered to these
phases. Reaction textures, mainly the formation of
analcime involving nepheline (I and II) and albite in
the presence of late-stage hydrothermal fluid
are also evident (Fig. 3a,b). The least-altered
nepheline (Ne-I) has the average composition
Ne,, Ks,, ,Qtzs ; (wt.%) (Table 2, comp. 1-11)
falling within the Morozewicz-Buerger conver-
gence field of plutonic nepheline (Fig. 3¢) suggest-
ing an equilibration temperature of ~700°C. Altered
and corroded nepheline (Ne-II) in immediate
contact with natrolite and analcime approaches the
stoichiometric Buerger composition (Ne;;Ks,-)
(Fig. 3c) suggestive of significant cation exchange
and re-equilibration with a sodium-rich deuteric or
extraneous fluid. The close proximity to the ideal
Morozewicz ~ composition  (Ne,5 (Ks,( sQtz, 5)
together with the presence of albite and microcline
indicates that they are formed by either a plutonic or
metasomatic/metamorphic environment (Tilley, 1954,
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1957). Considering the reaction textures involving
nepheline, i.e. alteration to sodalite and analcime (see
below), it is evident that nepheline was formed under
plutonic conditions and was later subjected to re-
equilibration and/or metasomatism. Similar features
are reported from the nepheline gneisses of
Haliburton-Bancroft area, the Blue-Mountain nephel-
ine syenite and Norra Kérr (Tilley, 1954, Duke and
Edgar, 1977) and all are found to lie within the
Morozewicz-Buerger field of convergence (Fig. 3¢).

Clinopyroxene

Clinopyroxenes are the principal mafic minerals in
the agpaitic gneisses and occur in two distinct
textural modes. Early-formed euhedral clinopyrox-
enes (Cpx-I, ~200 um) are either zoned or zonation-
free and present as inclusions within large albite or
orthoclase macrocrysts (Fig. 2a) and rarely within
late-formed magnesio-arfvedsonite. The core of the
zoned clinopyroxene is essentially diopsidic evolv-
ing to aegirine towards the rim (Table 3, comp. 1-7;

https://doi.org/10.1180/minmag.2016.080.057 Published online by Cambridge University Press


https://doi.org/10.1180/minmag.2016.080.057

MINERALOGICAL EVOLUTION OF AGPAITIC NEPHELINE SYENITE, SUSHINA HILL, INDIA

14 € I 0 I 1 C 6 9 L L 9 9 9 L 8 L 8 L 70
(44 €C [44 [44 ¥C €C ¥C 1T 1T €C (44 [44 [44 [44 [44 1C 1T 1T [44 B |
YL YL LL 8L SL 9L YL 0L €L 0L IL IL L L IL IL L L L SN
SIOqUIOW-PUD 9 O
060 T60 €60 160 S60 +¥60 S60 L80 S80 60 680 160 L80 680 880 S80 980 ¥80 880 A
00¢  L6CT 61t 6TE SO¢ e L6C 16T 00¢ €8T L8T 68C €T 06T 16T T6CT €6CT 6T 6T BN
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 D
10°0 10°0 10°0 10°0 10°0 10°0 10°0 10°0 200 10°0 10°0 10°0 1000 200 1000 200 200 10°0 10°0 oq
96’¢  €0v tvLE  99C  P6'E  S8E  t0Y 98¢  88¢ 10y  66°¢ 0¥y 86¢ 00 v6'E C6E S6'CE 66€ L6E v
S0y 00%v 9l 0C¥ 0¥ 60 66C SIY Cl'¥y S0y  90tv Y0¥ 90¥ SO 60 Ol 80F 90TV LOV IS
Swoje UAZAX0 9] Paseq B[NULIO]
SP'86 6€86 ¥6'66 9966 ST66 9586 €886 0066 69001 €78 €086 ¥886 8L'8 0S8 9786 C¥r'86 C066 098 6586 [¥IOL
oI'L €€L €SL LTL ¥9L L¥'L 6SL 00L 669 €€L  60L LTL TOL 60L ¥OL ¥89 969 9L9 SOL o
PL'ST 8S'ST €691 8€LI 9091 9T91 6SSI  L¥'ST +191 68¥1  LOST ¥TST S8P'ST LTSI ¥EST I¥ST SSSI OFST LEST  O%®N
000 000 00 CO0O CT0OO 000 000 €00 10°0 000 200 000 000 OO CWOO +¥0'0 000 000 000 oed
L1°0 Iro 110 910 L0'O OI'0O  LOO SI'0O 0TO0 cro  9ro Sro  Sro  8ro 810 6o  0T0 LI'0O 8I'0 024
0TYE €LPE T9TE PSIE vIVE SIEE SO6VE SLEE LEVE  PIOPE  SPPE TSPE SSYE POPE LIVE €OVE 6€VE SOPE TWHE OV
8I'ly ¥9°0v TLTY 66Ty TEI¥ SSIv €90F 08Ty $6TF STIY 9TIv SEIv S$SIv OSIy L1y T6'1¥y T6'1y T91vy LSIy  COIS
61 81 L1 91 SI 4! €l Cl Il oI 6 8 L 9 S 14 € 4 I

11 - durjeydon

I - ourjoydoN

-ouroydau jo suonisodwod aanejuasarday "z a1av],

1169

https://doi.org/10.1180/minmag.2016.080.057 Published online by Cambridge University Press


https://doi.org/10.1180/minmag.2016.080.057

A. CHAKRABARTY ETAL.

b

@ Katzenbuckel, SW Germany @ North Qéroq, South Greenland|

@ llimaussaq, South Greenland
| - IV Pilansberg, South Africa
@ Cpx-1
A cpx-1l
* Goswami and Basu, 2013

@ Murun, Russia
@ Lovozero, Russia

@ Alnd, Sweden Sushina, this work

@Culdwcll,(.‘anada

F1G. 4. Clinopyroxene evolution trends in the diopside (Di)-hedenbergite (Hd)-aegirine (Ae) ternary system (@) and their
different textural modes of occurrence (BSE images b, ¢). Pyroxene evolution trend for other alkaline complexes are
shown for comparison (after Marks et al. 2008 and references therein; Mitchell and Liferovich, 2006). () Early
generations of zoned clinopyroxenes (Cpx-I in Fig. b) (green circles, blue line) are characterized by a diopsidic core and
aegirine-rich rim. In contrast, clinopyroxenes with a significant aegirine—jadeite component (Cpx-II) are the dominant
pyroxene present in the eudialyte-nepheline syenite (mint blue triangles). (b) Discrete grain of a rare zoned
clinopyroxene (Cpx-I) with diopsidic core. (c) Post-magmatic eudialyte (Eud-II) showing a mesh-like texture engulfing
and corroding clinopyroxene (Cpx-II). Remnant patches of orthoclase (Or) and albite (Ab) grains are preserved within
such complex assemblages of Eud-II and Cpx-II.

Fig. 4a,b). Compositionally, Cpx-I are alumina-poor
and the least-evolved in terms of their Na, Mg, Fe
and Ca contents. Subhedral-to-anhedral elongated
clinopyroxenes which define an incipient gneissos-
ity (Cpx-II, Fig. 2a) are the dominant pyroxene
in the agpaitic gneisses. However, anhedral and
highly-corroded clinopyroxenes (Cpx-II) are also
present in association with eudialyte and related
alteration products, mainly pectolite and serandite
(Fig. 4c). Compositionally, Cpx-II are poorer in
CaO, TiO, but richer in AL,O; (up to 4.26 wt.%
Al,O;) compared to Cpx-I. These are essentially
aegirine (up to 87 mol.%) with a significant jadeite
component (up to 18 mol.%) (Table 3). However,
some Cpx-II are enriched in diopside, hedenber-
gite and Ti-aegirine components (Table 3,
comp. 23). The Zr contents of the pyroxenes are
in general low, but can reach up to 3 wt.% ZrO,
for some Cpx-II indicating a probable presence of
zirconian aegirine component.
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Figure 4a shows that Cpx-I is least evolved in terms
of Fe, Mg, Ca and Na contents compared to Cpx-II and
grades from primary magmatic diopside (Di,4Hd,,) to
late-formed aegirine (Ae, ). The compositional trend
of the zoned Cpx-l is comparable to the primary
magmatic trend of Aln6 pyroxenes (Vuorinen et al.,
2005) whereas that of the Cpx-II is similar to the
hydrothermal pyroxenes of the Pilansberg complex
(Mitchell and Liferovich, 2006) (Fig. 4a).

Metamorphosed agpaitic complexes such as Red
Wine (Canada) and Norra Kérr (Sweden), are
characterized generally by the presence of aegirine-
jadeite similar to Cpx-II (Adamson, 1944; Curtis
and Gittins, 1979). Such, Al, Fe>* rich pyroxenes
with significant aegirine and jadeite component are
also reported from the Ilimaussaq clinopyroxene-
lujavrite (Greenland) (Type 1 and 3 clinopyroxene
of Markl et al., 2001). In the Di-Hd-Ae ternary
system it is difficult to distinguish between primary
magmatic and aegirine-jadeite pyroxene as the
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TaBLE 3. Representative compositions of clinopyroxene.

Clinopyroxene-I

Clinopyroxene-II

1 2 3 4 5
SiO, 50.34 50.71 50.44 50.32 49.87
TiO, 0.13 0.56 0.12 0.48 0.42
AL O, 1.12 0.69 0.89 0.73 1.25
Cr,04 0.00 0.00 0.00 0.00 0.00
Fe, 0,4 0.00 3.11 0.00 4.21 4.75
FeO 6.83 11.94 6.86 13.00 12.41
MnO 0.51 0.67 0.46 0.21 0.14
MgO 15.12 8.52 15.51 8.62 9.57
ZrO, 0.00 0.12 0.10 0.02 0.19
CaO 25.32 23.18 24.72 22.12 21.09
Na,O 0.61 0.78 0.89 0.79 0.71
K,0 0.01 0.03 0.01 0.01 0.06

Sum 99.99 100.31 100.00 100.52 106.47

Formula based on 4 cations and 6 oxygen atoms

Si 1.85 1.95 1.85 1.94 1.92
Al 0.05 0.03 0.04 0.03 0.06
Ti 0.00 0.02 0.00 0.01 0.01
Cr 0.00 0.00 0.00 0.00 0.00
Fe** 0.00 0.09 0.00 0.12 0.14
Mg 0.83 0.49 0.85 0.50 0.55
Fe*" 0.21 0.38 0.21 0.42 0.40
Mn 0.02 0.02 0.01 0.01 0.01
Zr 0.00 0.00 0.00 0.00 0.00
Ca 1.00 0.96 0.97 091 0.87
Na 0.04 0.06 0.06 0.06 0.05
K 0.00 0.00 0.00 0.00 0.00
mol.% end-members

Aeg 0 6 0 6 5
Jd 0 0 0 0 0
Ti-Aeg 1 0 1 0 0
Fe-Ts 0 2 0 3 4
Ti-Ts 0 2 0 1 2
Ca-Ts 0 0 0 0 1
Di 76 50 75 47 46
Hd 21 41 20 40 34
En 2 0 4 1 4
Fs 1 0 1 1 3

6 7 8 9 10
49.44 50.28 52.59 54.00 54.07
0.51 0.67 0.13 0.13 0.18

1.03 2.62 2.75 2.41 2.68

0.00 0.01 0.00 0.01 0.00
0.00 12.93 29.56 28.36 27.70

8.42 8.15 0.04 0.01 0.03

0.14 0.14 0.57 0.48 0.65
14.80 2.89 0.53 0.50 0.63
0.10 0.01 0.15 0.19 0.20
25.28 16.63 1.01 0.86 1.09
0.54 5.59 12.98 13.44 13.31
0.00 0.02 0.01 0.00 0.01

10026 9994 10033 10039  100.54

1.82 1.94 1.99 2.03 2.03
0.05 0.12 0.12 0.11 0.12
0.01 0.02 0.00 0.00 0.01
0.00 0.00 0.00 0.00 0.00

0.00 0.38 0.84 0.80 0.78
0.81 0.17 0.03 0.03 0.04
0.26 0.26 0.00 0.00 0.00
0.00 0.01 0.02 0.02 0.02
0.00 0.00 0.00 0.00 0.00
1.00 0.69 0.04 0.04 0.04
0.04 0.42 0.95 0.98 0.97
0.00 0.00 0.00 0.00 0.00
0 42 84 84 81
0 5 11 11 12
3 0 0 2 2
0 0 0 0 0
0 2 1 0 0
0 2 0 0 0
71 19 2 2 3
23 30 1 1 2
2 0 0 0 0
1 0 0 0 0

jadeite component cannot be incorporated in such a
diagram. The Y'AI/(V'Al+Fe®") — Na/(Na+ Ca)
diagram (Curtis and Gittins, 1979) might be useful
to distinguish the pyroxene types (Fig. 5). It is
interesting to note that the Cpx-II (AeggJd, ) of the
Sushina agpaites shows remarkable similarities
with the clinopyroxenes of (eudialyte-catapleiite
nepheline syenite) grennaite (Aeg,Jd;g) and
(arfvedsonite  nepheline  syenite) lakarpite
(Ae,gJd;) of the Norra Kérr and aegirine
lujavrite (Aeg,Jdg) of the Ilimaussaq complexes,
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(continued on next page)

respectively being enriched in aegirine compared to
jadeite (Fig. 5a,c¢). Zoned clinopyroxenes found in
the grennaite shows an overall jadeite enrichment
from core to rim (AeggJd,, = AegsJd,,; this work)
(Fig. 5a). In contrast, Red Wine and Two Tom Lake
clinopyroxenes are characterized by a jadeiitic core
and aegirine rich rim (Ae,oJdgg — Aesgldsg; this
work) (Fig. 5b). It must be noted here the two of
Sushina pyroxene compositions falling within the
aegirine-augite field can be attributed to the
presence of a hedenbergite component.
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TaBLE 3. (contd.)

Clinopyroxene-II

1 12 13 14 15 16 17 18 19 20
Sio, 52.61 52.95 53.92 53.62 52.49 53.39 53.51 52.55 53.18 52.52
TiO, 0.24 0.19 0.20 0.11 0.09 0.15 0.20 0.09 0.05 0.24
AL O, 4.07 426 2.81 3.49 2.72 3.23 3.03 4.12 4.16 2.92
Cr,04 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.01
Fe,0, 27.88 27.08 27.57 27.39 30.60 27.68 27.55 27.30 29.16 29.29
FeO 0.01 0.03 0.04 0.04 0.01 0.03 0.01 0.04 0.02 0.04
MnO 0.57 0.71 0.59 0.51 0.20 0.90 1.01 0.82 0.10 0.24
MgO 0.53 0.60 0.63 0.56 0.35 0.63 0.61 0.54 0.09 0.37
ZrO, 0.00 0.18 0.20 0.23 0.00 0.18 0.22 0.22 0.01 0.08
CaO 0.91 1.10 1.04 0.92 0.66 1.22 1.27 1.06 0.11 0.72
Na,O 13.02 13.01 13.29 13.27 13.19 13.02 13.05 12.90 13.62 13.18
K,0 0.01 0.01 0.01 0.03 0.00 0.01 0.03 0.00 0.02 0.03
Sum 99.85  100.12  100.31 100.16  100.31 10045  100.51  99.66  100.54  99.65
Formula based on 4 cations and 6 oxygen atoms
Si 1.98 1.99 2.02 2.01 1.99 2.00 2.01 1.99 1.99 1.99
Al 0.18 0.19 0.12 0.15 0.12 0.14 0.13 0.18 0.18 0.13
Ti 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.79 0.77 0.78 0.77 0.87 0.78 0.78 0.78 0.82 0.84
Mg 0.03 0.03 0.04 0.03 0.02 0.04 0.03 0.03 0.01 0.02
Fe** 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.02 0.02 0.02 0.02 0.01 0.03 0.03 0.03 0.00 0.01
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.04 0.04 0.04 0.04 0.03 0.05 0.05 0.04 0.00 0.03
Na 0.95 0.95 0.97 0.97 0.97 0.95 0.95 0.95 0.99 0.97
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
mol.% end-members
Aeg 79 77 81 79 87 79 79 78 82 84
Jd 16 18 13 16 10 14 14 17 17 12
Ti-Aeg 0 1 2 1 0 2 2 0 0 1
Fe-Ts 0 0 0 0 0 0 0 0 0 0
Ti-Ts 1 1 0 0 0 0 0 1 0 0
Ca-Ts 0 0 0 0 1 0 0 0 0 0
Di 2 2 3 2 1 3 3 2 0 2
Hd 1 2 2 1 0 2 3 2 0 1
En 1 0 0 0 0 0 0 1 0 0
Fs 0 0 0 0 0 0 0 1 0 0
(continued on next page)
Late-magmatic eudialyte eudialytes are present as remnant macrocrysts (Figs
] ] ) ] ] 6a,b and 7) whereas the post-magmatic eudialytes
EUdlalyt? is the dom_lpant typomorphlc mineral typically exhibit a mesh-like texture as reported by
pres.ent in these agpal'tlc gneisses. Two ‘types of Mahato et al. (2013) (Figs 4c and 6¢,d). Late
cudialyte (late magmatic and post-magmatic/hydro- magmatic eudialytes are characterized by pale pink
thermal) are found, and are distinguished by the pleochroism and are rich in Ca (>11.15 wt.% CaO)
intensity of the pink pleochroism and their compos- but poorer in Mn (6.64-8.34 wt.% MnO), REE and

ition (Chakrabarty et al, 2012; Mitchell and Sr (0.64-1.22 wt.% SrO) compared to the strongly-
Chakrabarty, 2012) (Fig. 6). Late-magmatic pleochroic post-magmatic eudialyte (Table 4). In
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TaBLE 3. (contd.)

Clinopyroxene-II

21 22 23 24 25 26 27 28 29 30 31
SiO, 53.34 53.09 50.17 53.064 53.06 5328  53.18 5243 5203 5220 52.06
TiO, 0.22 0.34 0.19 0.26 0.43 0.33 0.46 0.45 0.14 0.22 0.11
Al O, 4.08 3.75 2.60 2.66 2.44 2.44 2.52 247 2.18 2.46 1.95
Cr,0, 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe,0, 26.98 27.18 5.35 25.60 27.35 2847 2793 2689 29.18 24.04 28.13
FeO 0.05 0.02 16.16 0.01 0.02 0.09 0.03 0.01 0.00 0.03 0.07
MnO 0.63 0.77 0.67 0.43 0.28 0.29 0.13 0.26 0.21 1.08 0.16
MgO 0.47 0.58 2.55 2.18 2.18 1.17 0.44 1.14 0.25 2.50 1.15
Zr0O, 0.15 0.29 3.85 0.12 0.11 0.02 0.02 0.01 0.03 0.00 0.00
CaO 0.93 1.08 14.00 3.21 1.74 1.90 0.42 1.84 0.49 6.02 2.08
Na,O 13.23 13.10 4.92 12.07 12.39 12.73 1348 12,59  13.17 10.63 12.38
K,0 0.01 0.01 0.09 0.01 0.01 0.03 0.01 0.02 0.00 0.01 0.00
Sum 100.09 100.24 100.55 100.20 100.01 100.74 98.62 98.11 97.68 99.19 98.09
Formula based on 4 cations and 6 oxygen atoms
Si 2.00 1.99 1.97 2.01 2.00 2.00 2.03 2.01 2.02 1.99 2.00
Al 0.18 0.17 0.12 0.12 0.11 0.11 0.11 0.11 0.10 0.11 0.18
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.76 0.77 0.16 0.72 0.78 0.80 0.80 0.78 0.85 0.69 0.76
Mg 0.03 0.03 0.15 0.12 0.12 0.07 0.03 0.07 0.01 0.14 0.03
Fe** 0.00 0.00 0.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.02 0.03 0.02 0.01 0.01 0.01 0.00 0.01 0.01 0.04 0.02
Zr 0.00 0.01 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.04 0.04 0.59 0.13 0.07 0.08 0.02 0.08 0.02 0.25 0.04
Na 0.96 0.95 0.38 0.88 0.90 0.93 1.00 0.94 0.99 0.78 0.96
K 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
mol.% end-members
Aeg 76 77 16 73 77 81 84 80 87 71 83
Jd 18 16 9 12 10 11 12 11 10 10 9
Ti-Aeg 2 3 13 2 2 2 3 3 1 0 1
Fe-Ts 0 0 0 0 0 0 0 0 0 0 0
Ti-Ts 0 0 1 0 0 0 0 0 0 1 0
Ca-Ts 0 0 0 0 0 0 0 0 0 0 0
Di 2 2 12 11 6 6 1 5 1 15 6
Hd 2 2 45 1 0 1 0 1 1 4 1
En 0 0 1 0 2 0 0 0 0 0 0
Fs 0 0 3 0 0 0 0 0 0 0 0

Aeg: Aegirine [NaFe’'Si,O], Jd: Jadeite [NaAlSi, O], Ti-Aeg: Ti-Aegirine [Na(Ti, sFe, 5,Si,05], Fe-Ts: Fe-
Tschermak [CaFe(FeSiOg)], Ti-Ts: Ti-Tschermak [CaTiAl,O], Ca-Ts: Ca-Tschermak [CaAl(AlSiOy)], Di: Diopside
[CaMgSi,0,], Hd: Hedenbergite [CaFe*"Si, O], En: Enstatite [Mg,Si,0,], Fs: Ferrosilite [Fe,Si,O].

general both the variants are enriched in Mn
compared to other reported occurrences of eudialyte
from the agpaitic nepheline syenites (Schilling et al.,
2011a; Aksenov et al., 2014) and comparable
with those of the late- to post-magmatic eudialyte
of the Pilansberg lujavrite and Norra Kérr metamor-
phosed agpaites (Mitchell and Liferovich, 2006;
Sjoqvist et al., 2013). However, both types are

partially- or completely-altered by the subsolidus
deuteric/hydrothermal process during the post-
magmatic stage.

Other minerals

Long needle-like prismatic crystals of rinkite
(510 um) are present as inclusions within late
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FiG. 5. (a) The composition of clinopyroxenes plotted in Y'Al/(V'Al + Fe®") — Na/(Na+Ca) diagram (after Curtis and
Gittins, 1979) showing an enrichment in aegirine content of Cpx-I from core to rim. In contrast Cpx-II plot within the
aegirine field similar to aegirine—jadeite (Ae—Jd) clinopyroxene of lakarpite of the metamorphosed Norra Karr alkaline
complex. Note jadeite enrichment from core to rim for zoned Ae-Jd clinopyroxene from grennaite, Norra Kérr. (b) Zoned
Ae-Jdrich clinopyroxene from metamorphosed Red Wine Mountain and Two Tom Lake Complex showing a reverse trend
of'jadeiitic core to aegirine rich rim. (¢) Jadeite rich clinopyroxene from Ilimaussaq alkaline complex showing remarkable
similarity with the Cpx-II of the Sushina. The arrow indicates core—rim compositional variation in all the diagrams.

magmatic eudialyte (Fig. 7) and rarely within relict primary phase (Chakrabarty et al., 2013).

albite. Such textural features indicate that rinkite Rinkite in these gneisses is rich in Nd and F and

predates these phases and is thus considered as a compositionally similar to those reported by
1174
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LB

FIG. 6. (a) Eudialyte macrocryst (Eud-I) associated with nepheline (Ne-II), albite (Ab) and clinopyroxene (Cpx-II).
Anhedral clinopyroxene (Cpx-II) is associated with eudialyte. Plane-polarized light image. (b) BSE image illustrating
eudialyte decomposition assemblage of pectolite—serandite (P/S), catapleiite/gaidonnyaite (C/G) and cerianite-(Ce)
[Cer-(Ce)]. Nepheline (Ne-II) adjacent to eudialyte is marginally altered to sodalite (Sdl). Elongated anhedral natrolite
grain associated with nepheline (Ne-II) is also present. (c¢) Post-magmatic eudialyte (Eud-II) occurring with a mesh-like
texture in association with extensively-corroded clinopyroxene (Cpx-II) and albite (Ab). Note that the difference in
pleochroism between late- and post-magmatic eudialyte in shades of pink. Plane-polarized light image. (¢) BSE image
showing the pervasive nature of natrolite (Ntr) cross cutting all precursor minerals illustrating its late-stage formation in
the overall paragenesis compared to major silicate phases such as orthoclase (Or), albite (Ab), clinopyroxenes and
eudialyte. Note that the post-magmatic eudialyte (Eud-II) overgrow the late-magmatic eudialyte (Eud-I).

Chakrabarty et al. (2013). In addition to rinkite,
various Nb- rich minerals such as nacareniobsite-
(Ce), marianoite and wohlerite are also found in the
agpaitic gneisses. Rare occurrences of arfvedsonitic

Secondary minerals formed by hydrothermal
processes

Post-magmatic eudialyte

amphiboles (<1 modal%) are also found in some
places in the gneisses (Fig. 8). These alkali
amphiboles are characterized by an elevated content
of Mn (>7 wt.% MnO, Table 5), and classified as
manganoan magnesio-arfvedsonite. They contain
inclusions of Cpx-I and are marginally-altered to
biotite. With respect to the Mn enrichment of both
the amphibole- and eudialyte-group minerals, we
consider these minerals were formed concurrently
during the late-magmatic stage.

The primary magmatic assemblage discussed
above is quite similar to those observed at the Norra
Kérr and Red Wine complexes, where more-
deformed, metasomatically-altered rocks are volu-
metrically dominant, while the least-altered rocks
with prominent igneous textures and mineral
assemblages are present as remnant patches
within envelopes of deformed rocks.
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As noted above, strongly-pleochroic eudialytes are
found to overgrow pre-existing late-magmatic
eudialyte (Fig. 6d). These eudialytes are generally
anhedral in habit and typically show a mesh-like
texture engulfing the pyroxenes (Cpx-II) and albite
(Chakrabarty, 2009; Mahato et al., 2013) (Fig. 4d).
A similar textural feature associated with eudialyte
is also reported from the lujavrite of the Pilansberg
complex by Olivo and Williams-Jones (1999).
Compositionally, post-magmatic eudialytes are
characterized by elevated contents of Mn (>8 wt.%
MnO), REE (>2 wt% REE,O;) and SrO
(>1.7 wt.% SrO) (Table 6, comp. 1-3).

Analcime

Analcime occurs as turbid anhedral grains and
reaction rims at the contact between nepheline and
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500 pm

FiG. 7. BSE image illustrating decomposition assemblages
pseudomorphing late-magmatic eudialyte macrocrysts
(Eud-I). Elongated needle shaped rinkite (Rnk) crystals
are present as inclusions within Eud-I. The decomposition
assemblage is mainly represented by pectolite—serandite
(P/S) and catapleiite/gaidonnyaite (C/G). Extensively-
corroded clinopyroxenes (Cpx-II) are also present within
the eudialyte decomposition assemblage. Chlorine
released by the decomposing eudialyte reacted with
adjacent nepheline (Ne-II) to form sodalite (Sdl). In
some places alteration of nepheline (Ne-II) to natrolite
(Ntr) also occurs. Note the catapleiite/gaidonnyaite
present within the eudialyte decomposition assemblage
and also as discrete grains.

albite grains (Fig. 3a,b). The composition of the
analcime (Table 7, comp. 1-5) approaches the ideal
stoichiometric ~ composition  of  NaAlSi,O -
H,O. Similar analcimes have been reported from the
Pilansberg (Mitchell and Liferovich, 2006) and Mont
Saint Hilaire complexes (Schilling et al., 20115b).

Natrolite

Natrolite is the latest aluminosilicate to form. It
corrodes and replaces all precursor feldspars, neph-
eline, aegirine and amphibole (Figs 6 and 7). In
places the replacement is so extensive that eudialyte
and its decomposition assemblages, represented by
pectolite—serandite solid solution and hilairite, are
also replaced by the late-forming natrolite (Fig. 6d).
Typically, all natrolite as seen in BSE images (Fig. 6)
appears to be anhedral in habit and has crystallized
along fractures in the replaced minerals.
Compositionally, natrolite is characterized by rela-
tively low analytical totals in the range of 88.52—
89.99 wt.% with 3.00-3.04 apfu Si; 1.81-1.89 apfu
Naand 2.01-2.05 apfu Al (Table 7, comp. 6-14), and
quite similar to the reported occurrences of late-stage
natrolite from the Pilansberg (Mitchell and

Liferovich, 2006) and Mont Saint Hilaire (Schilling
et al., 2011b) peralkaline complexes.

Sodalite

Sodalite is found typically in association with the
decomposition assemblage formed after eudialyte,
particularly where decomposing eudialyte released
CI™ ions which reacted with the adjacent nepheline
to form sodalite (Fig. 7). Compositionally, sodal-
ities are rich in C1~ (>7 wt.%, Table 8) and approach
the ideal formula of NagAlSiO,,Cl, with the sum
of the tetrahedrally-coordinated Si and Al cations
being close to the ideal value of 12. The Cl content
of the sodalite is quite high (close to ideal value of
2 apfu, Table 8) compared to other reported
occurrences, as in the Pilansberg (Mitchell and
Liferovich, 2006) and Mont Saint Hilaire (Schilling
et al., 2011b) complexes, reflecting the dominance
of the NaCl component in the fluid responsible for
the transformation of nepheline to sodalite.

Biotite

Minerals of the mica group are rare in the agpaitic
gneiss and found mainly replacing clinopyroxene
(Cpx-II) or manganoan magnesio-arfvedsonite
(Fig. 8). Compositionally, they are characterized by
relatively higher concentrations of Mn (>10.9 wt.%
MnO), Zn (1.28-1.46 wt.% ZnO) with low Fe/(Fe +
Mg) ratios ranging between 0.37 and 0.47 (Table 9).
According to the classification of Tischendorf et al.
(2007) these micas can be classified as trioctahedral
micas and are representative of the phlogopite —
annite series with YIAl> 0.5 and Mg x Li> 0.3. The
presence of Zn in these micas indicates an additional
minor hendricksite component together with phlogo-
pite and annite. However, for simplicity we prefer the
root name biotite (hereafter) which is commonly used
for trioctahedral micas between or close to the
annite—phlogopite and siderophyllite—eastonite joins
(Reider et al., 1998). Compositionally these biotites
are similar to the recrystallized primary biotites of
Nachit et al. (2005). However, textural features,
particularly replacement of pyroxene and amphibole
by biotite, clearly indicate that these biotites are
secondary and formed at a late stage relative to
pyroxene and amphibole.

Other minerals

Eudialyte found in these gneisses is typically
decomposed to a pectolite—serandite
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ol onag=neSe TABLE 5. Representative composition of manganoan
| S S MmN S s SS magnesio-arfvedsonite.
1 2 3
azg®e [ T892 Sio, 50.86 50.77 50.52
>l 32a23=2233 TiO, 0.01 0.02 0.02
ALO, 1.07 1.00 131
Cr,0, 0.00 0.00 0.00
Fe,0, 8.81 8.48 8.83
FeO 1.96 1.96 0.69
SV —mowVurs o MnO 7.02 7.40 8.26
* | 3SHR3S5323 MgO 11.94 11.89 11.94
CaO 0.50 0.58 1.07
Na,O 8.72 8.76 8.23
K,O0 1.45 1.44 1.47
H,O* 1.94 1.94 1.94
~ 228588378¢ Total 94.28 94.24 94.28
SO NVOoO oo o
Formula based on 23 oxygen atoms
Si 7.86 7.86 7.81
Al iv 0.14 0.14 0.19
3T 8.00 8.00 8.00
O =T RZ — — Al vi 0.05 0.04 0.05
R ID=0= PN PR S Put e it Ti 0.00 0.00 0.00
Cr 0.00 0.00 0.00
Fe’* 1.02 0.99 1.03
Fe?* 0.25 0.25 0.09
Mn 0.92 0.97 1.08
-l 282838 SRR Mg 2.75 2.74 2.75
SSmoocScoo YC 5.00 5.00 5.00
Ca 0.08 0.10 0.18
Na 1.92 1.90 1.82
B 2.00 2.00 2.00
Na 0.69 0.73 0.65
+ 8822288334 K 0.29 0.28 0.29
eenrearsee YA 0.98 1.01 0.94
OH* 2.00 2.00 2.00
Llsazze Bney *OH is calculated after Mogessie ef al. (2001).
SIS
[(NaCa,Si;O4(OH)-NaMn3 Si;O4(OH)]  assem-
blage (Table 6, comp. 4-6) together with diverse
T e sodian-zirconosilicates such as  catapleiite/
alggqna N 2ge gaidonnyaite  (Na,ZrSi;O42H,0) (Table 6,
. comp. 7-9) and hilairite (Na,ZrSi;04.3H,0) (also
see Mitchell and Chakrabarty, 2012). Other miner-
als found within the eudialyte decomposition
—en =m0 l0 o assembl.age inc.lude: .ce‘rianite-(Ce); pyrlochlore;
— —lSsTleczsee perraultite; ceriothorianite, together with rare
= - wadeite and celsian (Mitchell and Chakrabarty,
§ 2012; Chakrabarty et al, 2013). Goswami and
=~ Basu (2013) reported the occurrence of cancrinite,
® plerpontlltil and ;pld(()itz fron;‘ th(;s Varleftyhof aglt)lamc
] neiss, although we did not find any ot these phases
= CEE LT TV, . . i the alie

either as discrete grains or within the alteration
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TaBLE 6. Representative compositions of post-magmatic eudialyte, catapleiite/gaidonnayite and pectolite—

serandite.
Catapleiite/Gaidonnayite
Eudialyte (Eud) (C/G) Pectolite-Serandite (P/S)
1 2 3 4 5 6 7 8 9

Nb,O, 3.67 3.22 2.64 0.00 0.00 0.00 0.24 0.23 0.11
SiO, 46.43 46.65 47.34 47.50 47.48 47.78 52.24 51.99 52.30
TiO, 0.16 0.16 0.10 0.00 0.03 0.01 0.00 0.02 0.02
ZrO, 10.55 10.21 13.76 31.75 30.70 32.26 0.62 0.46 0.00
HfO, 0.09 0.00 0.10 0.31 0.41 0.22 0.00 0.00 0.00
AL O, 0.04 0.26 0.39 0.06 0.04 0.01 0.00 0.02 0.03
Y,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
La,O, 1.21 1.20 0.86 0.00 0.10 0.03 0.08 0.04 0.00
Ce, 0,4 1.01 1.15 0.67 0.02 0.14 0.07 0.08 0.11 0.01
Nd,O, 0.53 0.52 0.57 0.07 0.00 0.01 0.08 0.02 0.04
FeO 0.22 0.07 0.06 0.88 0.01 0.05 0.05 0.06 0.10
MnO 8.84 8.93 7.05 0.07 0.75 0.00 19.08 20.16 19.78
CaO 8.81 8.85 7.76 0.82 1.82 0.58 16.60 16.43 17.44
SrO 1.95 2.02 1.77 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 10.92 12.67 9.61 12.57 11.14 12.60 9.79 9.77 9.42
K,0O 0.47 0.45 0.40 0.06 0.10 0.09 0.03 0.00 0.02
F 0.19 0.03 0.34 0.63 0.57 1.00 0.15 0.00 0.00
Cl 0.54 0.52 0.47 0.01 0.05 0.00 0.04 0.02 0.00
Total 95.62 96.90 93.90 94.76 93.36 94.71 99.06 99.33 99.26
F=0 0.08 0.01 0.14 0.26 0.24 0.42 0.06 0.00 0.00
Cl=0 0.12 0.12 0.11 0.00 0.01 0.00 0.01 0.00 0.00
Total 95.42 96.77 93.65 94.49 93.11 94.28 98.99 99.33 99.26
Formula based on Y (Si+ Zr+ Ti+Nb + Al + Hf) =29 apfu (Eud), 9 (C/G) and 8.5 (P/S) oxygen atoms

Nb 0.90 0.79 0.62 0.00 0.00 0.00 0.01 0.01 0.00
Si 25.20 25.29 24.60 3.03 3.06 3.03 2.98 2.97 2.97
Ti 0.07 0.06 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Zr 2.79 2.70 3.49 0.99 0.96 1.00 0.02 0.01 0.00
Hf 0.01 0.00 0.02 0.01 0.01 0.00 0.00 0.00 0.00
Al 0.02 0.16 0.24 0.01 0.00 0.00 0.00 0.00 0.00
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
La 0.24 0.24 0.17 0.00 0.00 0.00 0.00 0.00 0.00
Ce 0.20 0.23 0.13 0.00 0.00 0.00 0.00 0.00 0.00
Nd 0.10 0.10 0.11 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.10 0.03 0.03 0.05 0.00 0.00 0.00 0.00 0.01
Mn 4.06 4.10 3.10 0.00 0.04 0.00 0.92 0.97 0.95
Ca 5.13 5.14 432 0.06 0.13 0.04 1.01 1.00 1.06
Sr 0.61 0.63 0.54 0.00 0.00 0.00 0.00 0.00 0.00
Na 11.50 13.31 9.69 1.55 1.39 1.55 1.08 1.08 1.04
K 0.33 0.31 0.27 0.01 0.01 0.01 0.00 0.00 0.00
F 0.32 0.05 0.57 0.13 0.12 0.20 0.03 0.00 0.00
Cl 0.50 0.48 0.41 0.00 0.01 0.00 0.00 0.00 0.00

assemblages associated with nepheline, albite or Discussion

eudialyte. Sporadic occurrences of Mn-rich spes-

sartine garnet were also noticed (Table 10) and have Agpaitic nepheline syenites are essentially formed
not been reported previously from these gneisses. from an extremely-differentiated parent mafic
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TaBLE 8. Representative compositions of sodalite.

1 2 3

SiO, 37.19 36.53 36.41
Al O, 31.07 31.52 31.20
FeO 0.01 0.02 0.01
CaO 0.01 0.11 0.11
Na,O 25.20 25.14 25.12
K,0O 0.05 0.03 0.03
Cl 7.40 7.14 7.26
Total 100.92 100.49 100.13
Formula based on 21 oxygen atoms

Si 6.04 5.96 5.98
Al 5.95 6.06 6.03
Fe 0.00 0.00 0.00
Ca 0.00 0.02 0.02
Na 7.93 7.95 7.99
K 0.01 0.01 0.01
Cl 2.04 1.97 2.02

magma having very low oxygen fugacity (Marks
et al., 2011 and references therein). In contrast to
the other less-reduced rock types such as miaskitic
nepheline syenites, or carbonatites, the low oxygen
fugacity commonly results in enrichment in a CH,,-
rich fluid phase in these rocks rather than a H,O—
CO,-rich fluid (Andersen, 1990; Hansteen and
Burke, 1990; Fall et al., 2007; Schonenberger and
Markl, 2008). The fractionating melts are enriched
in Na, Cl, F and other volatile species as none are
exsolved during the early magmatic stages. Such
Na, Cl, F-rich melts have higher solubilites for
high-field-strength elements (HFSE) such as Ti and
Zr and eventually crystallize typomorphic minerals
of the agpaitic systems such as eudialyte, ldvenite,
rinkite etc. (Serensen, 1997; Markl and
Baumgartner, 2002; Andersen ef al., 2010; Marks
et al., 2011). The agpaitic rocks have an extended
crystallization interval and the near-solidus tem-
perature can be as low as 500—400°C as seen in the
late-crystallizing agpaitic veins in the Ilimaussaq
complex (Markl and Baumgartner, 2002).
However, there is undoubtedly a continuum to the
hydrothermal stages. As a result it is difficult to
differentiate between the early-, late- and
post-magmatic (including subsolidus deuteric/
hydrothermal alteration) assemblages in these
rocks. The scenario becomes much more complex
when these rocks suffer metamorphism and/or
consanguineous metasomatism and deformation,
leaving only part of the relict igneous characters

1181

both in terms of their mineral assemblages and
textures.

The mineralogy of the Sushina agpaitic gneisses can
be subdivided into: (1) the primary-late magmatic
assemblage (feldspars + Ne-I + Cpx-I + rinkite + late-
magmatic/Eud-I + manganoan magnesio-arfvedsonite);
(2) a subsolidus deuteric/hydrothermal alteration
assemblage  (Ne-II + microcline + Cpx-II + post-
magmatic/Eud-II + sodalite + pectolite — serandite +
catapleiite/gaidonnyaite + hilairite + REE-rich phases
mainly cerianite-Ce, pyrochlore); (3) low-temperature
alteration assemblage (analcime + natrolite). The para-
genesis of these assemblages is discussed below.

Phase equilibria

The phase equilibria involving assemblage of
clinopyroxene, nepheline and alkali feldspar
provide estimates of the pressure, temperature and
silica activity during successive stages of mineral-
ogical evolution ranging from early- to late- and
post-magmatic stages, respectively. The pressure
estimate can be obtained considering the solid-solid
reaction involving nepheline, albite and the jadeii-
tic component of clinopyroxene:

NaAlSi;Og(Ab) + NaAlSiO, (Ne)
= 2NaAlSi,0,(Jd) (1)

Reaction 1 plotted in P-T space for appropriate
activity values using THERMOCALC software of
Holland and Powell (1998) shows that at 700°C the
equilibration pressure will be 2.7 kbar. Considering
the maximum stability field of the zeolite group of
minerals present within the low-temperature assem-
blage involving analcime and natrolite pressure can
be fixed at 3 kbar. Thus it can be presumed that the
equilibrium pressure during successive stages of
early- to late-magmatic and deuteric alteration was
~3 kbar. The temperature and silica activity during
these above mentioned stages can be calculated
from the reactions:

NaAlSiO,(Ne) + SiO, (aq) =NaAlSi,0,(Jd)  (2)
NaAlSiO,(Ne) +2Si0, (aq) =NaAlSi,O4(Ab) (3)
NaAlSi, 0, (Jd)+ SiO,(aq) =NaAlSi,O4(Ab)  (4)

For undersaturated rocks consideration of silica
activity as an aqueous phase is required for these
reactions. For the calculation of end-member
component activities from mineral formulae, the
solution models of Holland and Powell (1998) was
employed for the jadeite component of clino-
pyroxene and the activity of nepheline was calculated
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1 2 3 4 5 6

Si0, 36.24 35.75 36.28 36.40 36.05 35.90
TiO, 0.54 0.45 0.47 0.41 0.54 0.52
AlLO, 19.85 20.36 19.80 18.90 20.56 18.41
FeO 8.90 8.79 8.83 11.51 8.69 12.03
MnO 11.02 11.14 10.91 10.97 11.12 10.81
MgO 8.65 8.15 8.89 7.40 8.90 7.75
CaO 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 0.00 0.00 0.00 0.00 0.00 0.00
K,0 10.13 9.99 10.06 9.46 10.13 10.15
ZnO 1.45 1.46 1.32 1.43 1.42 1.28
H,0* 3.97 3.94 3.97 3.92 4.00 3.91
Total 100.75 100.03 100.53 100.40 101.41 100.76
Formula based on 22 oxygen atoms

Si 5.48 5.44 5.48 5.57 5.41 5.51
ALY 2.52 2.56 2.52 243 2.60 2.49
AM! 1.01 1.09 1.01 0.97 1.04 0.84
Ti 0.06 0.05 0.05 0.05 0.06 0.06
Fe 1.13 1.12 1.12 1.47 1.09 1.54
Mn 1.41 1.44 1.40 1.42 1.41 1.41
Mg 1.95 1.85 2.00 1.69 1.99 1.77
Zn 0.16 0.16 0.15 0.16 0.16 0.15
Y-Total 5.72 5.71 5.73 5.76 5.75 5.77
Ca 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00
K 1.95 1.94 1.94 1.85 1.94 1.99
X-Total 1.95 1.94 1.94 1.85 1.94 1.99
OH* 4.00 4.00 4.00 4.00 4.00 4.00
Total 19.67 19.65 19.67 19.61 19.69 19.76
Fe/Fe+Mg 0.37 0.38 0.36 0.47 0.35 0.47

*OH calculation is after Tindle and Webb (1990).

using  Ghiorso  (http://melts.ofm-research.org/
MELTSapplet.html). As albite is pure, the unit
activity of albite has been considered. The above
reactions (# 2-4) plotted in an activity-corrected
isobaric (3 kbar) T — dsio, diagram (Fig. 9) using
THERMOCALC software of Holland and Powell
(1998) indicate an invariant equilibrium relation
between these reactions, which was maintained
throughout the successive stages.

The early magmatic crystallization conditions
were determined using the compositions of non-
aligned zoned clinopyroxenes (Cpx-I) and the
least-altered nephelines (Ne-I) with largest
amounts of excess silica, which corresponds to
the highest temperature as deduced by Hamilton
(1961) (Fig. 3¢). Subsolidus deuteric/hydrothermal
conditions were determined using partially-altered
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nepheline (Ne-II) compositions and Ae-Jd rich
clinopyroxenes (Cpx-II) defining an incipient
gneissosity without any associated ecudialyte.
Additionally, a second stage of a subsolidus
deuteric condition was calculated using Cpx-II
and Ne-II, particularly those which are associated
with eudialyte (Eud-II) and related alteration assem-
blage of pectolite—serandite, hilairite, catapleiite/
gaidonnyaite and cerianite-(Ce).

Primary- to late-magmatic assemblage

The primary magmatic mineral assemblage is
represented mainly by the nepheline (Ne-I) present
either as inclusions or relict phenocrysts, feldspars
and diopsidic pyroxenes (Cpx-I). On the basis of
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agpaitic nepheline syenite. The early-magmatic
assemblages involving Ne-I and Cpx-I plotted in a
T — agp, diagram (Fig. 9) corroborates this

TaBLE 10. Representative compositions of spessartine.

1 2 temperature estimate (7'=726°C, ago, = 0.60).

- However, this temperature cannot be constrained
51,02 37.83 37.05 using two feldspar thermometry due to the pure end-
illo (2) 201' 0003 200'0907 member compositions of alkali feldspars (albite and
FeO ’73 508 orthoclase) without any significant anorthite com-
MnO 40.89 4046 ponent. Pure end-member compositions of albite
MgO 0.00 0.00 and orthoclase can be interpreted as a primary
CaO 0.87 0.74 magmatic signature similar to that of the litchfieldite,
a variety of subsolvus nepheline syenite (Mitchell,

Total 103.35 101.30 1996; Platt, 1996). However, considering the
Formula based on 12 oxygen atoms subsolidus assemblages formed after eudialyte
Si 3.01 3.00 decomposition, we consider that the Sushina
Ti 0.00 0.00 syenites are subsolidus nepheline syenites which
A13 . 1.97 2.00 have suffered extensive subsolidus re-equilibration
Eeﬂ 8(1)2 8(1)(6) below 500°C (discussed below). The presence of
an 2'7 6 2'77 microcline at orthoclase grain boundaries could be
Mg 0: 00 0: 00 either due to incomplete metamorphic re-equilibration
Ca 0.07 0.06 or due to post-magmatic microclinization during
mol.% end-members subsolidus alteration. Zoned pyroxene (Cpx-I) with
Almandine 6.0 5.4 a planar boundary between core and rim of diopside
Spessartine 91.6 92.5 — hedenbergite composition is characteristic of the
Pyrope 0.0 0.0 primary magmatic pyroxene without any appre-
Grossular 25 22 ciable amount of jadeite and aegirine (Fig. 4b).
Andradite 0.0 0.0 Evolution of these pyroxenes from a diopsidic core
Uvarovite 0.0 0.0 to an aegirine rim (Fig. 4a) is a feature of primary
magmatic pyroxenes in alkaline rocks (Platt, 1996;

Vuorinen et al., 2005; Mitchell and Liferovich, 2006;

nepheline thermometry it has been estimated that the Fall et al., 2007; Marks et al., 2008). Moreover, the
least-altered nephelines (Ne-I) were equilibrated at presence of Cpx-I as inclusions within the late-

¢. 700°C (Fig. 3¢) and considered to be the lowest formed Mn-rich magnesio-arfvedsonite (Fig. 8) also
temperature of crystallization of the precursor indicates formation of these pyroxenes during the

F1G. 8. Rare occurrence of arfvedsonitic amphibole (Amph) containing inclusion of Cpx-I in association with Cpx-II,

orthoclase (Or) and albite (Ab) shown in plane-polarized light (a) and BSE image (b). Note that these alkali amphiboles

are marginally-altered to biotite (Bt). The later paragenesis of natrolite (Ntr) is evident from its occurrence as thin veins
rimming and cutting across the alkali amphiboles.
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Fic. 9. Phase diagram related to various textural assemblages involving different generations of clinopyroxene and
nepheline from magmatic to deuteric subsolidus stages for Sushina agpaitic syenites (See text for discussion).

early stages of magmatic crystallization compared to
late-formed amphibole. Thus, paragenetically Cpx-I
is considered as primary magmatic in nature. This is
in agreement with the recent study of Giehl ez al.
(2013) which demonstrate that reduced and dry
conditions promotes crystallization of nepheline,
alkali feldspars, hedenbergite-rich clinopyroxene,
fayalite-rich  olivine with minor amounts of
ulvospinel-rich magnetite as found in a peralkaline
phonolitic dyke in the Ilimaussaq complex,
Greenland. However, the absence of olivine in the
Sushina agpaitic rocks indicates that the parent melt
was not reduced to the extent of the parent phonolitic
melt of the Ilimaussaq complex and more evolved
inhibiting magnetite and olivine crystallization (Giehl
etal.,2014).

Long needle-like rinkite inclusions within the
late magmatic Mn-rich eudialyte (Fig. 7) indicate
that these predate eudialyte (Chakrabarty et al.,
2013), and are the first typomorphic minerals
crystallized from the parent melt. This is in
agreement with the observation that CI partitioning
is preferred in the fluid phase relative to F resulting

in the crystallization of the rinkite (Aiuppa,
2009; Giehl et al., 2014) during early magmatic
stages.

Subsolidus deuteric/hydrothermal alteration
assemblage

The subsolidus deuteric or hydrothermal alteration
assemblage is represented mainly by the post-
magmatic eudialyte (Eud-II) and its decomposition
assemblages (both Eud-I and II). No veins or
pegmatites having similar mineralogical composi-
tions to those of the host agpaitic gneisses were
observed in and around the Sushina Hill complex,
and we consider that the fluid responsible for
eudialyte paragenesis, as well its decomposition,
was essentially a system-derived deuteric fluid.
Mesh-like textures related to Mn-rich eudialyte-II
engulfing and corroding early-formed pyroxene
(Cpx-II) are believed to be the characteristic
textural feature which indicates that the Eud-II
was formed late in the paragenetic sequence
compared to Cpx-II (Fig. 4¢). In general such
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F1G. 10. A generalized paragenetic sequence for the Sushina syenites illustrating the magmatic, subsolidus, metamorphic
and a very low-temperature assemblages as deduced from the textural relationships and compositions of the minerals of
the eudialyte-nepheline syenites. Numbers marked in Arabic numerals indicate possible reaction(s) of formation of the

individual species. (See text for discussion).

Mn-rich eudialyte usually forms during late- to
post-magmatic stages in agpaitic nepheline syenites
(Schilling et al., 2011a; Chakrabarty et al., 2012;
Mitchell and Chakrabarty, 2012). The onset of
eudialyte crystallization requires an elevated Cl and
Zr content of the evolving melt/fluid (Giehl ef al.,
2014). The absence of zircon and paucity of alkali
amphiboles in the agpaitic gneisses further sub-
stantiate that eudialyte was probably formed by the
following NaCl consuming reaction as described
by Marks et al. (2011):

3Zrn + 0-75Arfv + 0-25H,0 + NaCl + 18-5Si0,
+ 6Ca0 + 6-25Na,O0 = Eud-II + 0-75Aeg
6]
(Zrn: zircon; Arfv: arfvedsonite; Eud: eudialyte and
Aeg: aegirine).
This reaction also successfully explains crystal-

lization of more aegirine-rich pyroxenes (up to
87 mol.% in Cpx-II, Table 3) at the expense of

1

185

arfvedsonitic amphibole during the late- to post-
magmatic stage in association with Eud-II. This can
be further substantiated by the low concentration of
Fe in the eudialyte (Eud-I & II) as the majority of
the Fe was consumed during the formation of the
pyroxenes and alkali amphibole. In most nepheline
syenite complexes it has been determined that
following an initial enrichment in hedenbergite
component, the pyroxenes became progressively
enriched in Na and Fe*" leading to formation of
aegirine (Platt, 1996). This enrichment can arise at
any point in the evolutionary trend from diopside-
to hedenbergite-rich compositions. This in turn
implies that during the course of evolution, the fluid
phase associated with the parent melt became
progressively persodic and more reduced giving
rise to precipitation of arfvedsonitic amphibole,
aegirine and post-magmatic eudialyte (Eud-II)
(Markl et al., 2010). As the Na/(Na+ Ca) ratio of
the fluid increases with decreasing temperature, the
Ca-bearing clinopyroxene (diopside) becomes
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unstable and precipitation of Na-rich clinopyroxene
(aegirine) was enhanced at a lower temperature
(Giehl et al., 2014). This is in agreement with the
observed phase assemblage between Ne-II and
Cpx-II defining an incipient gneissosity without
associated eudialyte indicating an equilibration
temperature of 405°C with ag;, decreasing to 0.52
compared to the early- to late-magmatic stage (Fig. 9).

Crystallization of eudialyte marks an increased
H,O activity in the fluid. This is reflected in the
decomposition assemblage formed after eudialyte
(Mitchell and Chakrabarty, 2012) which is repre-
sented mainly by various hydrated sodium zirco-
nium silicates such as catapleiite/gaidonnyaite and
hilairite, together with pectolite—serandite, pyro-
chlore, cerianite-(Ce) and wohlerite (Mitchell and
Chakrabarty, 2012; Chakrabarty et al., 2013;
Mabhato et al., 2013). The stability of the natur-
ally-occurring pectolite is estimated to be in the
range of 359-250°C (Karup-Moller, 1969; Dutrow
et al., 2001). This is in agreement with the
calculated equilibration temperature of 348°C at
ago, = 048 involving Cpx-II, Ne-II found
within the eudialyte alteration assemblages of
pectolite—serandite, catapleiite/gaidonnyaite and
cerianite-(Ce) (Fig. 9). Cerianite-(Ce), marks a
change in the pH condition from more basic
towards acidic, i.e. prevalence of oxidizing
condition during the later stages of the fluid
evolution. This further confirms that the eudialyte
decomposition invariably took place above 400°C
as proposed by Chakrabarty et al (2013).
Compared to other agpaitic complexes, the
Sushina agpaitic gneisses are characterized by
limited occurrence of sodalite. Textural features
indicate that sodalite is only formed where
decomposing eudialyte released Cl and reacted
with adjacent nepheline by the reaction

6NaAlSiO,(nepheline) + 2NaCl(fluid)

= NagAl,Sig0,,Cl,(sodalite) ©
These partially-altered nephelines (Ne-II) with
immediate contact to sodalite and zeolite-group
minerals (analcime and natrolite) approach the
Buerger ideal stoichiometric composition of neph-
eline (Fig. 3). However, Ne-1I cannot be considered
as part of the subsolidus deuteric alteration
assemblage as they formed during a primary
magmatic stage. Perchuk and Ryabchikov (1968)
demonstrated that alkaline rocks are susceptible to
very low-temperature syngenetic metasomatic
processes including microclinization of high
temperature orthoclase and albitization. If this
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occurs below 500°C, feldspar will be near end-
member composition and nepheline will approach
the Morozewicz—Buerger convergence field. This
is in accordance with the observed temperature
window between 405°C and 348°C demonstrating
that subsolidus alteration might have taken place
below 500°C. In general, decomposition of
eudialyte to pectolite—serandite and various
sodian-zirconosilicates  (catapleiite/gaidonnyaite
and hilairite) indicate an increase in ay,q and in
such conditions sodalite is unstable (Giehl et al.,
2014). This explains successfully the paucity of
sodalite in the Sushina agpaitic rocks within the
deuteric/hydrothermal assemblage. Moreover, the
abundance of water-rich sodian-zirconosilicates in
accord with the theoretical phase diagrams of
Andersen et al. (2010) suggests that catapleiite
should replace zircon and eudialyte at higher H,O
activities. Increasing activity of water can also be
substantiated by the replacement of pyroxene and
amphibole by late-formed manganoan biotite.

Spessartine is a less common species among the
garnet group of minerals, and metasomatic spessartine
is reported from many granites and aplites. The best
example is the South Mountain Batholith, Nova
Scotia where it was formed between 500°C and
550°C (Kontak and Corey, 1988). Synthetic
spessartine can be produced readily in the range
of 410-900°C at 0.5-3 kbar water pressure but
becomes increasingly hydrated at temperatures
>600°C (Deer et al., 1992). Spessartine formation
requires elevated concentrations of Mn and AL
Crystallization of Mn rich eudialyte during the late —
post magmatic stage facilitate such conditions and
spessartine was probably formed under these
conditions. Moreover, our data do not correspond
to the hydrated nature of the spessartine and can be
assumed that the spessartine was formed close to
400°C.

Overall the magmatic and subsolidus assem-
blages are quite similar to those found in the
arfvedsonite-bearing nepheline syenite (lakarpite)
and eudialyte-catapleiite-bearing nepheline syenite
(grennaite) at the Norra Kérr agpaitic complex. The
remnant patches of magnesio-arfvedsonite together
with albite, orthoclase and nepheline shielded by
the assemblage of more-deformed eudialyte-
catapleiite-aegirine-bearing syenite at Sushina are
very similar to those found at the Norra Kérr
complex. A similar feature is also observed at the
Red Wine complex, where more-deformed and
metasomatized gneisses girdle less-deformed
cudialyte-bearing agpaitic nepheline syenites in
which relict igneous textures are preserved.
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Origin of aegirine—jadeite (Ae—Jd)-rich
pyroxene

which can be approximated as

The origin and stabilization of the aegirine—jadeite-
rich Cpx-II merits further discussion in the present
study in context to similar occurrences in meta-
morphosed alkaline complexes of Norra Kairr
(Adamson, 1944), Red Wine (Curtis and Gittins,
1979) and Nkonglong (Kornprobst et al., 1976) in
comparison to unmetamorphosed aegirine 1ljavrite
of the Ilimaussaq alkaline complex (Markl et al.,
2001). It has been argued that in metamorphosed
agpaitic complexes, amphibolite-facies meta-
morphism leads to formation of an Ae-Jd pyrox-
ene, whereas miaskitic rocks are characterized by
the formation of aluminian aegirine-augite and
omphacitic pyroxene (Woolley et al, 1996).
However, other than Ae-Jd pyroxene no other
metamorphic minerals were reported from these
localities. As discussed earlier, at Norra Karr
clinopyroxene in highly schistose grennaite is
more jadeiitic (Aeg,Jd;g—Aeg Jd ) than non-
schistose lakarpite (Aeg,Jd;—AesgJd,;) and
zoned clinopyroxene of the grennaite show
jadeite enrichment from core to rim (AeggJd,, —
AegsJd,y,) (Mitchell, unpublished data) (Fig. 5a).
However, preservation of natrolite, pectolite within
grennaite and lakarpite, probably indicate a meta-
somatic event at a late stage consanguineous with
Mn-rich eudialyte precipitation from the meta-
somatic fluid. In contrast, zoned clinopyroxenes of
the Two Tom Lake and Red Wine complexes show
a completely reversed trend, i.e. jadeiitic core and
aegirine-rich rim (Ae,oJdgg — Aesgld;) (Mitchell,
unpublished data) (Fig. 5b). Furthermore, aegirine
in lujavrite from the metamorphism-free Illimaussaq
alkaline complex in general contains 6—7 mol.% of
jadeite and may reach up to Ae;,Jd,5 (Type 3-Cpx,
Markl et al., 2001) (Fig. 5c¢). Thus, it is not
obvious that metamorphism of agpaitic rocks can
lead to the formation of Ae-Jd pyroxene. In
general, pure jadeite is a characteristic mineral
for the rocks of blueschist-facies metamorphism.
However, jadeite can be formed in a silica
deficient environment at a pressure of <5 kbar
with temperature c. 700-350°C by the reactions
# 1-2 depending on the activity of silica (Yoder
and Weir, 1951; Adams, 1953; Robertson et al.,
1957; Coleman, 1961; Hlabse and Kleppa, 1968;
Markl et al., 2001). This jadeite component can
be incorporated into clinopyroxene by a jadeite-
like substitution at relatively low pressure in
silica-undersaturated rocks by a model reaction
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‘Clinpyroxene’ + NaAlSi, Oy
= Na-Al-rich pyroxene @)

(Bell and Kalb, 1969; Popp and Gilbert, 1972;
Upadhyay, 2012). At lower temperatures with
increasing water activity reaction 1 may promote
analcime formation rather than jadeite. This
indicates that the formation of jadeite essentially
took place under water-deficient high-tempera-
ture conditions at least above the temperature of
zeolite-facies metamorphism (>250°C), and in
accord with the calculated equilibration tempera-
ture of 348°C where both analcime and Ae-Jd
pyroxene were in equilibrium as observed in this
study. Schilling et al. (20115b) also reported the
formation of Ae-Jd pyroxene at subsolidus
conditions from a low-silica fluid at a tempera-
ture ¢. 500°C from the Mont Saint Hilaire
Complex. This clearly demonstrates that the
jadeite formation and subsequent incorporation
in clinopyroxene can occur during metasomatism
involving a highly alkaline and low-silica fluid
at relatively low pressure and temperature. This
is in agreement with the jadeite enrichment at
relatively low agi, (0.52-0.48) during a sub-
solidus deuteric stage compared to an early- to
late-magmatic stage (0.60) within a temperature
window of 400-348°C at Sushina. Moreover,
retention of pectolite within the eudialyte
decomposition assemblage could move the
stability field of pectolite—serandite up to at
least 400°C. This is also in accord with the
estimated temperature of eudialyte decompos-
ition at c¢. 400°C under highly alkaline condi-
tions at Sushina (Chakrabarty et al., 2013). The
entire P-T window starting from the early- to
late-magmatic through subsolidus deuteric stages
overlap with the greenschist-lower-amphibolite
facies of metamorphism and consanguineous
deformational event in the agpaitic rocks of the
Sushina Hill Complex. This further implies that
the incorporation of the jadeiitic component in
pyroxene could be related to an extended
subsolidus process at very low temperature (up
to 348°C) rather than as a metamorphic process
as described earlier (Goswami and Basu, 2013).
It is most probable that during such a relatively
low-temperature  process, any accompanying
deformation could result in preferential align-
ment of the mafic (pyroxene) and felsic minerals
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(feldspars), eventually resulting in an overall
gneissosity in these rocks.

Low-temperature assemblage

The zeolite group of minerals are represented by
analcime and natrolite. Textural investigation
reveals that analcime is mainly restricted to the
nepheline-albite grain boundaries while natrolite is
more pervasive and found to be replacing nephel-
ine, albite and in places sodalite (Figs 3 and 6d).
Analcime is found to be formed at the expense of
nepheline and albite (Fig. 3a) through the probable
reactions

NaAlSiO,(Ne) + NaAlSi,O4(Ab) + H,0
= 2NaAlSi, 0, - H,O(Anl) (8)
NaAlSi;04(Ab) + H,0
= NaAlSi,O, - H,0(Anl) + SiO,(aq)  (9)
NaAlSiO,(Ne) + SiO,(aq) + H,0
= NaAlSi, 0, - H,0(Anl) (10)

Fluids which are responsible for the precipitation of
zeolite-group minerals can be either the same
deuteric fluid which caused eudialyte decompos-
ition or originate from an extraneous source.
Analcime can form at higher temperature relative
to natrolite as found in blairmorites, where
analcime macrocrysts are formed at 500°C
(Henderson et al., 2014). This seems reasonable
as analcime is found to be associated with
nepheline (Ne-II) and Ae-Jd pyroxene (Cpx-II) at
subsolidus temperature between 400°C and 348°C
with nepheline and albite. This probably continued
beyond 348°C as analcime is found within the
decomposition assemblage formed after eudialyte.
Considering the greenschist- to lower-amphibolite-
facies metamorphism around the Sushina Hill
complex, it can be inferred that natrolite formation
came last in the mineral paragenesis and well after
the peak metamorphic event. With further decreas-
ing temperature (<348°C) natrolite becomes stable
together with analcime at the expense of nepheline
and albite through the reactions:

2NaAlSiO,(Ne) + SiO,(aq) + 2H,0(aq)
= Na,Al,Si;0,, - 2H,0(Ntr) (11)
2NaAlSi,O4(Ab) + 2H,0
= Na,Al,Si;0,, - 2H,0(Ntr) + 3Si0,(aq) (12)
2NaAlSi, 0, - H,0(Anl)
= Na,ALSi;0,, - 2H,0(Ntr) + SiO,(aq)  (13)
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In contrast, Schilling et al. (2011b) reported that
natrolite is the sole zeolite mineral stable at lower
temperature (250°C) and analcime forms later in
these parageneses below 150°C. This implies that at
lower temperatures the analcime stability field will
expand at the expense of natrolite (see fig. 19d of
Schilling et al. 2011b). However, at Sushina,
natrolite veins dominant over analcime, not only
in the agpaitic unit, but also in the associated
miaskitic and albitite, cross-cutting all precursor
aluminosilicates (Mahato et al. 2013). This is in
agreement with late-stage paragenesis of natrolite
compared to analcime at further low temperatures, a
case similar to the Pilansberg complex (Mitchell
and Liferovich, 2006).

As this stage may be characterized by infiltration
of an external fluid of diverse composition
indicating an open system behaviour, it is not
pertinent to construct phase diagrams for this late
stage without characterizing the nature and com-
position of this fluid.

Conclusion

Our investigation of the magmatic, subsolidus
deuteric/hydrothermal and further low-temperature
assemblage in the Sushina agpaitic gneisses yields
the following conclusions which are summarized in
Fig. 10. The parent melt of the precursor agpaitic
syenite was enriched in volatiles such as Cl, F
together with LILE and HFSE, resulting in the
formation of primary magmatic nepheline, alkali
feldspars, diopsidic pyroxene (Cpx-I), rinkite and
late-magmatic eudialyte (Eud-I). The estimated
lowest temperature of crystallization was found to
be ~700°C. With decreasing temperature the
primary magmatic assemblage has undergone
extensive subsolidus low-temperature (~400°C)
equilibration with Na- and Cl-rich deuteric fluid
causing superposition of the subsolidus assemblage
over the magmatic assemblage. The initial stage of
the subsolidus assemblage (Stage — I, Fig. 10) is
characterized by the precipitation of post-magmatic
cudialyte (Eud-II) and aegirine—jadeite-rich clino-
pyroxene (Cpx-II) from the evolving deuteric fluid.
The onset of eudialyte crystallization marks an
increase in the Na/Cl ratio of the deuteric fluid and
together with activity of H,O and represents an
increasing alkalinity stage. The next stage (Stage —
II, Fig. 10) of the subsolidus alteration is repre-
sented by the decomposition assemblages formed
after eudialyte. Formation of pectolite—serandite
together with diverse sodian-zirconosilicates at this
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stage indicates an increase in the water activity of
the evolving deuteric fluid. Precipitation of cer-
ianite-(Ce) at lower (~348°C) temperature marks a
change in pH condition and in redox conditions
from reducing to oxidizing. This stage can be
described as a decreasing alkalinity stage. The
entire assemblage of the magmatic-to-subsolidus
deuteric stage is well within the range of calculated
temperature 700°C—348°C and hence the entire
assemblage is retained even after undergoing
greenschist to lower-amphibolite metamorphism
at Sushina. However, retention of low-temperature
assemblages represented by the natrolite probably
indicate retrogressive phases of this metamorphic
event or continuation of the subsolidus process
below 250°C. The source of this very late-stage
fluid cannot be identified conclusively due to lack
of stable isotope data. However, increasing silica
content in the fluid probably indicates that the fluid
might be derived from an external source and
different from the deuteric fluid.

Due to the overlapping relationship between the
magmatic-to-subsolidus process and consanguin-
eous metamorphic-deformational event, gneissosity
is developed within these rocks, but they have
retained the majority of their igneous textures such as
zoned diopsidic clinopyroxene with planer bound-
aries separating core and rim, and most importantly
an overall megacrystal-to-hypidiomorphic granular
texture. Our study demonstrates successfully that
metamorphism of agpaitic rocks up to lower-
amphibolite facies does not perturb the decompos-
ition assemblage formed after eudialyte. This is
possible only when the deuteric fluid itself acted as
an agent for metamorphism and retained the
majority of the subsolidus assemblages making
distinction difficult between the magmatic and
metamorphic mineral assemblages in metamor-
phosed agpaitic rocks. Furthermore, the gneissose,
folded and sheared character of the Sushina agpaitic
syenites correspond to the deformed nature of the
complex. We emphasize the usage of the termin-
ology ‘metamorphosed’ with caution for the Sushina
agpaitic syenites as they lack true metamorphic
assemblages. Because of the resemblance between
the agpaitic rocks at Sushina and Norra Kérr in terms
of mineralogical and textural features, our hypoth-
esis could be extended to the latter complex which is
considered in the literature as a metamorphosed
peralkaline complex. An extensive metasomatized
zone around most of the metamorphosed peralkaline
complexes (Red Wine, Norra Kirr) is noteworthy
and requires an in-depth re-examination in terms of
magmatic-hydrothermal and metamorphic

assemblages to decipher the extent and effect of
these individual processes for these complexes.
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