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ABSTRACT

In this thesis I present the stable and radioisotopic study of six Mesozoic carbonatite-
alkaline complexes of India. (Amba Dongar, Mundwara and Sarnu-Dandali complexes
of Deccan Flood Basalt Province, and Sung Valley, Samchampi and Swangkre of
Assam-Meghalaya Plateau). This work is aimed at understanding the nature of mantie
source regions, origin and evolution of carbonatites in general and the Mesozoic Indian
complexes in particular. The geochemical tracers used for this purpose are stable
carbon and oxygen isotopes, strontium isotopes and trace elements. In order to find
out the emplacement ages of two of these complexes (Amba Dongar and Sung Valley),
1 have used *°Ar-**Ar method of dating. Theoretical models have also been developed
to understand the isotopic and trace element effects generated by different magmatic
and postmagmatic processes such as liquid immiscibility, crustal contamination,

fractional crystallization and secondary alteration in carbonatites and associate alkaline

rocks.

The results of this study revealed some important facts about the carbonatite-alkaline
magmatism in general. I got an evidence for incorporation of recycled crystal carbon in
carbonatites. Such a conclusive evidence was not available before because of the

difficulty in deciphering the primary carbon isotopic composition of the carbonatite

" magma. Spatial and temporal relationship, and Sr isotopic ratios suggest that

carbonatites and alkaline rocks are genetically related. This work also revealed that
liquid immiscibility is probably the underlying process in generating carbonatites and
associated silicate rocks. Modelling the effects of combined liquid immiscibility,
fractional crystallization and crustal contamination, on strontium isotope systematics, I

found that the carbonatites do not preserve the effects of crustal contamination,

_ whereas alkaline rocks do. Rare earth element study in Amba Dongar complex also

supports the generation of carbonatites and associated alkaline rocks by liquid
immiscibility. Stable carbon and oxygen isotopic study of carbonatites revealed that the
8"*C and §'®0 variations of uncontaminated and unaltered carbonatites are a result of

fractional crystallization of these rocks from fluid rich magmas. A theoretical model



has been developed in this work to treat C and O isotopic fractionation during such a

process.

Amba Dongar and Sung Valley complexes have been dated to 65.0 Ma and 107.0 Ma,
respectively These ages along with their Sr isotopic ratios suggest their derivation from
Reunion and Kerguelen plumes, respectively. Stable isotopic studies in the three
carbonatite-alkaline complexes of Deccan province suggest that these complexes were
derived from isotopically average mantle except a particular group of calcite
carbonatites of Amba Dongar, which shows evidence of incorporation of recycled
crustal carbon. The strongest evidence of this kind of incorporation comes from the
§°C and 50 values of the primary magmas for the complexes of Assam-Meghalaya
Plateau. Extreme variations of 8°C and §'*0 of carbonatites in all the complexes have

been found to be a result of low temperature alteration processes involving CO;

bearing aqueous fluids.
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CHAPTERI1

INTRODUCTION

Rocks derived from Earth's mantle and exposed on the crust allow us to learn about
the mantle, its properties, physico-chemical processes occurring therein and its
evolution thorough time. Carbonatites are such mantle derived rocks. Though
carbonatites represent <1% of all the magmatic rocks, they have attracted much
attention” because of their unusual physical and chemical properties. These are
carbonate rich (>50 wt%) rocks characterized by high abunglances of Sr, Ba, Zr, Nb, -
‘Th and rare-carth elements (Barker, 1996). These have been observed both in
continental and oceanic plates, and occur in various types of tectonic settings.
Continental ~ carbonatites  are ~ commonly  associated  with  alkaline
(nephelinitic/kimberlitic) igneous provinces. Exéept the Na-rich carbonatites of
Oldoinyo Lengai (an active carbonatite volcano, Tanzania), all the carbonatites of the

world are Ca-rich carbonatites.

Being rich in carbonates, carbonatites are probably the best samples to study the
mantle carbon inventory. Apart from this, the study of carbonatites and associated
alkaline rocks can give iniporta.nt clues to many mantle and crustal processes such as
melt extraction, recycling of crustal material, mantle metasomatism, mantle degassing,
and silicate-carbonate liquid immiscibility. The present work focuses on six Mesozoic
carbonatite-alkaline complexes of India. Specifically, the results obtained from stable
and radioisotopic studies carried out in these complexes are presented and discussed
with an aim to contribute to a better understanding of their mantie source regions and

the evolution of the rocks present in these complexes through time.

1.1. CARBONATITES AND ALKALINE ROCKS

1.1.1. General Features

Carbonatites rarely occur in isolation and except a few cases, where these are
associated with kimberlites (e.g., Saltpetre Kop and Premier Mine, South Africa), are
almost always associated with silica-undersaturated nephelinitic rocks (LeBas, 1984).

Carbonatite-alkaline complexes usually occur in continents and rarely in oceanic plates
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(e.g., Cape Verde and Canary Islands; LeBas, 1984) and have been observed in
association with rift valleys, major faults, fold belts and plate margins (Wooliey, 1989).
Most of the carbonatite-alkaline complexes display oval or semicircular outline in a
plan view, alkaline rocks constituting more than eighty percent of the total volume.
Different lithological units in these complexes may be related either to their erosion
level or their emplacement level within the crust (Santos and Clayton, 1995). Hence,
carbonatite alkaline complexes may show characteristics of deep-seated plutons or
subvolcanic intrusions or volcanic provinces. Fenitization of country rocks is a

common feature around the carbonatites in all carbonatite complexes.

Carbonatites, by definition, are igneous rocks, which contain more than 50% by weight
of carbonate minerals. If the carbonate is calcite, the rock is a calcite-carbonatite.
Dolomite-carbonatite or beforsite is a carbonatite with dolomite as the major carbonate
mineral. Ferrocarbonatite is essentially composed of iron-rich carbonate minerals
(ankerite, siderite etc.). Natrocarbonatite, only found as an extrusive product, is
composed of sodium-potassium, calcium carbonates. Carbonatites which have mixtures
of different carbonate minerals are commonly named according to the established rules
for quantitative composition of rocks at the 10-50-90% boundaries (Woolley and
Kempe, 1989). In absence of modal analysis, chemical analysis can be used to name a
| carbonatite. If [Ca0] : [CaO + MgO + FeO + Fe;0; + MnO)] is greater than 0.8, then
.the rock is a calciocarbonatite; if it is less than 0.8 and {MgO] > [FeO + Fe,O; + MnO]
it is a magnesiocarbonatite, but if [MgO] < [FeO + Fe,O; + MnO] it is a
ferrocarbonatite (Woolley and Kempe, 1989).

The alkaline rocks of carbonatite complexes are generally olivine-poor nephelinites and
phonolites or their plutonic equivalents. Sometimes these rocks can be very diverse in
their composition in a given complex and may show effects of fenitization as a result of

carbonatite emplacement.

1.1.2. Origin of Carbonatites
The origin of carbonatite-alkaline complexes is still a matter of debate. Several

scenarios have been proposed. to explain this. In general, these hypotheses attribute the
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formation of carbonatites to: (1) direct partial melting of mantle (Green and Wallace,
1988; Dalton and Wood, 1993; Sweeney, 1994); (2) fractional crystallization of
carbonated silicate melts (Wyllie, 1987); or (3) carbonatite-silicate liquid immiscibility
(LeBas, 1977; Kjarsgaard and Hamilton, 1989). Studies (ficld as well as experimental)
have shown that none of the scenarios can uniquely explain the formation of
carbonatites observed in nature. The hypothesis of direct melt, although explains many
usual properties of carbonatites, fails to explain the observed association of alkaline
silicate rocks with the carbonatites. Liquid immiscibility may be the most important
mechanism for the evolution of carbonatites and alkaline rocks but laboratory '
experiments to test this hypothesis although demonstrate that the carbonatite and
silicate magmas are immiscible, do not necessarily prove that they are of a common

parentage (Gittins, 1989).

1.1.3. Mantle Source Regions

The question regarding the nature of mantle source regions of carbonatites has been
mainly addressed by the study of radiogenic isotope systematics (Rb-Sr, Sm-Nd and U-
Th-Pb). As the carbonatites are highly enriched in Sr, Nd and Pb relative to the crﬁst,
the isotopic ratios involving these elements are relatively insensitive to the crustal
contamination and hence the isotopic ratios must reflect those of the mantle source
regions. Most isotopic studies of Sr, Nd and Pb in carbonatites younger than 200 Ma
have shown that the data generally plot in the fields of ocean island basalts (OIB) in
isotope correlation diagrams. (Fig.1.1 and Fig.1.2) (Bell et al, 1982; Bell and
Blenkinsop, 1987; Nelson et al., 1988; Kwon et al., 1989; Tilton and Bell, 1994) and
carbonatites older than 2.0 Ga show signatures of a much more depleted mantle
(Barker, 1996) (Fig.1.2). In particular, Tilton and Bell (1994) showed that younger
carbonatites (< 200 Ma), in a plot of initial ¥’Sr/**Sr versus **Pb/”™Pb (Fig.1.3) fall in
an array between EMI and HIMU mantle end-members reflecting the enriched nature
of their source regions and older carbonatites (between 0.2-Ga and 2.0 Ga) show
trends of increasing diversity and more highly radiogenic sources (Barker, 1996)
(Fig.1.3). In an earlier study Bell and Blenkinsop (1987) had proposed lithospheric
origin for the carbonatites and later Barreiro and Cooper (1987) proposed a

metasomatized lithospheric mantle as the source region of carbonatites.
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Fig. 1.1, e, (T) versus initial ¥ Sr/°Sr Jor young (<200 Ma) carbonatites compared
with the fields of MORB and OIBs. The €ng (T) values were calculated using:
"Nd/*“Nd = 0.512638, and 'Sm/**Nd = 0.1967. MORB and OIB data are from
Rollinson, (1993) -a compilation. Carbonatite data are from Bell and Blenkinsop
(1989) and Simonetti et al. (1995). Symbols: open circles = African carbonatites;
open diamonds = Australian and New Zealandian carbonatites; open triangle =
European carbonatites; filled square = Amba Dongar carbonatite, India; and filled
triangle = South American carbonatites.
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(1994); and Simonetti et al. (1995).
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Fig. 1.3. itial ¥Sr/°Sr versus initial *®Pb/’”Pb for carbonatites plotted with
different mantle-source end-members (EM I = Enriched Mantle I, EM Il = Enriched
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by Hart et al. (1992). Symbols: open diamond = carbonatites with ages < 200 Ma;
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a hypothetical mixing curve between EM I and HIMU and dashed curve is the Bulk
Earth (BE) evolution curve of Kwon et al. (1989) which is labeled with age in Ga.
Data Source: Barker (1996).

However, increasing evidence from younger carbonatites, particularly from Pb isotope
systematics, suggests an asthenospheric origin for these rocks (Nelson et al., 1988;
Kwon et al., 1989). At this juncture, with the available data, it is difficult to decipher

éxactly whether carbonatites are lithospheric melts or asthenospheric melts.
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Earlier it was believed that carbonatites remove the juvenile carbon that is locked
inside the earth's mantle. However, more and more evidence has been accumulating
that the crustal carbon is recycled into the mantle through subduction and this recycled
carbon may feed the carbonatite magmas (Nelson et al., 1988; Hauri et al. 1993;
Barker, 1996). The process by which mantle carbon gets incorporated into the
carbonatite is not clearly understood. Stable carbon and oxygen isotopic compositions
- have been used to understand such processes and to characterize the source regions of
carbonatite magma. The observed variation of 8'>C in carbonatites does not clearly
indicate the involvement of recycled material in the formation of carbonatite magma
(Barker, 1996). This is probably because the initial mantle isotopic signature gets
modified during and after the emplacement of carbonatite magma by ‘'magmatic’ and
'‘secondary alteration’ processes. Barker (1996) suggests that the observed §°C
variation is a result of a multi-step process involved (from subducted crust to solidified
carbonatite) in the generation of carbonatite magma. However, most authors believe
that with proper identification of the isotopic effects generated by different processes,
one can find out the isotopic composition of the source region énd the signatures (if

any) of the recycled carbon.

1.2. INDIAN CARBONATITE-ALKALINE COMPLEXES

The carbonatite complexes of India have been reviewed by Sukheswala and Viladkar
(1978) and Krishnamurthy (1988). These complexes (about 18 in number) occur in five
t_iistinct structural regimes (Fig. 1.4) associated with major rift systems and fold belits
(Krishnamurthy, 1988). With the present chronological status, these complexes can be
broadly grouped into two: (1) Precambrian carbonatites, all of which, except Newania,
are present in the southern Indian Craton (Fig. 1.4); (2) Mesozoic carbonatites, which
are present in the Deccan flood basalt province in the west and in the Assam-
Meghalaya plafeau in the east. Apart from the established carbonatite complexes (those
shown in Fig. 1.4), there have been reports of small carbonatite occurrences (Ghosh
Roy and Sengupta, 1993; Ramaswamy, 1996) from different parts of the country, but

these have not yet been rigorously proved to be carbonatites.
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Fig. 1.4. Map of India showing the approximate locations of carbonatite-alkaline
complexes (solid circles) and the extent of Deccan Traps (dotted region),
Rajmahal (R) and Sylhet Traps (S) (area marked with crosses). The five structural
regimes of Krishnamurthy (1988} are : (1) Eastern Ghat Belt; (1) Narmada-Son
Fracture Zone (NSFZ) and Cambey Graben (CG); (I1}) Aravalli; (1V) Dauki Fauit
System (DF); and (V) Godavari Fracture Zone (GFZ). F-F : charnokite- non
charnokite boundary. Carbonatite complexes are numbered in the sequence as
they appear in Table 1. 1. ( Figure modified from Krishnamurthy, 1988 ).
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Except Newania carbonatite of Rajasthan and Khambamettu carbonatite of Tamil
Nadu, all other carbonatites of India are associated with alkaline silicate rocks. Chelima
carbonatite of Andhra Pradesh is the only Indian carbonatite which‘is associated with
Kimberlite (Sen and Rao, 1967). The nature of magmatism in Indian carbonatites
varies from volcanic to plutonic. Most of the Mesozoic carbonatite alkaline complexes
have volcanic to subvolcanic rock associations, whereas all the Precambrian complexes
show plutonic rock associations. Calcite carbonatite is the major variety of carbonatite
in all the Indian complexes except the Newania complex, where dolomite carbonatite is
the major variety. Ferrocarbonatites and dolomite carbonatite are minor in many of
these complexes. The nature of fenitization, like other carbonatite complexes of the
world, varies from potassic to sodic depending on the depth of intrusion of these
complexes. Table 1.1 gives a list of all the carbonatite complexes of India, their
emplacement ages, types of carbonatite found in them, associated alkaline rocks and

types of fenites observed along with the references from which these information have

been taken.

Table 1.1. Indian Carbonatite Alkaline Complexes

Locality Age Type of Associated Type of References
(Ma) Carbonatite Alkaline fenite
Rocks
Amba 65'* Calciocarbonatite Tinguaite, Sodic and  Viladkar, 1981;
Dongar, and Nephelinite, Potassic  Srivastava, 1994
Gujarat | Ferrocarbonatite ~ and Phonolitic-
(1) Nephelinite
Mundwara, 68.5 Calcio- Pyroxenite, Potassic Subrahmanyam
Rajasthan carbonatite Alkaline and
(2) Gabbro, and Leelanandam,
Syenite 1989, 1991;

Basu et al., 1993

Sarnu- 68.5" Calciocarbonatite Pyroxeniie, Sodic

Chandrasekaran
Dandali, ite, ljoli
andali and Syenite, jolite, et al., 1990
Rajasthan Ferrocarbonatite and Basu et al., 1993
3) Nephelinite

contd.
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Meghalaya
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Swangkre, equival-
Meghalaya ent of
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Samchampi, "
Assam
©
Samalpatti, 700°
Tamit Nadu
M
Munnar, 740°
Kerala
®
Sevattur, 770°
Tamil Nadu
L))
Pakkanadu, 771°
Tamil Nadu
_an)
4 959°
1340
1490

Calciocarbonatite
and Magnesio-

carbonatite

Calciocarbonatite

Calciocarbonatite,
Magnesio-
carbonatite

Calciocarbonatite,
Magnesio-
carbonatite

Calciocarbonatite

Calciocarbonatite,
Magnesio-
carbonatite

Calcio-
carbonatite

Magnesio-
carbonatite and
Ferrocarbonatite

Calcio-
carbonatite

Calcio-

carbonatite

peridotite,

Pyroxenite,

Tjolite, and
Uncompahgrite

Ijolite and
Lamprophyre

Pyroxenite,
Melteigite, and
Syenite

Dunite,
Pyroxenite, and

Sycnite

Alkali granite

and syenite

Pyroxenite and
Syenite

Dunite,
Pyroxenite,

and Syenite

None

Kimberlite

Pyroxenite and

Syenite
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Sodic and  Krishnamurthy,
Potassic 1985
— Nambiar and
Golani, 1985
Potassic Kumar et al.,
' 1989
Sodic and Moralev et al.,
Potassic 1975; Viladkar
' and Upendran,
1978
- Santosh et al.,
1987
Soda- Kumar &
potassic Gopalan, 1991
Sodic Moralev et al.,
1975;
Krishnamurthy,
1988
Sodic Deans and
Powell, 1968

———- Crawford, 1969;
Sen and Rao,
1967

ae-- Raman and
Viswanathan,
1977

contd.
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“Hogenakal,  1990° Cavior T " Pyroxcnicand  Sodic | Srimivasan,
Tamil Nadu carbonatite Syenite 1978; Natrajan
(14) et al., 1994
Kollegal, - Calcio- Pyroxenite and - Krishnamurthy,
Karnataka carbonalite Syenite 1988
(15)

Kunavaram, - --an Syenite .- Bose et al., 1976
Andhra

Pradesh

(16)

Elchuru, —--- —am Syenite - Bose et al., 1976
Andra

Pradesh

an

Khambamettu, — Calcio- None - Balakrishanan ct
Tamil Nadu carbonatite ) al., 1985
(18)

1=“*Ar-Ar plateau ages; 2= Rb-Sr isochron ages; 3= K- Ar ages; and *= this work

Like many other carbonatites of the world, the origin of Indian carbonatites is also not
clearly understood. In most complexes, fractional crystallization of a carbonated
silicate magma or silicate-carbonate liquid immiscibility was believed to be responsible
for the generation of carbonate magma (Krishnamurthy, 1988). In the case of Newania,
absence of associated alkaline rocks led to the proposal of a dolomitic primary melt
hypothesis for this complex (Krishnamurthy, 1988). Most of the carbonatites of
Eastern Ghat mobile belt are suspected to have been affected by metamorphism, hence

are not believed to bear the original magmatic signatures (Krishnamurthy, 1988).

Isotopic investigations on Indian carbonatite alkaline complexes are preliminary in
nature and are available only for seven complexes; Amba Dongar (Simonetti et a.,
1995), Sarnu-Dandali and Mundwara (Sarkar and Bhattacharya, 1992; Basu et al.,
1993), Sung Valley (Krishna et al., 1991), Hogenakal (Natarajan et al., 1994), Sevettur
(Kumar and Gopalan, 1991) and Newania (Deans and Powell, 1968). None of the

above papers reports detailed study of stable carbon and oxygen isotopes in
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carbonatites and associated rocks. In the case of Sarnu-Dandali and Mundwara, the
radioisotopic studies (Sr and He) are confined only to the alkaline rocks (Basu et al.,
1993). Amba Dongar is the only complex whose Sr, Nd and Pb isotopes (only for
carbonatites) have been studied in detail by Simonetti et al. (1995). Stable carbon and
oxygen isotopic data from Sarnu-Dandali, Mundwara and Amba Dongar (Sarkar and
Bhattacharya, 1992; Simonetti et al., 1995) essentially show magmatic nature of these
carbonatites and the extreme variation of 8'>C and §'*0 observed in these complexes
has been attributed to low temperature alteration processes. In a Sr-evolution diagram
(Fig. 1.5; initial ¥Sr/*Sr versus age plot), it can be seen that the initial 8Sr/%Sr in
Indian carbonatites becomes increasingly radiogenic towards younger ages, ‘an
observation true for most carbonatites of the world in general (Nelson et al., 1988;
Tilton and Bell, 1994; Barker, 1996). Two Precambrian carbonatites (Newania and
Hogenakal) have lower initial ’St/*°Sr than that of the bulk-earth, which probably
suggests that these complexes were derived from depleted mantle sources. The
Mesozoic carbonatites (Sung Valley, Sarnu-Dandali, Mundwara and Amba Dongar)
have higher initial *’St/**Sr than that of the bulk earth indicating their derivation from
enriched mantle sources. This observation is consistent with the hypothesis of plume
origin of the complexes (Basu et al., 1993; Sen, 1995; Ghose et al,, 1996), which will
be discussed in detail in the next chapter. The initial *’Sr/*°Sr of Sevattur complex has
also been interpreted as a signature of an enriched mantle (Kumar and Gopalan, 1991).
By studying Sr, Nd and Pb isotope systematics of Amba Dongar carbonatites
Simonetti et al. (1995) suggested an LREE enriched mantle source for this complex
(possibly an EMII type of mantle) and speculated that probably this complex was
genetically related to the Reunion-Deccan plume, which was responsible for Deccan
flood basalt eruption. In a preliminary study of Sr-Nd-Pb isotopes in Sung valley
carbonatites, Krishna et al., (1991) found signatures of DUPAL anomaly in
carbonatites, a property of present day Indian Ocean OIBs. This possibly indicates a

OIB source derivation for this complex.
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Fig. 1.5. Plot of minimum initial 48r/°Sr versus age for Indian carbonatites. 1 =
Hogenakal, Natarajan et al. (1994); 2 = Newania, Deans and Powell (1968); 3=
Sevattur, Kumar and Gopalan (1991); 4 = Amba Dongar, Singonetti et al. ( 1995); 5 =
Sarnu-Dandali and 6 = Mundwara, Basu et al. (1993); h.§ung Valley, this study.
Straight line is Bulk-Earth evolution line from Bell and Blenkinsop (1989).

1.3. PURPOSE OF THIS STUDY

In the geologic history of India, Cretaceous period had remained eventful. In the Early
Cretaceous India got separated from Australia and Antarctica with the initiation of
Kerguelen hot spot, which generated Rajmahal Traps in castern India. Towards the end
of Cretaceous, Reunion hot spot got activated and generated the voluminous flood
basalts of Deccan. Deccan and Rajmahal Traps are major constituents of two Large
Igneous Provinces (LIP), which also include numerous minor acidic, alkaline and
carbonatitic igneous complexes (Coffin and Eldholm, 19?4). The Mesozoic

carbonatite-alkaline complexes of India, which are present in these LIPs, are also
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hypothesized to have been gcncfatcd by .Kcrguclcn-Rajmahal and Reunion-Deccan
plumes (Kent et al., 1992; Basu et al., 1993; Sen, 1995). This hypothesis of plume
origin makes the study of the Mesozoic carbonatite compl-exes very important. I took
up the study of six of these complexes (Amba Dongar, Mundwara and Sarnu-Dandali
of Deccan Province and Sung Valley, Samchampi and Swangkre of Assam-Meghalaya
Plateau).

In an attempt to characterize the source regions of the carbonatite alkaline complexes

and to} understand the origin and evolution of these, I used different tracers such as

stable carbon and oxygen isotopes, strontium isotopes and trace elements, To find out
the emplacement age of some of the complexes, I used “°Ar-* Ar method of dating.

The main objectives of this work were to:

1. Establish the temporal relationship of these complexes with the plume
originated Deccan and Rajmahal flood basalts.

2. Characterize the source regions on the basis of stable carbon and oxygen and
strontium isotopes and confirm the hypothesized link between the Reunion and
Kerguelen hotspots and the generation of these complexes.

3. Assess the role of different magmatic processes like partial melting, liquid
immiscibility, crustal contamination and fractional crystallization in the
generation of these complexes.

4, Distinguish primary (magmatic) and secondary stable carbon and oxygen
isotopic variations in carbonatites by theoretically modelling them and apply
these models to the observed data from Indian complexes in order to test the
models and to understand the isotopic evolution of these complexes.

From the experimental point of view, analysis of C and O isotopes in the various

carbonate constituents of carbonatites was difficult (as physical separation was almost

impossible). In order to make this possible, I developed an appropriate experimental
procedure by which CO, from different carbonate minerals could be chemically

separated without significant mixing.
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For this work, three major field trips to the study areas were undertaken and samples
of carbonatites, alkaline rocks, metasomatic rocks and country rocks were collected,

details of which are given in Chapter-III.

1.4. OUTLINE OF THE THESIS

This thesis 1s divided into five chapters. Chapter-I gives an introduction to carbonatites
and a brief discussion about their origin and the nature of their mantle source regions,
based on earlier studies. It also introduces the carbonatite-alkaline complexes of India.
The objectives and the outline of the thesis are also given in this chapter. Chapter-II
gives an overview of the geology of Mesozoic carbonatite-alkaline complexes of India
on which the present work is based. It also briefly reviews the existing studies on these
complexes. Chapter-III describes the experimental techniques used to study the
isotopic ratios and trace elemental abundances in samples of carbonatites, alkaline
rocks and other country rocks from the above mentioned complexes. These techniques
include stable carbon and oxygen isotope analysis; strontium isotope ratio
measurements by thermal jonization mass spectrometry (TIMS) *“°Ar-*’Ar dating
technique; and trace elemental abundance measurements by instrumental neutron
activation analysis (INAA). In this chapter the step-wise CO, extraction procedures
developed for carbonate mixtures are also discussed. Following these procedures CO,
from pure carbonate end-members was collected for C and O isotope ratio
determinations. In Chapter-IV, I present and discuss the results of this work. Finally in
Chapter-V, I summarize the ideas developed, from the present work, on the formation
and evolution of carbonatites in general and the Mesozoic carbonatite-alkaline

compiexes of India in particular.
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CHAPTER 11
GEOLOGY AND EARLIER WORK

The Mesozoic carbonatite-alkaline complexes taken up for this study include Amba
Dongar, Mundwara and Sarnu-Dandali of Deccan flood basalt province, western India
and Sung Valley, Samchampi, and Swangkre of Assam-Meghalaya plateau, eastern
India (Fig. 1.4). In this chapter, the geology of these regions is described and the

earlier work is reviewed.

2.1. GENERAL FEATURES OF MESOZOIC INDIAN
CARBONATITE -ALKALINE COMPLEXES

A brief review of the geology of the carbonatite-alkaline complexes mentioned above
is available in Krishnamurthy (1988). The emplacement ages of these complexes were
estimated to be falling in the rarige 65 Ma to 156 Ma (Basu et al., 1993; Deans et al.,
1973, Chattopadhyay and Hashimi, 1984; Krishna et al., 1991) prior to the present
work. The origin of Amba Dongar, Mundwara and Samu-Dandali complexes, which
are present within the Deccan Flood Basalt Province, has been linked to the Reunion-
Deccan plume which generated the massive flood basalts over Indian subcontinent
(Basu et al.,, 1993; Sen, 1995). Eastern Indian carbonatite complexes (Sung Valley;
Samchampi; Swangkre) are thought to be related to the Kerguelen plume activity,
which caused the volcanism of Rajmahal Traps, Bengal basin basalts and Sylhet traps
on the eastern margin of Indian subcontinent (Kent et al., 1992). All these Mesozoic

complexes are associated with major fracture zones (Fig. 1.4).

Most of the complexes, discussed here, display oval or semicircular outlines in plan
view. They usually intrude into Precambrian gneisses, granites, metasedimentary rocks
and in Amba Dongar into Deccan basalts as well. Rocks of many complexes, eastern
region carbonatites in particular, are poorly exposed because of thick soil/alluvium
cover in these regions. The alkaline silicate rocks comprise the major part in all these
complexes. These consist of dominantly alkali pyroxenites, ijolites, and syenites except
in Amba Dongar, where tinguaites, nephelinites and phonolites are predominant.

Carbonatites comprise only a minor part of these complexes, barring the Amba Dongar
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where they form ~20% of the whole complex. Calcite-carbonatites are the major
carbonatites in all these complexes, whereas ferrocarbonatites and dolomite-
carbonatites are minor in occurrence. Carbonatites show a variety of intrusive forms
like ring dykes, dykes, sills, cone sheets and veins. Fenitization of country rocks is a
common feature in all these complexes and both potassic and sodic fenites have been

observed.

2.2. THE AMBA DONGAR COMPLEX

2.2.1. Regional Geology and Field Relations ,

The Amba Dongar carbonatite-alkaline complex is the first carbonatite complex to be
identified in India (Sukheswala and Udas, 1963). This complex is located 2 km north
‘of Narmada river in Baroda district of Gujarat state and is a part of a large carbonatite-
alkaline province of Chhota Udaipur (Sukheswala and Viladkar, 1978). The rocks of
this complex intrude into the 955 Ma old gneisses (Gopalan et al., 1979), Cretaceous
Bagh sediments (sandstones and limestones) and some earlier flows of Deccan
tholeiites. It was believed that this complex intruded late in the Deccan trap
magmatism (Deans and Powell, 1968), however, there was no accurate age data

available in support of this hypothesis.

This complex is present within the Narmada-Son rift zone (Fig. 1.4) and inside the
complex the magmatic activity seems to have followed the local fault patterns as
majority of dykes are aligned along these (Viladkar, 1984). The complex is
characterized by concentric ring dykes of calcite-carbonatite (sovite of Viladkar, 1981)
and carbonatite breccia with tholeiitic basalt in the central depression. The alkaline
rocks are present as plugs and dykes in the low surrounding areas of the main
carbonatite dome and are exposed at places inside the ring dyke (Fig. 2.1).
Ferrocarbonatites (ankerite-carbonatites of Viladkar, 1981) occur as small plugs in the
ring dyke in the southern part of the complex (Fig. 2.1). The carbonatites of this
complex host a massive fluorite deposit. Extensive fenitization of the country rock

sandstones is the most striking feature of this complex.
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Fig. 2.1. Geological map of Amba Dongar carbonatite-alkaline complex modified

from Viladkar, 1981.
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2,2.2. Alkaline Silicate Rocks
Alkaline silicate rocks of Amba Dongar have been identified as tinguaite,
phonolite/phono-nephelinite and syenite/nepheline-syenite (Viladkar, 1984; Srivastava,
1994). These rocks occupy most of the hill tops surrounding the carbonatite ring dyke.
Mineralogically, these rocks have nepheline, aegirine-augite and melanite-gamnet as
phenocrysts while ground mass contains analcite and calcite (Srivastava, 1994).
Phonolitic nephelinities have, apart from above minerals, alkali feldspars as phenocrysts
(Viladkar, 1984). Chemically, most of these rocks have been classified as foidites and
basanites (Srivastava, 1994). From trace and rare earth elemental studies it was found
‘that Sr and REE content in alkaline rocks are smaller corﬁpared to the associated
carbonatites (Viladkar, 1984; Viladkar and Dulski, 1986). By studying trace elements
in growth zones of pyroxenes from these rocks, Rock et al. (1994) found that the
pyroxenes reflect disequilibrium effect, which according to them, is due to rapid

growth or fast cooling of these minerals. There is no report of isotopic data on these

rocks.

2.2.3. Carbonatites

Carbonatites of this complex are mainly of two types, calcite-carbonatites. and
ferrocarbonatites. As mentioned earlier, calcite-carbonatites form a large ring dyke into
which ferrocarbonatites intrudelas small plugs (Fig. 2.1). The carbonatite breccia,
which forms the innermost ring of the dyke, contains xenoliths of older rocks
(gneisses; basalts; sandstones). Apart from dykes and plugs, numerous calcite
carbonatite and ferrocarbonatite veins are present within' the massive calcite
carbonatites all over the complex. Caicite carbonatites of Amba Dongar are coarse to
fine grained rocks, in which the most common minerals are calcites (>70%),
magnetites and apatites. Accessory minerals include fluorites, barites, pyrochlores and
zircons. Sometimes they also contain phlogopites, particularly the carbonatite veins, It
has been observed that there are two generations of calcite-carbonatites, an early
coarse grained variety and a late medium to fine grained variety which usually carries
the earlier phase as xenoliths (Viladkar and Wimmenauer, 1992). Ferrocarbonatites are
fine grained dark red coloured carbonatites in which ankerite is the major carbonate

mineral. In many instances, ankerites were found to have been oxidized giving rise to
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iron oxides. Calcite in ferrocarbonatites is present up to 40%. Other minerals include
apatite, barite, magnetite, pyrochlore, bastenite, cerite, monazite and some sulphides.
These rocks are invariably altered and have lots of microcrystalline silica and in many

instances, are affected by fluorite mineralization.

Major clemental analyses of these rocks by Viladkar and Wimmenauer (1992) show
that the calcite carbonatites have ~50% CaO and ~2% MgO on an average, whereas
ferrocarbonatites have ~35% CaO, >10% Fe;0,, ~8% MgO, and ~2% MnO. Among
the trace elements Sr and Ba are the most abundant elements in both the types of
carbonatite. In calcite-carbonatites Sr concentration is genekally more than the Ba
concentration while in ferrocarbonatites it is just the reverse (Viladkar and
Wimmenauer, 1992). These carbonatites are highly enriched in REE and it has been
observed that the REE content increases from coarse grained calcite carbonatites to
ferrocarbonatites through medium to fine grained calcite carbonatites suggesting
extreme differentiation of the parent carbonate magma (Viladkar and Dulski, 1986).

The first ever isotopic work in this complex were reported by Deans and Powell
(1968). This study showed that the carbonatites have an average *St/**Sr of 0.706,
which is higher than the observed ratio in most of the carbonatites of the world. The
authors also ruled out any possible genetic relationship between the carbonatites and
country rock limestones owing to their widely different *’Sr/**Sr. In a recent isotopic
study Simonetti et al. (1995) have observed that the Nd and Sr isotopic results from
this complex indicate derivation from £ Rb/Sr and Nd/Sm enriched mantle source
region, which is very different from many carbonatite complexes of the world. They
also suggested that, the carbonatites do not show any kind of
contamination/assimilation of the country rock sandstones. A few numbers of §'°C
and 8'*0 values of carbonatites, reported by Simonetti et al. (1995), ha\;e been

interpreted as primary or results of low temperature meteoric water alteration.

2.2.4. Metasomatic Rocks
Metasomatic features (fenitization) are inherent to carbonatite complexes and these are

generally produced during the emplacement of the carbonatites. At Amba Dongar
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fenitization is widespread in the host rocks, in sandstones particularly. These fenites
have been extensively studied, both from mineralogical and chemical point of view by
Shukeswala and Viladkar (1981) and Viladkar (1996). The chemistry of fenites
revealed two trends of fenitization, an earlier and deeper sodic fenitization and a later
predominantly potassic fenitization confined to shallower levels (Viladkar, 1996).
Some alkaline rocks are also thought to have been fenitized by the carbonatite related
metasomatic activity (Viladkar, 1996). In this variety of rocks, we also include the
rocks which show fluorite mineralization. The carbonate content of these rocks vary
from O to 10%. The fluorite mineralized rocks also contain large amounts of micro

crystalline silica.

2.2.5. The Fluorite Deposit

The Amba Dongar fluorite deposit, the largest in India, is believed to be a
hydrott-nennal deposit, formed much later to the carbonatite emplacement (Deans and
Powell, 1968; Simonetti and Bell, 1995). Chemical and isotopic studies of fluorites do
not indicate any direct genetic relationship of the mineralization with the carbonatite
magmatism (Simonetti and Bell, 1995). Fluid inclusion studies revealed that these
fluorite deposits were formed from a low-salinity, CO,- bearing aqueous fluid at low
temperatures (100-150°C) [Roedder (1973); Sharma (1991)).

2.2.6. The Geologic Evolution of the Complex

The general belief is that the Amba Dongar alkaline complex, like Phenai Mata of the
same alkalic province (Chhota Udaipur), represents one of the late magmatic pulses of
the Deccan Flood Basalts (Basu et al., 1993). However there is no unambiguous age
data in support of this hypothesis. Very early attempts by Deans et al. (1973) to date
the pyroxenes from nephelinites and two feldspars from potassic fenites, using K-Ar
method of dating, yielded varying ages of 37.5+2.5 Ma, 6112 Ma and 7612 Ma,
respectively. Basu et al. (1993)"reported an “’Ar-*’Ar age of 65 Ma for the Phenai
Mata alkaline-carbonatite complex, which is geographically close to Amba Dongar
complex, and hypothesized it to be contemporaneous with Amba Dongar. However, it

is so far not clearly established whether Phenai Mata and Amba Dongar are temporally
related.
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Viladkar (1981, 1984) suggested, on basis of major and trace elemental chenﬁstry, that
this complex is not genetically related to the Deccan tholeiites. He also suggested that
the alkaline silicate rocks and carbonatites of this complex were derived as a result of
liquid immiscibility of a parent melanephelinitic magma. The only combined isotopic
study on this complex based on Nd, Sr and Pb isotopes, by Simonetti et al. (1993),
suggested an LREE enriched mantle source for the carbonatites (possibly an EM-II
type of mantle) and indicated a possible relationship with the Reunion-Deccan plume
activity. In a recent experimental phase equilibria study, Sen (1995) suggested that the
tholeiites, carbonatites and alkaline silicate rocks, all are generated from the Deccan-
Reunion plume. According to him carbonatites and alkaline iavas were generated by
very low degree of melting (~1%) from the cooler, volatile rich apron of the plume
head.

2.3. THE MUNDWARA COMPLEX

2.3.1. Regional Geology and Field Relations

The Mundwara alkaline-carbonatite complex is present 400 km northwest of Amba
Dongar complex (Fig. 1.4) in the Sirohi District of Rajasthan. The complex occurs as
ring shaped and plug like intrusions within the Precambrian Erinpura granites. This
complex is composed of three plutons namely, Musala, Mer and Toa, which are
laccolith type of bodies fringed by basalts (Fig. 2.2). Mer is the largest plug, which is
composed mostly of alkaline mafic rocks. Carbonatites form a very minor part of the
complex and are also present as dykes and veins in the basement rocks, east of Mer
plug. Ultramafic and mafic rocks are dominant in Toa complex, whereas in Musala
some minor felsic rocks are present along with the major mafic rocks. The Mundwara
complex is present within the northward extension of Cambay Graben (Fig. 1.4) and is
believed to be an early alkalic pulse of the Deccan Flood Basalt volcanism (Basu et al.,
1993).
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2.3.2. Alkaline Silicate Rocks

The alkaline end members of this complex include alkali pyroxenites, alkali gabbros,
theralites, essexites, melteigites, and syenites (Subrahmanyam and Leclanandam,
1989). Extensive studies on petrology and geochemistry of these rocks and other
silicate rocks of this complex have been carried out by various workers viz. Sharma
(1967); Bose and Das Gupta (1973); Das Gupta (1974, 1975); Chakraborty and Bose
(1978); LeBas and Srivastava (1989); and Subrahmanyam and Leelanandam (1989,
1991). These authors suggested that the alkalilolivine basalt (which occurs as flows in
Toa) was the parent magma for this complex, which generated the whole sequence of
rocks through fractional crystallization. Sr and He isotopic stﬁdy by Basu et al. (1993)
favours a lower mantle source (possibly plume related) for these rocks.

2.3.3. Carbonatites |

Mundwara carbonatites occur as dykes and veins. They intrude into the Erinpura
granite (Fig. 2.2) and comprise <1% of the complex. Compositionally all these
carbonatites are calcite carbonatites (LeBas and Srivastava, 1989). Calcite is the only
carbonate mineral present in all these. Other minerals include amphiboles, magnetites,
apatites, phlogopites and some times minor pyroxenes. Some calcite carbonatites show
considerable secondary alteration. Chemically, CaO content of Mundwara calcite
carbonatites is ~50%, MgO content is ~0.5% and SrO content is 1.5%. These also
show very high enrichment of rare earth elements (LeBas and Srivastava, 1989).

Radioisotopic measurements in carbonatites is lacking. Based on only three analyses of
3'3C and 8'°0 of these carbonatites LeBas and Srivastava (1989) suggested that these
indeed show mantle values, which proves their magmatic nature.

2.3.4. Fenitization

Fenitization in this complex is observed only on a small scale. Contact granites are
fenitized from a few millimeters up to 3 cm (Subrahmanyam and Rao, 1977). Both
potassic and sodic fenitization effects have been observed by LeBas and Srivastava
(1989).
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2.3.5. The Geologic Evolution of the Complex

The Mundwara alkaline magmatism, like Amba Dongar, is also believed to be a
variation of the Deccan flood basalt volcanism. In a recent work, Basu et al. (1993)
showed that this complex is 68.53+0.16 Ma old and high ‘He/*He ratio in olivine
gabbro and olivine pyroxenite (~13.9 times atmospheric) suggested a lower mantle
origin. Using He isotopes and Sr isotopes, they suggested a plume origin of this
complex. Being present north of the Deccan Traps and older in age (by 3.5 Ma),
Mundwara alkaline magmatism fits well into the plume model of Reunion-Deccan,
which generated the traps and represents an early alkalic pulse. '

As mentioned earlier, it is now believed the wide variety of alkaline rocks may have
formed, from a parental alkali olivine basaltic magma by fractional crystallization.
However, the e*volution of carbonatites of this complex is not understood clearly.
Subrahmanyam and Rao (1977) suggested that the fractional crystallization of primary

carbonated-silicate magma was probably responsible for the formation of carbonatites
of this complex.

2.4. THE SARNU-DANDALI COMPLEX

2.4.1. Regional Geology and Field Relations

The Samu-Dandali alkaline-carbonatite complex is located 150 km northwest of
Mundwara in the Barmer district of Rajasthan and falls ;Jvithin the Malani Igneous
Province which forms a part of the Thar desert. Although the complex was recognized
earlier by Udas et al. (1974), the work of Chandrasekaran (1987) revealed the alkaline
silicate rocks and carbonatite association in it. It comprises a variety of acidic,
intermediate, and alkalic rocks, including plugs of ijolites, foidal syenites, and dykes of
carbonatites and is intrusive into the Malani rhyolites and Cretaceous sediments
(sandstones and siltstones). Fenitization here is predominantly sodic in nature. Fig.2.3
gives the distribution of different rock types in the complex.
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2.4.2. Alkaline Silicate Rocks

The alkaline suite ranges in composition from alkali pyroxenites to foidal syenites
through melteigite and ijolite, besides nephelinite and phonolite (Chandrasekaran et al.,
1990). The mineral constituents of these rocks, in general, are titano-augite and
nepheline in various proportions besides orthoclase, aegirine augite, aegirine, biotite,
melanite, camcrinite etc.(Chandrasekaran et al., 1990). The whole suite of alkaline
rocks here have been interpreted as the product of extreme differentiation of a primary
alkali pyroxenite or a carbonated alkali peridotite magma (Chandrasekaran et al.,
1990). Like the Mundwara complex, *He/*He ratio and *’St/*Sr ratio of these rocks
indicate a plume origin for the complex (Basu et al., 1993).

2.4.3, Carbonatites |

Like Mundwara, carbonatites here too comprise a very minor part of the complex.
They occur as dykes and veins scattered all over the complex. These dykes and veins
vary in length from a few cm to ~12 m and in width from a few mm to ~30 cm. They
cut across the mafic alkaline members and contain angular xenoliths of various
country rocks. Chemically two types of carbonatites, calcite carbonatites and
ferrocarbonatites, are observed in this complex (Chandrasekaran and Srivastava,
- 1992). Calcite carboﬁatites are medium to fine grained rocks containing more than
350% of éalcite (the only carbonate mineral). The accessory minerals include magnetite,
biotite, barite and apatite. Ferrocarbonatite is yellow to yellowish-brown in colour and
rich in iron-oxide. Some of the calcite carbonatites and ferrocarbonatites are highly
altered and show the presence of microcrystalline silica in them. Radioisotopic studies
in carbonatites do not exist. Very preliminary studies of carbon and oxygen isotopes
revealed the magmatic nature of these carbonatites (Sarkar and Bhattacharya, 1992;
Chandrasekaran and Srivastava, 1992). |

2.4.4, Metasomatic Rocks

Most of the sﬁspected calcite bearing carbonatites of Barmer town proper are actually
metasomatic rocks as they contain <50% carbonates in them. These rocks are highly
altered. Apart from calcites they also contain siderite, orthoclase and microcrystalline
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silica. Fenitization is confined only to the associated alkaline rocks and is

predominantly sodic in nature (Chandrasekaran and Srivastava, 1992).

2.4.5. The Geologic Evolution of the Complex

Basu et al. (1993) reported an “’Ar-Ar age of 68.57+0.08 Ma for the biotites from
alkali pyroxenite, which has been interpreted as the emplacement age of the complex.
Based on this age data, *He/*He ratio of 12.8 times atmospheric value and initial
#7Sr/*%Sr ratio of 0.70499, Basu et al. (1993) suggested a lower mantle source these
rocks and linked their origin to the Deccan-Reunion plume activity. They also
suggested that this complex is probably the earliest manifestation of the Deccan
volcanism on the Indian subcontinent.

The genesis of “:ide variety of alkaline silicate rocks have been explained by extreme
differentiation of a parent alkaline pyroxenitic magma. However, so far no attempts
have been made to link the alkaline rocks to the carbonatites of this complex, except
that they are thought to be genetically related.

2.5. THE SUNG VALLEY COMPLEX

2.5.1. Regional Geology and Field Relations

The Sung Valley carbonatite-alkaline complex is the largest of all eastern Indian
carbonatite complexes. It is located 49 km south of Shillong, in the state of Meghalaya.
The complex intrudes into the Precambrian Shillong series metasedimentary rocks
(quartzites, phyllites and quartz-sericite schists). The Assam-Meghalaya plateau in
which Sung Valley is located, is considered to be an uplifted horst bordered by Dauki
fault to the south and the Brahmaputra trough zone to the north (Fig. 1.4)
(Krishnamurthy, 1985). The Sung Valley complex is an oval shaped pluton with the
core occupied by serpentinized peridotite and rimmed by pyroxenite (Fig. 2.4). It is
composed of a variety of alkaline silicate rocks like uncompahgrite, jjolite and syenite,
which occur as small bodies within the pyroxenite. The carbonatites occur as small
stocks, lenses, dykes and veins within the pyroxenites and are confined to the southern
part of the complex (Fig. 2.4). Preliminary studies indicate the presence of both sodic
and potassic fenites in this complex (Krishnamurthy, 1985).



Geology & Earlier work

azlos €

[25"5'N

-+

~

\+ + o+ Y \!31

ORI - v

[_Jrocks oF siLlong seriess, +  +MAS
~

+

[+ + |PYROXENITE ~

{]]1}jrerIDOTITE

[v v]ALxaune Rock
[=_JcArsoNATITE

- []}sanostone
[A x]umesTone

olosE
1

/j/ + o+

+Af o+

Fig. 2.4. Geological map of Sung valley carbonatite-alkaline complex modified

Jrom Krishnamurthy et al. (1985).

29



Geology & Earlier work 30

2.5.2. Alkaline Silicate Rocks

Alkaline silicate rocks of Sung Valley complex include alkali pyroxenites,
uncompahgrites, ijolites and syenites. Pyroxenites appear to be the earliest member and
constitute the bulk of the complex. Two types of pyroxenites, coarse grained and
medium to fine grained, have been reported (Krishnamurthy, 1985). Diopsidic augite is
the major mineral of these rocks with minor phlogopite. Ijolite occurs as a ring dyke
and a central plug, whereas syenite occurs as minor dykes. At places all the silicate
rocks have been affected by fenitization due to carbonatite activity.

2.5.3. Carbonatites

Carbonatites comprise a minor part of the complex and are present as small stocks,
dykes and veins in the pyroxenite. Calcite carbonatite is the major carbonatite variety,
however, magnesiocarbonatite is also present (Krishnamurthy, 1985). Apart from
calcite and dolomite, these rocks also contain a substantial amount of magnetite and
apatite. Other accessory minerals include phlogopite, fluorite, pyrochlore, perovskite
and olivine. Like other carbonatites of the world, Sung Valley carbonatites also show

high enrichment of Sr, Ba, Nb and REE (Krishnamurthy, 19835).

A combined Pb, Sr and Nd isotopic study on these carbonatites (Krishna et al.; 1991)
indicated a DUPAL mantle source for this complex and the isotopic ratios are found to

be broadly similar to those of ninety degree east ridge basalts.

2.5.4. The Geologic Evolution of the Complex

The age of Sung Valley complex is not known unambiguously. The available age data
show two widely different values; 90+10 Ma (Fission track age, Chattopadhay and
Hashimi, 1984) and 150+26 Ma (Pb-Pb, whole rock isochron age, Krishna et al.,
1991). In a recent development different workers have tried to link this carbonatite
magmatism with the Rajmahal trap volcanism (Kent et al., 1992; Ghose et al., 1996
and references therein). The isotopic evidence for‘ similar source regions for Ninety
East Ridge Basalts and Sung Valley carbonatites (Krishna et al., 1991} indicates that
probably the Kerguelen plume was responsible for this carbonatite magmatism. If so,

then one would expect an age close to the 116 Ma (age of Rajmahal Traps, Baksi,
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1986). However, accurate age data and detailed isotopic study are required to prove

this hypothesis.

It is believed that both liquid immiscibility and fractional crystallization have played a
major role in generating alkaline silicate rocks and carbonatites (Krishnamurthy, 1985).
It is also suggested that a melanephelinitic parent magma was responsible for the

generation of the whole complex (Krishnamurthy, 1985).

2.6. THE SAMCHAMPI COMPLEX

The Samchampi alkaline-carbonatite complex was first reportcd by Kumar et al.
(1989). This complex is in Karbi Anglong district of Assam and located ~100 km to
the east of Sung Valley complex (Fig. 1.4). It intrudes into the Precambrian Gneissic
Complex of Karbi Hill Massif (Sengupta et al. 1997). Apart from carbonatites, this
complex comprises of alkali pyroxenites, melteigites, ijolites, nephelinites and syenites.
Carbonatites, which occur as dykes and veins, are mainly calcite-carbonatites. Only
syenitic fenites have been reported from this complex (Sengupta et al. 1997). Detailed

petrological or geochemical work in this complex is lacking.

2.7. THE SWANGKRE COMPLEX

The Swangkre complex of West Khasi Hill of Meghalaya (Fig. 1.4 ) was first reported
by Nambiar and Golani (1985). After its discovery, to our knowledge, no further work
on this complex has been done. Carbonatites of this complex occur as small dykes
which intrude into Precambrian gneisses and granites and are calcite-carbonatites. The

carbonatites of this complex are associated with lamprophyres, ijolites and tinguaites
(Nambiar and Golani, 1985).

2.8. RELATIVE EROSION LEVELS OF THESE COMPLEXES

The relative erosion levels of the carbonatite complexes are estimated based on rock
association, nature of carbonatites, degree of fenitization and type of fenites. Fig. 2.5
shows an idealized vertical profile of an alkaline-carbonatite complex (L.eBas, 1977)
with the estimated relative erosion levels of the complexes studied here. Except Amba

Dongar compiex, all other complexes show plutonic to subvolcanic associations.
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RELATIVE EROSION

Fig. 2.5. Schematic cross-section of an idealized carbonatite-alkaline volcanic
complex showing the normal structure, sequence of intrusion and zones of Na &
K fenitization. It also shows the estimated erosion levels of the six complexes
studied in the present work. Figure is modified from LeBas (1977).
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The subvolcanic to volcanic association, extensive brecciation, late stage carbonatite

veining and predominant feldspathic fenitization, indicate a very shallow level of

emplacement for Amba Dongar complex (Fig. 2.5). The plutonic association, the

presence of sodic and syenitic fenites, and the very coarse grained nature of

carbonatites put Sung Valley complex at the deepest emplacement level. The rock

association and fenites of Mundwara, Sarnu Dandali and Samchampi indicate that the

erosion level of these complexes is between those of Amba Dongar and Sung Valley

complexes (Fig. 2.5). The emplacement/erosion levels estimated here are highly

schematic, however, these probably have greater imiplications towards understanding

the stable carbon and oxygen isotopic evolution of these compiexes.

In summary, it was found that the following questions remained unanswered, which are

addressed in the present work: '

1. What is the exact relationship between the carbonatites and the associated alkaline
rocks present in these complexes?

2. Where is the source region of carbonatite located, in the lower mantle or in the
subcontinental mantle?

3. Is there any genetic relationship between the Cretaceous plume activities (Reunion-
Deccan and Kerguelen-Rajmahal) with the above described contemporaneous
carbonatite-alkaline magamtisms?

.4. What is the nature of carbon in these carbonatites, juvenile or recycled?

1Y
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CHAPTER 111
EXPERIMENTAL TECHNIQUES

This chapter describes the experimental techniques used in the present work to study
the isotopic and trace elemental characteristics of different samples from the Mesozoic
carbonatite complexes of India. The chapter is divided into six sections. The first
section (3.1) describes the samples collected for this work. The technique of stable
carbon and oxygen isotope analysis in carbonatites and other carbonate bearing rocks
are described in the section 3.2 with a detailed discussion on the CO, extraction
procedure, developed during this work, to analyze oxygen and carbor isotopic
compositions in individual carbonate phases present in natural multicarbonate mixtures.
The section 3.3 describes the “Ar-PAr dating technique and details of the
experimental procedures followed in our laboratory. Brief descriptions of Sr isdtope
analysis by thermal ionization mass-spectrometry, trace elemental analysis by
instrumental neutron activation analysis, mineral identification by X-ray diffractometry,
and Rb and Sr concentration measurements by atomic absorption spectrophotometry

are given in sections 3.4, 3.5, 3.6 and 3.7, respectively.

3.1. SAMPLES FOR THIS WORK

Three field trips were undertaken, two to Amba Dongar (November, 1993 and June,
1995) and one to Sung Valley (December, 1994), to collect samples for this work.
Samples of various carbonatites, alkaline rocks, metasomatic rocks and country rocks
were collected. The main criteria for selection of samples were freshness in hand
specimen and the collection of samples which fairly represented a particular exposure.
Samples of carbonatites and metasomatic rocks from Mundwara and Sarnu-Dandali
complexes were kindly provided by late Dr. R. K. Srivastava of M. S. University,
Udaipur; samples of Samchampi complex were given by Mr. S. K. Sengupta of
Geological Survey of India, Guwahati. Five carbonatite samples from Sung Valley
complex and a carbonatite sample of Swangkre complex were given by Dr. P.

Krishnamurthy of Atomic Mineral Division, Hyderabad.
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Petrographic studies (thin section and X-ray diffractometry) were carried out to

identify different minerals and to classify the rock types. Carbonatite samples, by

definition, had more than 50% modal carbonate and they displayed magmatic features.

Metasomatic rocks contained <10% carbonate. Alkaline rocks of Amba Dongar and

Sung Valley were sampled particularly for dating and Sr-isotopic studies. Amba

Dongar alkaline rocks had ~ 7% carbonate (mostly calcite) in them. Country rocks and

hydrothermal calcite veins, which were associated with the fluorite deposits of Amba

Dongar complex were also sampled. Table 3.1 gives a brief description of samples

used in different studies.

Table 3.1. Description of the samples analysed in the present work

Sample Description

Amba Dongar

AD-1 Medium grained calcite carbonatite. Collected from a small dyke which
intrudes into coarse grained calcite carbonatites. (90 % carbonate).

AD-2 Medium grained calcite carbonatite. Apart from carbonates (~80%), the rock
has secondary minerals like fluorite, micro crystalline silica and hematite.

AD-3 Fine grained calcite carbonatite. It contains secondary veinlets of Fe-rich
carbonates and shows replacement texture. {~70% carbonate).

AD-4 Limestone (Bagh beds). A micrite, has no fossils. A lot ‘of microcrystalline
silica is present. Collected from a road side exposure near Moti Chikli.

AD-6 Sandstone (Bagh beds). Quartz is the dominant mineral.

AD-8 Medium grained calcite carbonatite collected from the fluorite mine from a
dyke that intrudes into coarse grained calcite carbonatite, (90 % carbonate).

AD-9/2 Medium grained calcite carbonatite. (92% carbonate).

AD-10/1 Very coarse grained monomineralic calcite carbonatite collected from the
fluorite mine. A deeper level carbonatite.,

AD-16/2 Very coarse grained monomineralic calcite carbonatite like AD-10/1.

AD-12 Very fine grained ferrocarbonatite collected from the southern—most
ferrocarbonatite plug. Ankerite is the major carbonate, calcite to ankerite ratio
is 24:76. Shows signs of hydrothermal alieration. (52 % carbonate).

AD-1311 Fine grained calcite carbonatite collected from a vein in the southern part of
the eastern limb of the ring dyke. (75 % carbonate).

AD-1372 Medium grained calcite carbonatite collected close to AD-13/1. (85 %

carbonate.
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AD-16

AD-17
AD-18
AD-19

AD-21
AD-24
AD-25
AD-26
AD-27

AD-28
AD-29

AD-30
AD-31
AD-32
AD-33

AD-34

AD-35

AD-38
AD-39

AD-4]1
AD-42

AD-43
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aegirine augite and melanite garnet. Groundmass contains calcite and analcite.
Collected from an exposure at the base of rig dyke (Western margin).
Nephelinite. Groundmass does not contain calcite. Collected from a site close
to AD-14.

Nephelinite for Khadla village. Groundmass contains calcite.

Nephelinitic tuff. Groundmass contains carbonates (Khadla).

Dark brown coloured ferrocarbonatite, contains a lot of iron oxide. Calcite to

ankerite ratio is 60:40. Collected from a small exposure within the calcite

" carbonatite main dyke.

Jasper rich vein. (~7 % carbonate).

Banded (gray and red) calcite carbonatite. (88 % carbonate).

Fluoritized carbonatite. (2 % carbonate).

Fine grained ferrocarbonatite. Calcite : Ankerite = 8:92.

K-feldspar rich rock (fenite). (2 % carbonate).

Medium grained calcite carbonatite. From a small dyke that intrudes into
coarse grained calcite carbonatite. (90 % carbonate).

Sodic fenite. (4 % carbonate).

Brownish yellow coloured, finc grained calcite carbonatite vein. The vein
intrudes, into the coarse grained calcite carbonatites. (65 % carbonate).

Highly altered calcite carbonatite vein. (51% carbonate).

Coarse grained calcite carbanatite. (85 % carbonate).

Coarse grained monomineralic calcite carbonatite.

Fine grained ferrocarbonatite from the main ferrocarbonatite plug. Ankerites in
these have been altered to calcite and iron oxides. Calcite to ankerite ratio =
40:60. -

Ferrocarbonatite, collected from the same exposure as AD-33. Ankerite is the
only carbonate present in this.

Highly altered ferrocarbonatite, calcite:ankerite = 20:80.

Monomineralic coarse grained calcite carbonatite.

Fine grained calcite carbonatite from a vein that cuts across course grained
calcite carbonatite.

Medium grained calcite carbonatite. (95 % carbonate).

Fine grained, brownish yellow, calcite carbonatite vein. (75 % carbonate).
Medium grained calcite carbonatite, shows recrystallization of calcites. (79 %
carbonate).

Highly altered calcite carbonatite vein from east part of the ring dyke.

{ 66 % carbonate).
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AD-47

AD-49

AD-50

AD-51
AD-52

AD-54
AD-55
AD-58
AD-59/1
AD-61

AD-70
AD-71
NS-20/2
NS-20/0/2
NS-20/0/3
NS-20/0/4
NS-20/6
NS-20/8
NS-20/9
NS-20/10
NS-20/11

Calcite bearing tinguaite. Minerals present are; nepheline, acgirine augite,
melanite and calcite. (7 % carbonate),

Phlogopite bearing calcite carbonatite from a vein that intrudes into sodic
fenites and alkaline rocks. Such veins are numerous inside the mine.

Calcite bearing tinguaite. Mincrals present; nepheline, acgirine-augite, K-
feldspar and magnetite. Calcite constitutes 8 % of the total rock. Collected
from an exposure close to the fluorite mine.

Medium grained calcite carbonatite. A common carbonatite on the western
benches of the mine. (~ 80 % carbonate).

Silicified carbonatite. Contains very little carbonate. At places original -
carbonatite texture is preserved.

Calcite carbonatite from a vein. (93 % carbonate).

Phlogopite bearing calcite carbonatite vein that intrudes into an alkaline rock.
(91 % carbonate).

Coarse grained calcite carbonatite. (95 % carbonate).

Fine grained, highly altered ferrocarbonatite. (calcite:ankerite = 15:85).

Calcite vein associated with fluorite deposits.

Micritic limestone similar to AD-4,

A calcareous sand stone. (25 % carbonate).

Fine grained, fossiliferous limestone. (80 % carbonate).

Calcite carbonatite (90 % carbonate),

Phonolite

Nephelinite

Nephelinitic wff

Phonolite

Calcite bearing nephelinite (6 % carbonate).

Calcite bearing tinguaite (7 % carbonate).

Very coarse grained monomineralic calcite carbonatite,

Very coarse grained monomineralic calcite carbonatite.

Very coarse grained monomineralic calcite carbonatite.

Coarse grained calcite carbonatite. (85 % carbonate).

Coarse grained calcite carbonatite. (93 % carbonate),

Coarse graincd calcite carbonatite. (88 % carbonate),

Coarse grained calcite carbonatite. (87 % carbonate).

Coarse grained calcite carbonatite. (92 % carbonate),

Phlogopite bearing medium grained calcite carbonatite. From a vein that
intrudes into coarse grained calcite carbonatite. (87 % carbonate).
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C-119
C-142
C-143
C-149
c-177
C-245
C-290
C-291
A-18
A-161
A-800
A-805
A-807
A-808
A-841
Sung Valley
SV-1

SV-2

§V-3

SvV4
SV-5
SV-6
SV-7
S$V-10

Coarse grained calcite carbonatite. (85 % carbonate).

Coarse grained calcite carbonatite (93 % carbonate).
Na-amphibole bearing calcite carbonate (83 % carbonate).

Yellowish brown fine grained calcite carbonatite. Shows signs of alteration.

Coarse grained calcite carbonatite. (88 % carbonate).
Medium grained calcite carbonatite. (87 % carbonate).
Highly altered calcite carbonatite. (76 % carbonate).
Highly altered calcite carbonatite. (62 % carbonate).

Fine grained calcite carbonatite. (77 % carbonate).
Coarse grained calcite carbonatite. (86 % carbonate).
Fine grained calcite carbonatite. (73 % carbonate).
Coarse grained calcite carbonatite. {30 % carbonate).

Brownish red, fine grained ferrocarbonatite. (58 % carbonate).
Brownish red, fine grained ferrocarbonatite. (69 % carbonate).

Coarse grained calcite carbonatite.

Medium grained calcite carbonatite,

Calcite carbonatite, shows signs of recrystallization.
Carbonate bearing K-feldspar rich rock. (8 % carbonate).
Fine grained ferrocarbonatite.

Carbonate bearing potash fenite (~10 % carbonatc).
Ferrocarbonatite

Ferrocarbonatite

Ferrocarbonatite

Highly altered calcite carbonatite.

Medium grained dolomite bearing calcite carbonatite, contains olivine and
phlogopite apart from other characteristic minerals. (calcite:dolomite = 83:17).
Dolomite carbonatite. Collected from a vein that intrudes coarse grained

_ pyroxenite.

Very coarse grained pyroxenite. Apart from pyroxene (mainly augite), it

contains phlogopite.

Very coarse grained pyroxenite.
Phlogopite bearing calcite carbonatite,
Apatite rich calcite carbonatite.
Phlogopite bearing calcite carbonatite.
Apatite rich calcite carbonatite.
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SV-11 Calcite carbonatite. Olivine and Phlogopite bearing.

SV-12 Phlogopite bearing calcite carbonatite.

SV-13 Dolomite bearing calcite carbonatite, (calcite:dolomite = 92:08).

SV-15 Magnetite rich calcite carbonatite.

SV-18 Dolomite bearing calcite carbonatite. (calcite:dolomite = 80:20).

Sv-19 Olivine-rich, dolomite bearing calcite carbonatite. (calcite:dolomite = 87:17).
SV-20 Dolomite bearing calcite carbonatite. (calcite:dolomite = 88:12).
PKS-145 Coarse grained magnetite-rich calcite carbonatite. (88 % carbonate).
PKS-164 Calcite Carbonatite (85 % carbonate).

PKS-270 . Olivine bearing calcite carbonatite. (82 % carbonate).

PKS-241 Dolomite bearing calcite carbonatite. (88% carbonate).

PKS-279 Calcite carbonatite, contains olivine and amphiboles. (87 % carbonate).
Samchampi

71 Calcite carbonatite.

C1/93 Coarse grained calcite carbonatite.

163 Calcite carbonatite.

177 Dolomite bearing calcite carbonatite (calcite:dolomite = 89:11).

179 Dolomite bearing calcite carbonatite (calcite:dolomite = 90:10).
Swangkre

WKS-1 " Medium grained calcite carbonatite.

Note: Like most of the carbonatites of the world, the carbonatite samples described above contain
accessory minerals like magnetite, apatite, phlogopite, barite, pyrochiore, fluorite, monazite etc.
(determined from thin section study). Carbonate percentage and the type of carbonate mincral(s)
present in a sample were determined respectively from, the CO, yieid during the acid reaction
performed for stable isotope analysis and X-ray dfffractometry. The samples of fenites, fluoritized
carbonatites, silicified carbonatites and some highly altered rocks (as described in the above table),
which contain < 50 % carbonate, have been termed as metasomatic rocks in this work.

3.2. STABLE ISOTOPIC STUDIES

3.2.1. Principle

Most naturally occurring elements consist of more than one stable isotope. In elements
of lower atomic masses, it is possible for the isotope to get fractionated through
physico-chemical processes as a result of the mass difference between the isotopes.
The stable isotopes of light elements H, C, N, O and S have been used extensively as
important tracers for many geological processes. The extent of fractionation of the

isotopes of these elements helps us in finding the temperature of a process, source of



an element, extent of alteration and nature of diffusion processes. In the case of
igneous rocks, study of isotopes of carbon ('*C and '*C) and oxygen ("°0 and '*0) tells
about the nature of the source regions of these rocks and the isotopic effects generated

during magmatic and post-magmatic-alteration processes.

I measured carbon and oxygen isotopic compositions of the carbonates present in
carbonatites and alkaline rocks. The stable isotopic ratios are generally measured
relative to a standard or reference and are expressed as a 8 value in per mill (960) units.
For carbon and oxygen, the & values respectively are :

8C = [(*C/*Chrampic - (*C/**C)v.e0s) / [("*C/*Cv-p0s] x 10°

and

8'°0 = [(**0/°0)sampic - (**0/*O)v-smow] / {("*O/**Ov.smow] X 10°

where V-PDB (Vienna Pee Dee Belemnite) is the standard used for carbon isotopic
ratio and V-SMOW (Vienna Standard Mean Ocean Water) is the standard for oxygen

isotopic ratio (Gonfiantini, 1981).

3.2.2 Experimental Details

3.2.2a. Sample Preparation

Fresh samples were powdered using a stainless steel mortar and pestle. Homogenized
powders of grain size < 200 mesh (75um) were taken. Sample powders were then
dried at 110°C for 10-12 hours in an oven to remove moisture from them. Then 10 -

20 mg of each sample powder was taken for isotopic analysis.

3.2.2b. Extraction of CO; from carbonates of carbonatites and other rocks.

Carbonatite carbonates are either pure calcites or mixtures of calcites and
dolomites/ankerites. For measurements of carbon and oxygen isotopic ratios mass-
spectrometrically we need to extract CO;, from them. For pure calcite bearing samples
the standard CO; extraction procedure, suggested by McCrea (1950), was followed.
~10 mg of each sample was taken in glass bottles with side-arms which contained ~2
mi of 100% orthophosphoric acid (H;PO,) in the side arms. These bottles were
evacuated and kept in a 25°C constant temperature water bath for 6 hours to allow

them to attain the temperature of 25°C. Then the bottles were tilted inside water to
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react the sample with H3PO,. The reaction was allowed to continue for 24 hours at
25°C and the liberated CO, was cleaned of water vapour and collected in glass bottles
after measuring the pressure with a pre-calibrated Hg-manometer. The yield of CO;
was 100% for pure calcite samples. The gas was then allowed into a mass-
spectrometer after another round of cleaning for carbon and oxg}gen isotopic ratio

measurements,

For carbonatites which have different proportions of calcites, dolomites and ankerite,
the above procedure is likely to generate CO, which will have contamination from
different carbonates. Hence, to get CO; from pure physically inseparable end-members
during the acid reaction, a selective step-wise CO, extraction (chemical separation)

procedure was developed which is discussed in detail in the following paragraphs.

Chemical separation techniques, to separate coexisting carbonate minerals for accurate
determination of the oxygen and carbon isotope compositions, have been based on
differential reaction rates of various carbonate minerals with phosphoric acid under
variable temperatures. Fig.3.1 shows the reaction rates of pure carbonate minerals with
phosphoric acid at 25°C and 50°C. Most of the earlier studies tried to separate calcite-
CO, from dolomite-CO; (Epstein et al., 1964; Walters et al., 1972; Wada and Suzuki,
1983) and some studies separated CO, from mixtures of calcite and other carbonate -
minerals such as siderite, ankerite and magnesite (Fritz et al. 1971; Rosenbaum and
Sheppard, 1986; Al-aasm et al., 1990). However, so far extraction protocols have not
been proposed for multiple-carbonate samples. An attempt was made to develop an

extraction procedure for calcite and dolomite/ankerite mixed samples with the

following specific aims to:

reduce the grain size effect on the reaction rates

¢ reduce the reaction time to a reasonable interval

* avoid using multiple temperature steps as proposed by many earlier workers
* efficiently separate pure end-members without any significant mixing

¢ propose the exact procedure(s) to be followed for samples having varying

proportions of calcite and dolomites
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Fig.3.1. Reaction rates of pure carbonate minerals (expressed in cumulative percent of
theoretical yield) with phosphoric acid vs. reaction time (in hours) at 25°C and 50°C,
" respectively. The open circles denote the < 200 mesh grain size fraction and the filled

circles represent the 100-140 mesh size fraction (from Al-aasm et al., 1990)
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For this experiment, pure calcite and dolomite (verified by X-ray diffractometry)
standards were selected, powdered and sieved to <325 and >400 mesh size (between
37 to 45 pum size) and then dried in oven at 110°C. Such uniform fine grained powders
were used to enhance the reaction rate as well as to reduce the grain size effect on the
reaction. When these pure calcite and dolomites were reacted with HPO, at 25°C, it
was found that for calcite 100% CO, comes out after 10 hours reaction time and for
dolomite 100% CO; comes out after 120 hours of reaction. However, ~ 50 to 55% of
the total gas from calcite (also dolomite), collected before the completion of the
reaction, was found to give 8'°C and §"°0 values of pure calcite (dolomite) (within
experimental uncertainty), i.e. 50 to 55% of the total gas amount appears to be good
enough to measure the isotopic compositions of calcite or dolomite. This confirms the
observations made by Epstein et al. (1964), Al-aasm et al. (1990) and Knudsen and
Buchardt (1991). Our results are presented in tables 3.2 and 3.3. It was found that for
pure dolomites 72 hours of reaction time is sufficient to give the true representative
CO; of the whole sample and for pure calcite 15 min. reaction time is sufficient. Pure
calcite and pure dolomite isotopic compositions (averages of eight measurements each)

were found to be:
Calcite: 8"Cy.ppp =-2.8 £0.1 %o
5*Ov.pop =-10.9 £ 0.2 %o
Dolomite: 8" Cvpop =+0.6 £ 0.1 %0
7 8'*Ov.pos =-9.1 £ 0.2 %o
8" °C and 8'*0 of dolomite are 3.4 %o and 1.8 %o higher than those of calcite,
respectively.

Table 3.2. Yield and isotopic composition of calcite-CQO; from various mixtures

Sample Calcite:Dolomite % Yieldof  Reaction Time 5°C (%0) 3"%0 (%o)
Calcite-CO, {min.)

MX-15 22:78 54 5 2.6 -10.8

MX-18 32:68 49 15 2.7 -10.8

MX-22 36:64 67 15 2.7 -10.7

MX-26 21:79 73 15 2.7 -111

MX-19 80:20 78 30 -2.8 -10.8
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MX-28 62:38 78 30 -28 -10.8
MX-34 100:00 63 30 -29 -10.8
MX-30 91:09 77 60 -2.8 -10.8
MX-1 80:20 84 - 120 -2.8 -11.0
MEAN : -2.840.1 -10.840.1
Pure 100:00 100 600 ' -28+0.1 -10910.2
calcite

{av of 8)

Table 3.3. Yield and Isotopic composition of dolomite-CO; from various mixtur

Sample  Calcite:Dolomite % Yieldof  Reaction Time 3"°C (9%o) §'%0 (360)

Dolomite- (hours)
Co,
MX-5 20:80 57 78 0.7 9.1
MX-9 19:81 56 7 0.7 -9.2
MX-11 21:79 55 77 0.6 9.0
MX-17 20:80 56 72 0.6 9.0
MX-19 80:20 59 72 0.5 9.2
MX-20 64:36 56 72 0.6 9.1
MX-25 32:68 57 72 06 - 9.0
MX-26 21:79 55 72 0.7 9.1
MX-27 43:57 58 72 0.6 -9.2
MX-30 91:09 70 120 0.6 9.1
MX-32 10:90 64 120 0.6 9.3
MX-33 11:89 64 120 0.6 9.1
MEAN T 0.640.1 -9,140.1
Pure 0:100 100 120 06+0.1 9.1£0.2

dolomite
{avof 8)
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Fig. 3.2. Calcite and dolomite contributions to CO; extracted at different steps versus
reaction time for three different mixtures (1 for calcite:dolomite = 20:80; 2 for
calcite:dolomite = 60:40; 3 for calcite:dolomite = 80:20). (a) plots the results from
procedure-I and (b) from procedure-II (see section 3.2.2b). Filled symbols (represent
calcite contributions and corresponding dolomite contributions are represented by
open symbols. The contributions of the calcite and dolomite were calculated knowing
the 8°C of the end-members and the 8°C of the extracted gas. 8'°C was preferred to
50 because the analytical uncertainty of the former is less.

Different weight proportions of these calcite and dolomite powders were physically
mixed to prepare samples having wide ranges of calcite:dolomite ratios. Then the
samples were taken in side-arm reaction vessels (35 cc) with the side arms filled with
~2 ml of 100% H,PO, acid. After evacuation samples were reacted at 25°C. CO; was
extracted following stepwise extraction procedures advocated by earlier workers
(Walters et al., 1972; Al-aasm et al, 1990). Many different combinations of
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intermediate extraction were also tried out. Resuits of two such procedures are shown
in Fig.3.2 for three different mixtures (calcite:dolomite in Mix-1 = 20:80, in Mix-2 =
40:60 and in Mix-3 = 80:20). In procedure-1, first 2 hours reaction time was given for
calcite CO; to evolve which was then extracted out of the bottle, then after 6 hours the
CO, was extracted and rejected as it contained mixed CO; and then after 72 hours the
CO; was collected for dolomite-CO; . In this procedure each time an aliquot of CO,
was taken out in a particular volume (46.7 cc) in the extraction line. In procedure-2,
only 1 hour was given for calcite-CO, while dolomite-CO, was collected from the
reaction of the sample from 10 hours to 72 hours time with an in between (1 to 10h)
COz-rejection. In this procedure, except for the calcite fraction (i.e. 1 hour extraction),
each time all CO, was extracted out of the bottle. Then the gases collected at different
steps were measured for §'°C and §'*0 compositions. In Fig.3.2, dolomite-CO, and
calcite-CO, contributions are plotted (calculated from §"C of CO; collected in
different steps) against the reaction time. It was observed that in all mixtures except
_the mixtures having calcite > 80% (curve-3, Fig.3.2), the CO, extracted in the first step
(which was expected to contain only calcite-CO; ) had contributions from dolomite
(curves-1 and 2, Fig.3.2), Similarly in the last step, the CO; extracted (which was
expected to contain only dolomite-CO; )‘had contributions from calcite except for
mixtures having >80% dolomite. It was also observed that the extent of contamination
of calcite-CO; by dolomite-CO, in mixtures increased with the increase in the dolomite
content in the sample and vice-versa. High CO, pressure inside the reaction bottles

found to reduce the reaction rate resulting in low yield of dolomite-CO,.

Different other combinations of reaction durations were tried out but all failed to give
pure end-member values following a single extraction procedure for various mixtures.
Finally, I came out with two different procedures for two different kinds of mixtures
using which it was possible to get the isotopic compositions of the pure end-members.
The proposed two procedures for calcite enriched mixtures (calcite >50%) and

dolomite enriched mixtures (dolomite >50%) are given below:
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For mixtures having Calcite >50% (25°C):

1. CO; to be collected after first 30 minutes of reaction: Calcite-CO».
2. 30 min. to 1 hour of reaction: Mixed CO,, to be pumped.

3. 1 hour to 4 hours of reaction: Mixed Coz, to be pumped.

4. 4 hours to 10 hours of reaction: Mixed CO,, to be pumped.

5. 10 hours te 72 hours of reaction: To be collected for Dolomite-CO,.
For mixtures having Dolomite >50% (25°C):

1. CO; to be collected after 15 minutes of reaction; Calcite-CO,.

2. 15 min. to 10 hours of reaction: Mixed-CO,, to be pumped.

3. 10 hours to 72 hours of reaction: To be collected for Dolomite-CO,.

In between pumping steps are required to reduce the overlying CO; pressure on the
reactants to make the reaction faster (law of mass action) and also to reduce the
chance of intermixing of dolomite-CO, with calcite-CO,. In the case of calcite enriched
mixtures, three intermediate steps of pumping are required to remove mixed CO, and
to reduce the overlying CO, pressure, while in dolomite enriched mixtmes we need
only one such intermediate pumping. These procedures found to work satisfactorily for
various mixtures except for the mixtures having <10% calcite (or dolomite) (Table
3.4). From such mixtures it was extremely difficult. to take out the pure CO; of the
minor carbonate. Hence such mixtures may be treated as pure carbonates of the major -
carbonate mineral. In such a case isotopic compositions of the major carbonate would
be affected only if the isotopic compositions of the minor mineral are very diffelenf
from those of the major. Table 3.4 gives the results of §'>C and §'*0 measurements of
calcite and dolomite fractions from different mixtures from which CO, was extracted
following the above described selective extraction procedures. In Fig.3.3, cumulative
yields are plotted against the reaction time. For calcite dominant mixtures almost 100%
total yield could be achieved in 72 hours (Fig.3.3a), whereas for dolomite dominant
samples the cumulative yield was around ~85% after 72 hours (Fig.3.3b). Though all
CO, from dolomite did not evolve in 72 hours of reaction in the case of dolomite
dominant mixtures, the CO, from the last extraction (~55% of the total expected CO,
from dolomite fraction) when analyzed for §"°C and §'°0, gave the pure dolomite

values,
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Table 3.4. 5°C and §'°0 of calcite and dolomite of various carbonate mixtures.
I Results of mixtures having calcite >50% by weight '

Calcite:Dolomite 30 min. CO; 72 hours CO;
Cysos (%)  5"Ovrpp (%0) 5"Criros (30) 5"*Ov.o (%60)
91:09 238 107 0.4 94
80:20 238 -108 0.6 92
74:26 28 108 0.6 92
66:34 2.8 -11.0 - -
64:36 - - - 0.6 9.1
62:38 238 1108 - -

I1. Results of mixtures having dolomite >50% by weight

Calcite:Dolomite 15 min. CO, 72 hours CO,
5Curms %) 5"Ovron (3%0) 5 Cy.ron (%60 5O ron (%60

09:91 21 110.2 0.6 93
10:90 2.1 -10.5 0.6 9.1
18:82 24 -10.6 - -

20:80 - - 0.6 9.1
279 27 111 0.7 9.1
2278 2.6 110 0.7 9.1
32:68 27 -10.6 06 9.1
36:64 27 -10.7 - -

43:57 27 -10.6 0.6 9.2

Note: Reproducibility of §"“C and §'°0 measurements is 0.1 %o for standards (see section 3.2.2¢).
End-members compositions are calcite: §'°C = -2.8 0.1 %0 & 5'°0 = -10.9 £ 0.2 %o, dolomite: 5'°C
=0.6%0.1 %o & §'%0 = -9.1 £ 0.2 %o (average of eight measurements). All the above 5'*0 values for

dolomite-CO; are uncorrected for the difference in acid fractionation between dolomite and calcite,
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Fig.3.3. Plot of cumulative CO; yield vs. reaction time for different carbonate
mixtures when, (a) calcite is > 50 % and (b) dolomite is > 50 %, in the mixture. Co;
was extracted following the selective extraction procedures (see section 3.2.2b).
Calcite: Dolomite in 1 = 80:20; 2 = 62:38; 3 = 43:57: 4 = 32:68: and 5 = 20:80.
(From sample weight, weight proportions of calcite and dolomite, manometric
pressure of CO; collected, the yield was calculated as observed number of
micromoles/ expected number of micromoles of CO,).

Following the selective CO. extraction procedures, CQ, from calcites,
dolomite/ankerites of dolomite bearing calcite-carbonatites, dolomite carbonatite and
ferrocarbonatites were extracted for isotopic measurements. This is because the time
taken to evolve CO; from ankerite is similar to that from dolomite (Rosenbaum and

Sheppard, 1986).
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3.2.2¢. Mass Spectrometry

8"*C and 8'°0 of CO, were measured using a triple collector VG Micromass 903 mass-
spectrometer with respect to a pre-calibrated internal iaboratory standard CO; (Foram-
Standard CO,) and then converted to V-PDB and V-SMOW respectively. The acid
fractionation factors used for 8'*0 measurements of calcite, dolomite and ankerite
were 1.01025 (Friedman and O’Neil, 1977), 1.01186 and 1.01177 (Rosenbaum ahd
Sheppard, 1986), respectively. The whole process of data collection and reduction was

automated. For this SIRA software (VG Isotech) was used.

(i) Calibration of laboratory standard CO,

The Foram- CO, laboratory standard (Lab Std) was calibrated against V-PDB using an

international standard NBS-19 (Toilet Seat limestone). For NBS-19, IAEA

recommended values (8" Cypps = -1.95 and 8'"Ovpps = -2.2 ) were used. The
calibration procedure involved the following steps.

1. 8% VB, oos and 8% VB ppp were calculated from the recommended 8"°C and
8'®0 values using Craig equations, (Craig, 1957) modified for a triple collector
machine (Gonfiantini, 1981).

2. Ten samples of NBS-19 were analyzed following McCrea (1956)’3 CO; extraction
procedure and mean values of SNBSS o a and 8% NBSI9 4 were taken.

3. &% LS4y g9 and 8 *° Sy 1o were calculated using the equation: 8 yps 9 =
(B 514107 85 5) |

4. The §* 159, .0p and §* 5, pg values which were required (called offsets) for
calibration were found out using the relations:

45 Lab Std _ 45 LabSud 45 NBS-19 .3 <45 Lab Std 5 NBS-19
8 vrepa= O NBS-19 + O v.pos + 107 & NBS-19 O V.PDB

Lab Std _ 546 Lab Std 6 NBS-19 .3 46 Lab Std NBS-19
&* v.pp = &' nBs-19 + O v.ppp + 107 & NBs-19 O'° V-PDB

(ii) Precision and Reproducibility

The mass spectrometric precision (16) for a single sample (12 sets of ratios) was better
than £0.01 %o for §°C and £0.02 %o for §'*0. When the same gas was run several
times the reproducibility of the measurements remained same as the precision of

individual runs given above.
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An intemational carbonatite standard NBS-18 was run at regular intervals of time
(Table 3.5), whose long term average matches well with the IAEA (1995) values
within 1o level of error. For inter-laboratory comparison an internal standard
(MAKMARB; é homogenized powder of pure marble) was sent to Godwin Laboratory
(Cambridge), whose §°C and 8'"O values agree well with our long term averages

within the 16 level of error (see Table 3.6).

Table 3.5. International carbonatite standard (NBS-18)

Date 8"Cy.ppp (90} 8'"*Ov.pon (%0)
6.8.93 EXTH -23.08

16.8.93 -5.13 -23.15

8.4.94 Y -22.98

15.4.94 -4.96 -22.85

14.6.94 512 -22.99

25595 -5.08 . 2297

27.12.96 -5.06 . 22388

30.1.96 -5.04 22.83

8.3.96 511 : -23.02

22.8.96 -5.13 -23.09

28.8.96 -5.02 -23.05

18.8.96 -5.04 -23.09

Mean -5.058 0.068 (10) -22.998 +0.102 (16)
IAEA  Recommended -5.029 £0.049 (10) -23.035£0.172 (10)
Values (1995)

Table 3.6. MAKMARB (Makrana Marble - an internal calcite standard)

Date 5" Cv.pos (%0) Sl'ov-mn (%)
30.6.93 372 210,83
19.7.94 369 -10.79
9.9.94 3.86 -10.54
7.10.94 3.86 | -10.67
14.4.95 377 -10.69
25.5.95 3.88 -10.71
3.8.95 376 | -10.70

2.9.95 3.86 - -1033
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4995 3.74 -10.59
18.9.95 377 -10.74
27.12.95 3.78 -10.90
1.1.96 3.90 -10.63
Mean ‘ 3.81 £0.08 (10) -10.69+0.12 (10)
Cambridge Values (1983)  3.8110.03 (io) -10.63 £0.05 (10)

3.2.2d. Inter-laboratory Comparisons

To check our measurements for systematic errors, inter-laboratory comparison was
done by comparing our results on one of our internal carbonate standards
(MAKMARB) with the results obtained by dewin Laboratory (Cambridge). As
already discussed, Table 3.6 gives this comparison and it can be seen that the results
agree among themselves within the experimental uncertainties (10). In addition to this,
I also measured some carbonatite samples (Qaqarssuk carbonatites) provided by Dr.
Christian Knudsen of the Geological Survey of Greenland, Denmark on our request.
These samples include pure calcite bearing calciocarbonatites, carbonatites containing
different proportions of calcite and dolomite and beforsites (pure dolomite bearing
carbonatites). For pure calcite samples the CO; extraction procedures followed in both
the laboratories were similar (25°C reaction and total CO, extraction after 24 hours buf
the H;PO, used by them was 98 %), whereas for samples having calcite and dolomite
mixtures the extraction procedures were slightly different. In their case (Knudsen and
Buchardt, 1991), calcite-CO, was extracted after 2 hours and dolomite-CO; was
extracted from the acid reaction between 4 to 18 hours of time with an in-between
pumping (2 to 4 hours). I extended the reaction for the rejection interval from 2 hours
to 4 hours (2 to 6 hours) and dolomite-CO, was collected from the reaction interval 6
hours to 24 hours. For pure dolomite bearing samples, again, similar procedures were
followed (24 hours reaction and complete extraction). The comparison of results is
given in Table 3.7. It was found that in the case of 'pure calcites (320536,7), there is a
systernatic difference between 8 °C (also §'°0) values measured by Knudsen and
Buchardt (1991) and results of this work (Table 3.7 and Fig.3.4a). My 8'°C values are
~0.31 %ec more negative. This is also seen in the calcite-CO; of the calcite-dolomite
mixtures. Similarly my 8'®0 values for pure calcites are more positive by ~0.35 %o,

The other samples show an enrichment of 0.3 to 0.7 %o in calcite-CO,. Likewise, for
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pure dolomite (320488) my &'°C value is 0.51 %o more negative and 8'"°O value is
1.37 %o more negative, whereas the dolomite-CO, from mixtures show difference
ranging between +0.33 to -0.42 %o in 8'°C and +1.62 to -0.62 %o in §'°0. I have
already eliminated systematic errors by the analyses of international carbonatite
standard (NBS-18) and inter-laboratory comparison of internal standard
(MAKMARB) of our laboratory measurements. Such an exercise was probably not
done by Knudsen and Buchardt (1991). Hence, the observed systematic difference in
the 8 values of Greenland samples measured by us and them could bc due to the inter-
laboratory differences in the analytical conditions (choicel of mass spectrometric
reference material; instrumental drift effects; percentage of H;PO, in the acid used
etc.). 8C and 880 values of dolomites from mixed carbonates and dolomite
carbonatites showed random differences (Table 3.7 and Fig.3.4b) which could be
attributed to the differences in the extraction procedures. As I have increased the
pumping interval for the mixed-CO;, it is possible that my dolomite-CO; is less

contaminated with calcite-CO,.

Table 3.7. Inter-laboratory comparison for Qaqarssuk carbonatite samples*

Sample  Mineral Modal Knudsen & Buc.hardt (1991) This Study
% 8"°C.¢os (%a) 50y smow (%0) 8" Cv.poe (360) 8"'0v.suow (%o)
carbonate
252540 calcite 47 -1.04 16.39 -1.37 16.72
dolomite 53 -2.73 10.58 -2.40 12.20
320411 calcite 30 327 7.32 -3.58 8.02
dolomite 70 -3.21 7.50 -3.47 6.96
320430  calcite 59 -39 7.93 -4.28 8.42
dolomite 41 -3.35 8.84 -3.77 8.22
320488  dolomite 100 -2.74 10.39 -3.25 9.02
320536  calcite 100 -4.60 ' 7.50 -4.87 7.76
320537  calcite 100 -4.68 7.11 -5.03 7.56-
320522  ankerite 100 -2.52 9.93 -2.83 10.52

* dolomite 3'®0 values were corrected in both cases using acid fractionation factor of 1.01109

{Knudsen and Buchardt, 1991).
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Fig. 3.4. Plots of 8'°C and 8'°0 of calcites (a) and dolomites (b) from Qaqarssuk
carbonatite samples. Filled circles are results from Knudsen and Buchardt (1991}
and open circles represent values from this study on the same samples. Solid lines

join values of Knudsen and Buchardt (1991) and dashed line join values of the
present study.

3.3 “Ar-*Ar METHOD OF DATING

3.3.1a Principle

Potassium (Z=19), an alkali metal, has three naturally occurring isotopes K, “°K and
K. Out of these *)K is radioactive, 1 1.2 % of which decays to stable *“°Ar by electron

capture (decay constant = 0.581 x 10'°y") and 88.8 % decays to “’Ca by beta decay
(decay constant = 4.962 x 10" y'). The growth of radiogenic “°Ar in a K-bearing
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systemn closed with respect to K and Ar during its life time is used to determine the age
of the system by the K-Ar method of dating. The details of this dating technique have
been provided by McDougall (1966), Damon (1970) and Hunziker (1979). As
discussed by these authors this method has major limitations such as (i) difficulty in
knowing the loss or excess of Ar in the sample, which can lead to uncertainty in the
age of the sample; (i) sample heterogeneity can cause erroneous K and Ar estimations
as these analyses are done in two different aliquots of a sample; (iii) quantity of sample
required is large, hence, small samples cannot be dated using this method. The “Ar-

% Ar method of dating is a variant of K-Ar method, which overcomes these limitations.

The basis of *“°Ar-*’Ar method of dating is the formation of *’Ar by irradiation of the
samples with fast neutrons (threshold energy = 1.2 MeV) following the reaction
%K 1s(n,p)** Arys. This reaction permits the K determination for a K-Ar age as a part of
the argon isotope analysis in a single aliquot of the sample. The *Ar thus produced is
radioactive, however, because of its large half life (26943 years), it can be treated as a
stable isotope during the short time involved in the analysis. After irradiation, the
sample is either fused or incrementally heated until fusion and argon released during

this process is measured for isotopic ratios mass-spectrometrically.

The number of atoms of *’Ar produced, due to irradiation with fast neutrons, is given
by: |

YAtk ="K AT [ d(e) o (e) de - (1)

where K is the number of atoms of this isotope in the irradiated sample, AT is the
length of irradiation, ®(g) is the neutron flux density at energy.€ and o(g) is the
neutron capture cross section at energy € for the *’K,s(n,p)*Arjs reaction. The
integration is over all energies of the incident neutrons. The equation for the number of
radiogenic “°Ar atoms in the sample is

CAr* = (AJA) K (eM-1) (2)

where A, is the decay constant for electron capture and A is the total decay constant of
“K (= A + Ap; where A is the decay constant for the B~ decay of “°K to *“°Ca). Hence
combining (1) and (2) we get an expression for “OAr**° Arg which is

VA2 Arg = (AN [PK (eM-1)] 7 [P°K AT | (e) o (€) de) (3)



Experimental Techniques 56

To simplify, it is conventional to define the quantity

J = (WA KK AT [ () 6 (e) de 4
then rewrite equation (3) as
VAP Arg = (eM-1)] (5)

which gives the age equation upon rearrangement:

t=(1/A) In [( “Ar*PArg) T+ 1] - . (6)

The equation (6) can give us the age of the sample provided the quantity J is known. J
depends on neutron flux density and capture cross section that are difficult to
determine. However, J can be determined by irradiating a sample of known age (called
a monitor) together with samples whose ages are unknown. After measuring
“Ar*/” Ar of the monitor, the equation (5) is used to find J :

I=(e* -DH*®Ac*PArn), (7)

where subscript m denotes monitor; ty is the age of the monitor,

This value of J is then used in equation (6), together with the CAr P Arg of the
samples irradiated at the same time, to calculate the ages of these samples. The dates
obtained by complete fusion are called as "total argon release dates" which have similar
limitations as K-Ar dating method but avoid problems arising from sample

heterogeneity.

3.3.1b. Correction for Interfering Isotopes

If the only contafninant present in the irradiated sample were atmospheric argon, then
©Ar** Arg could be calculated from measured ““Ar/’Ar and **Ar/*Ar ratios using
AP Arg = (A A meas - AV ADun (P A Al s 8
where "meas” is used for measured and "atm"” is used for atmospheric. (AP ANy IS
normally taken as 295.5. However, when a rock is irradiated, many undesirable
neutron reactions with different elements produce interfering argon isotopes. These
reactions have been discussed in detail by Mitchell (1968), Brereton (1970), Dalrymple
and Lanphere (1971), Turner (1971), Tetley et al. (1980) and Dalrymple et al. (1981).



Experimental Techniques L

The most important interfering reactions are those involving Ca and K: “*Ca(n,no))*Ar,
‘ZCa(n,a)”Ar, and 40K(n,p)'“’Ar. Therefore, to determine the actual *°Ar*/°Arg ratio
of the sample, the “°Ar/*Ar ratio measured needs to be corrected for atmospheric,
calcium and potassium derived interfering isotopes. Another isotope of Ar, Y Ar, which
is primarily derived from “°Ca by the reaction “*Ca(n,&t)’’Ar, is used in correction of
both reactor induced **Ar and *Ar (Brereton, 1970). The correction factors
(*Ar’Ar)c, and (PAr*"Ar)c, are determined by measuring the relative production
rates of these isbtopes in a pure calcium salt (CaF,) irradiated along with the samples.
The correction factor (*°Ar/*’Ar) is determined by measuring the relative production
rates of these isotopes in an irradiated pure potassium salt (K,SOj). Incorporating
these corrections the expression for (*°Ar*/** Ar)x becomes
PAL Arg={ (OAL° A meas-295 5[ AL Al meas-COAT AL o AT AL peas] 11 1-

C A AN A Ar)oeas)} - {(CATP Ar)) )
where (CAr/PADmes, COAVPAfmes and (Ar°Ar)me, are measured ratios and
A A, (A7 Ar)c, and (°Ar/”®Ar)y are the correction factors determined for a

given reactor.

3.3.1¢. Decay correction

*"Ar and *Ar produced by irradiation are radioactive, so it is important to correct for
their decays in the total time involved in analysis. Fortunately, the larger half life of
PAr (2693 years) enables us to neglect the correction involved for its decay.
However, *Ar has a half life of only 35.1 days, therefore, significant decay of it will
occur during the time involved in the whole process of analysis. Therefore, proper
corrections must be made for this. The general equation for the decay factor given by
Brereton (1970) and Dalrymple et al. (1981) is :

Decay factor = At e /(1-e™) (10)
where t is the irradiation time, t' is the time elapsed since the end of the irradiation and
analysis and A is the decay constant for *"Ar. If the irradiation was done in a number of
discrete intervals or segments then the decay factor is calculated using the following

equation (Wijbrans, 1985 and Pande et al., 1988).
Decay factor = lzrt., / zn[(l ~eMy /e (1)
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where t; is the duration of irradiation of segment I, t, is the time elapsed between the
end of the irradiation segment I and analysis of the sample, n is the total number of

irradiation segments and A is the decay constant for ’Ar.

3.3.1d. The Incremental Heating Technique

A series of dates (apparent ages) can be obtained for a single sample by releasing argon
from it in steps at incrcasirig temperatures. If the sample has remained undisturbed (i.e.
closed with respect to argon and potassium) since its formation then the apparent ages
calculated at each step should be constant. However, if radiogenic argon was lost from
some crystallographic sites after its initial cooling, then the “*Ar/’Ar ratios of the gas
released at different steps may vary so also the apparent ages. Customarily, the
apparent ages calculated for different -steps are plotted against cumulative P Ar
percentage, which is called an age spectrum. In the case, when apparent ages of
different steps (more than four) are constant (within experimental errors), an age called
plateau age for the sample is calculated taking the weighted mean of all plateau step
ages. Samples affected by metamorphism or other secondary processes show disturbed
age spectra and in such cases no plateau age can be calculated. However, a disturbed
spectrum may give many other useful information, which are discussed in detail by

McDougal!l and Harrison (1988).

The “°Ar-**Ar method of dating requires a correction for the presence of trapped “’Ar
(as discussed in the section 3.3.1b). This component is normally taken to be
atmospheric so that A SAr = 295.5. However, this assumption may not be valid
always because there are possibilities when “’Ar/*°Ar of non-radiogenic component is
inherited (incorporation of a non-atmospheric component during crystallizationj. To
evaluate such possibilities argon isotope correlation diagrams (YAr/*®Ar vs. *Ar/**Ar
and *SAr/Ar vs. Ar/*’Ar) are useful. In a ““Ar*®Ar vs. *Ar/*®Ar plot (popularly
known as isochron diagram) the plateau steps are plotted and fitted with straight lines,
whose intercepts give the non-radiogenic (or trapped) ‘°Ar°Ar. The *Ar/*°Ar vs.

¥ Ar/°Ar plot (known as inverse isochron diagram) also helps in a similar manner.
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3.3.2. Experimental Details

3.3.2a. Sample Preparation for Irradiation

Whole rock samples of alkaline silicates and phlogopite mineral separates from
carbonatites were analyzed. For whole rocks, fresh samples were powdered _in a
stainless steel mortar and pcsflc to 100-150 pm size. About 600-700 mg aliquot of
homogenized powders were used. For mineral separates (phlogopite), minerals wére
hand picked from whole rock powders and about 100-200 mg of pure mineral
separates were taken for analysis. Whole rock powders and mineral separates were
ultrasonicated with 0.05N HCI (to remove unwanted carbonates) and water several
times and dried before being packed for irradiation. The 520.4+1.7 Ma old Minnesota

Homnblende {MMhb-1) (Samson and Alexander, 1987) was used as a monitor.

The samples and lmonitor along with pure CaF, and K,S8O, were packed in aluminum
foils and fitled in flat-bottomed quartz vials. Two type of vials were used, one 6-7 mm
diameter for rock/mineral samples and the other 2-3 mm diameter type for CaF,
K;SO; and monitor. To minimize the effect vertical neutron flux gradient, all the
samples were filled to the same height. To monitor the fluence variation, high purity Ni
wire, of the same height as the sample, was placed in each vial. These vials were then

sealed and packed in an aluminum reactor can. The reactor can was then sealed and

sent for irradiation.

3.3.2b. Irradiation of samples

The samples were irradiated in two batches in APSARA reactor of BARC, Mubmai.
APSARA is a light-water moderated reactor with total neutron flux of about 10'* n
em? s? with the fast neutron flux representing about 50-60% of the total. The samples
were irradiated in D4 (core) position of the reactor which receives maximum flux with
minimum variation. The irradiation was done for 98 and 100 hours at 1 MW power
level in 19 and 22 discrete steps spreading over 19 to 22 days, respectively for two
batches. The maximum and minimum duration of the irradiation in a step was 7 and
0.05 hour, respectively. The maximum neutron fluence variation as determined by *Co
activity, which was generated by the same neutron reaction that produces *’K,

**Ni(n,p)**Co, was found to be 6.0 and 5.0%, respectively in vertical and horizontal
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directions. The irradiated samples were allowed to cool for a few weeks to reduce the
activity of the samples for safe handling. Samples were then wrapped in aluminum foils

and stored in the sample holder of the extraction system.

3.3.2c. Argon Extraction and Purification

~ Argon extraction and purification was carried in an compact UHV fumace and
purification system indigenously developed (Venkatesan et al., 1986). Fig.3.5 shows
the schematic of the complete system. It essentially consists of a high vacuum line with
appropriate pumping facilities, a furnace assembly in which a sample can be heated in a
controlled manner to release argon, getter systems for puriﬁcétion of the released gas,
isolation valves and activated charcoal trap cooled at -196°C for moving gas from one

part of the system to another.

" The furnace consists of a molybdenum crucible electrically heated by a concentric,
tantalum mesh filaments surrounded by tantalum radiation shields in a stainless steel
vacuum chamber. The temperature of the crucible is measured with a 95 % Pt + 5 %
Rh - 80 % Pt + 20 % Rh thermocouple, which has been calibrated earlier by optical
pyrometry. The temperatures are estimated with a = 10°C precision. The outer SS
jacket of furnace is connected to chilled water supply for cooling purpose. Samples are

dropped into the crucible from a glass sample holder connected to the top flange.

The gas purification system consists of four valves (V, to V,) and three getters, all
interconnected and fitted into a single rectangular stainless steel block. The sample gas
released from the crucible, first comes in contact with Ti-Zr getter connected between
valves V, and V. The Ti-Zr is kept hot at around 800°C when most of the active gases
will either chemically combine with or get absorbed by the getter. Further, on cooling
to room temperature this getter absorbs the hydrogen present in the sample gas. Then
this cleaned gas, accumulated for about 50 minutes (typical duration given for a
temperature step) is allowed to react with another Ti-Zr getter and with SAES getter
by opening valve V; for further purification. The purified gas is then adsorbed on the
charcoal cooled at liquid nitrogen temperature. It is then admitted into the mass-

spectrometer, after removing water vapour by passing the gas through the cold finger
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kept at liquid nitrogen temperature, by opening V.. After the gas is equilibrated in the
mass-spectrometer, V, is closed and remaining gas along with other unwanted gases

adsorbed to different units are pumped by opening V.

In step-wise extraction (incremental heating) procedure, the samples were degassed in
steps, normally nineteen steps of successively higher temperature, starting from 450°C
unti] fusion at about 1400°C with an interval of 50°C. The K,50,, CaF, and the
monitor sample were, however, degassed in a single (1400°C) temperature step. The
gas in each step was purified following the procedure described earlier and then
admitted into an AEI MS10 (180° deflection, 5 ¢m radius) maés-spcctrometer having a
permanent magnet of 1.8 kilogauss. The mass-spectrometer was operated in the static
mode. By voltage scanning, the ions of masses 40, 39, 38, 37 and 36 were collected on
a Faraday cup. The acquisition of ion currents (measured sequentially in pico amperes)
was done by a computer. Peak heights and relative timing of peak measurement from
the time of sample introduction (T,), which were acqﬁimd by a "peakjump” routine,
were fed to a curve-fit routine (Bevington, 1969} to compute required isotopic ratios

and abundance corresponding to zero time.

Each sample was preceded and followed by several steps of system blank
measurements. System-blank estimation consists of measuring the argon concentration
for a particular temperature step by following the same procedure as for samples but
without any sample in the crucible. 10 to 12 steps of blank measurement were normally
done and blank contribution for all témpcraturc steps were calculated by interpolation.
The *“°Ar blank contributions to the sample gas, in the present work, varied from 0.5 to
10% of the sample-gas for temperature steps up to about 1200°C and increases up to
20% and occasionally to 30% in the fusion step. Table 3.8 gives a typical blank

variation in different temperature steps for a sample.
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Fig. 3.5. Schematic of the complete Argon Gas Extraction - Purification system. |
= Mass Spectrometer, Il = Extraction System and III = Pumping System.
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Table 3.8. Typical percentage of system blanks for sample AD-16

. Temperature “Ar (%)
450 23
500 7.8
550 5.8
650 33
700 2.7
750 4.3
800 | 4.8
850 6.3
900 | 4.5
950 | 4.3
1000 ‘ 2.5
1050 0.67
1100 1.02
1150 4,99
1200 16.56
1250 2498
1300 26.6
1400 | 224

Mass discrimination (MD) corrections were determined based on analysis of
atmospheric argon (AIR SPIKE) introduced from a pipette system connected to the
extraction line. Each sample was preceded and followed by an AIR SPIKE analyses
and average MD values were found out for corrections in sample ratios. Mass-

spectrometer sensitivity was estimated from repeated measurements of the monitor
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sample (MMhb-1) and was found to be typiéally in the range of 0.94 - 2.58 x 107 ¢c
~ STP/mv. Errors were computed by quadratically propagating the errors in' the
measured ratios, blanks and interfering isotopes. The error quoted on the apparent and
integrated ages include the error in J but the error boxes in age spectra do not include
the error in J. All the errors are quoted at 2¢ level. The plateau ages are weighted
means of the apparent ages of steps forming the plateaus. A plateau is defined when
four of more temperature steps, representing more than 60% of the total ¥Ar of the
sample, give constant apparent ages (within 2G levels of error). Weighted means of
apparent ages are calculated using the method of Bevington (1969) where 1/6%(; is
the standard deviation for step i) is taken as the weight. Isochron ages have been
computed using the two error regression method outlined by York (1969) of data

points corresponding to the plateau steps.

3.4. STRONTIUM ISOTOPIC STUDIES

3.4.1. Principle

Rubidium (Z=37) is an alkali metal. It has two naturally occurring isotopes **Rb and
*Rb of which ¥Rb is radioactive. ¥’Rb decays to stable *’Sr by B decay (decay
constant = 1.42 x 10" y"). Strontium is an alkaline earth element and normaily
replaces calcium in crystal lattices. Strontium has four naturally occurring isotopes
(**Sr, ¥'Sr, *Sr and *Sr) all of which are stable. The decay scheme of *'Rb to ¥'Sr is
generally used to date rocks which have remained closed to Rb and Sr since their
formation. Because of the difference in the geochemical properties of Rb and Sr the
Rb/Sr ratio acquires widely different values in rocks and minerals and hence, ¥Sr/*Sr
ratios also vary widely. The Sr isotopic evolution of a system gets affected by c.omplex
geological processes; however, evidence for these phenomena is normally preserved in
the “initial *’Sr/*°Sr ratic" of the system. It is this property of Rb-Sr isotope

systematics which is used to understand the petrogenetic aspects of the igneous rocks.

3.4.2. Sample Preparation
Fresh samples (each about 4 or 5 kg) were cleaned and broken into small pieces using
a hammer. Then these were crushed to <3-5 mm size using a jaw crusher (Fritz

pulverizer). The crushing surfaces of the pulverizer were cleaned before and after eact
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sample and preconditioned with a small amount of the sample to be processed.
" Crushed sample pieces were mixcd thoroughly to ensure homogenization. Then about
300 gm coarse fraction of the each sample was selected by coning and quartering for
powdering. This sample fraction was then powdered to <200 mesh size (i.e. <0.074
mm) using 2 TEMA swing mill and stored in a pre-cleaned and pre-conditioned
polythene bottles. This fraction, which is a homogeneous representative of the whole
rock sample, was used for Sr-isotopic measurements. Phlogopites were hand picked
from whole rock powders for Sr-isotopic measurements. Most of the measurements
were carried at our laboratory and part of the measurements were carried out at

National Geophysical Research Institute, Hyderabad.

Sr-isotopic analyses were carried out for whole rock samples of alkaline silicate rocks,
carbonatites, sandstones, limestones and mineral separates of phlogopite. For
dissolution of silicates, about 100-150 mg of representative powder sample was takeli
in a 25 ml teflon beaker. Mixture of acids (6 ml HF + 2 ml HNO,) was added in the
samples and kept at 150°C in closed cap condition for 6 to 8 hours and then
evaporated to dryness at ~100°C. Then a few drops of HNO; and 2 ml of 2.5N HCl
were added to ensure complete digestion. If samples were not completely dissolved
another cycle of acid treatment was given. The final solution was taken in 2.5N HCL
Carbonatites being mixtures of carbonates, oxides and silicates needed a different
dissolution procedure for complete dissolution. First a HNO; + HCI] treatment was
given to carbonatites and then to dissolve the silicates and oxide minerals HNO, + HF
treatment was given. HF amount was decided by the amount of silicates/oxides present
in a particular sample. Care was taken to avoid calcium/strontium fluoride precipitation
(this was done by HNO; + HCI treatments). Again the final solution upon cdmplcte
dissolution was taken in 2.5N HCL. The solutions were spiked with *’/Rb and *Sr

enriched solutions for Rb and Sr concentration measurements.

3.4.3. Isotope Dilution
To measure the Rb and Sr concentrations in the sample, isotope dilution technique was
followed (Long, 1966). For this, high purity *Rb and *Sr spikes were used. The

isotopic ratios of the spikes are given in Table 3.9. Concentrations of the spikes were
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calibrated against standard solutions of normal Rb and Sr (NBS984 and NBS987).
Dilute Rb and Sr solutions (concentrations about 17.59 ppm and 1.59 ppm
respectively) were prepared from concentrated spike solutions for our experimental
purpose. The spikes were periodically checked for concentrations to guard against
evaporation losses. The spike solutions were added to sample solutions and mixed

thoroughly by means of several cycles of evaporation and HCI addition.

Table 3.9. Isotopic ratios of spikes

Rb SPIKE
SRov*'Rb = 0.008
¥Sr SPIKE
BSr/MSr = 0.0009
#5r/MSr=0.0011

¥Sr/*Sr = 0.0002.

3.4.4. Ion Exchange Chromatography

Ion exchangé chromatography was employed to separate pure Rb and Sr fractions
from the sample solutions. The ion exchange columns were made from quartz tubes
(ID. = 0.8 cm) and filled with Dowex 50W X8 (200 to 400 mesh size) cation
exchange resin to a height of 19 cm. Elution was done using 2.5N HCI. The columns
were frequently calibrated to ensure optimum collection of Rb and Sr fractions. Sample
solutions were centrifuged for about five minutes in clean 3 ml quartz centrifuge tubes
and then loaded gently onto the resin bed using pipettes. The Rb and Sr fractions were
collected in separate teflon beakers, evaporated to dryness. The columns were cleaned
between samples with at least 200 ml of 6N HCI and 10 ml of distilled water and
conditioned with 25 ml of 2.5 N HCI.

3.4.5. Mass Spectrometry
At our laboratory, Rb and Sr isotopic measurements were carried out on a 23 cm
radius, 60° sector magnetic field and single focusing mass-spectrometer fabricated in-

house (Trivedi et al., 1982). The mass-spectrometer is fitted with a thin lens ion source
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and a Faraday cup for collection of ions. The filament holder with first source slit is
removable so that a new filament could be fitted with a new sample. For our study
Tantalum filaments (0.030" x 0.001") of more than 99.9% purity were used. Filaments
were spot welded on the sample holders and degassed in a separate vacuum systern at
a temperature (>1800°C) higher than the Sr ionization temperature. Dried sample was
added with a drop or two of high purity phospheoric acid and loaded onto a precleaned
filament using a disposable quartz pipette and evaporated. Then the filament was
loaded in the source. A working pressure of ~107 torr in the source chamber was
obtained in an hour after loading a new sample. The ion acceleration potential used
was usually 4500V. The filament was heated with a highly stable DC current supply.
Ion currents were measured on a semi automated data acquisition system using an
IBM PC. This system controls the mass-spectrometer in the peak switching mode,
measures the ion currents digitally and computes the isotopic ratios. It was ensured
that no cross contamination of Rb occurs in Sr separates. At National Geophysical
Research Institute (NGRI), Hyderabad, Sr isotopic measurements were carried out on

a VG 354 thermal ionization mass-spectrometer.

Errors in the mass spectrometric determinations of *’Rb and *Sr, at our laboratory,
estimated to be within +0.5% leading to a random error of not more than 1% for their
ratios. *’Rb and **Sr concentrations were calculated by isotope dilution technique. The
*’Sr/**Sr ratios were corrected for mass fractionation (linear) assuming **St/*’Sr =
0.1194. The long term average of *’St/**Sr for NBS987, measured in our laboratory, is
0.71025+0.00007 (at 20). Typical 26 errors in *’Sr/**Sr measurements of my samples

were 0.0002 (for those measured at our laboratory) and 0.00004 (for those measured
at NGRI).

3.5 TRACE ELEMENTAL STUDIES

Trace and rare earth elemental analyses were done by instrumental neutron-activation
analysis (INAA). The samples were crushed, dried at 110°C and packed in small
aluminum foils and sealed in a quartz vial. This quartz vial was then put in a container
suitable for irradiation at the CIRUS reactor of the Bhabha Atomic Research Center,

Bombay. The neutron flux in this reactor is ~10"*n em™?s™%. The samples were irradiated
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for 15 days together with USGS basalt standard BCR-1. After the irradiation, the
gamma-ray spectra of the samples were obtained using a coaiial germanium detector
(148-cm?, high purity Ge-detector having a resolution of 2.2 keV for 1333 keV gamma
‘rays of “Co). Counting of samples and the standard was done and concentration of
several trace elements including nine rare earth elements (La, Ce, Nd, Sm, Eu, Gd, Tb,
Yb and Lu) were measured following the standard procedures as outlined by Laul
(1979).

Concentration of these elements in BCR-1 were taken from Laul (1979). Typical

errors of counting (1) are as follows:

Elements 16 Error (%) in BCR-1 10 Error (%) in samples
(i) La, Ce, Sm, Eu and Tb 0.6 05-15
(ii) Nd, Yb, Lu, Hf and Ba 1.2 1.0-4.0
(iii) Gd : 3.0 4.0-6.0
(iv) Zr and Cr 5.0 7.0-17.0
3.6 X-RAY DIFFRACTOMETRY

X-ray diffractometry (XRD) was done on carbonatite samples at our laboratory to find
out the type of carbonates present in them. For this purpose a Philips PW1730,
manually operated, X-ray diffractometer was used. CuK, X-ray was used for my
samples. A semi-quantitative calculation was performed using the peak areas of
different carbonates (calcite, dolorﬁite and ankerite) to find out their modal ratios
(Cal:Dol, Cal:Ank) in the samples. This information was required for the stable

isotopic measurements already discussed in Section 3.2.2.

3.7. ATOMIC ABSORPTION SPECTROPHOTOMETRY

Sr and Rb concentration in some samples were also measured by Atomic Absorption
Spectrophotometry (AAS). ~0.5 g dry powder of the sample was dissolved in acid
following the procedure described in section 3.4.2 and made to 25 ml in IN HCL. Rb
concentration was directly measured in this solution, whereas Sr concentration was

measured after 1000 times dilution. The measurements were done in a Perkin Elmer



Experimental Techniques .69

AAS (model 305A), following the procedures described by Sarin et al. (1979). The
precision of measurements was < 4 % (20) for both Rb and Sr. To check the accuracy
of the measurements an alkaline rock sample (AD-47) was used, whose Rb and Sr
concentrations (Rb=95 ppm & Sr=93 ppm) were pre-determined by isotope dilution
technique and it was found that the concentrations measured by AAS (Rb=98 ppm &
Sr=04 ppm) are indistinguishable from those measured by isotope dilution Wiﬂ\in 25

level of emror.
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CHAPTER 1V
RESULTS AND DISCUSSION

Results of various measurements carried out in the present work on samples of
carbonatites, alkaline rocks, metasomatic rocks and country rocks from different Mesozoic
carbonatite-alkaline complexes of India are presented in this chapter and their implications
are discussed. This chapter consists of two parts. The first part discusses the results of
different studies on the complexes of Deccan Province (Western India) and the second part
discusses the results from complexes of Assam-Meghalaya plateau (Eastern India). For the
sake of convenience each part is divided into several sections and each section deals with a

particular method of investigation.

PART-A: CARBONATITE-ALKALINE COMPLEXES OF

DECCAN PROVINCE

In this part, the results of different studies on the rocks of the three carbonatite alkaline
complexes (Amba Dongar, Mundwara and Sarmu-Dandali) are presented and discussed in
light of the evolution of these complexes. This part is again divided into five sections
describing the results of “°Ar-*’Ar chronology, strontium isotopic studies, trace and rare
carth elements studies of Amba Dongar complex and stable isotopic studies of all the three
complexes, respectively.

4.1. ®“Ar-Ar CHRONOLOGY OF AMBA DONGAR COMPLEX

4.1.1. Results

The Amba Dongar alkaline complex is one of the several alkaline complexes that are
spatially associated with the Deccan Traps. According to the present notion these
complexes represent magmatic activity either older or younger than the main tholeiitic
volcanism (Basu et al., 1993; Sen, 1995) of the Deccan Province. As discussed in Chapter
II the only chronological study by Deans et al. (1973) of the Amba Dongar complex failed
to provide a reliable age for this complex, as the K-Ar dates given by these authors varied
from 37.5 Ma to 76 Ma.
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To establish the temporal relationship between the Amba Dongar alkaline complex and the
Deccan Traps, precise “Ar-Ar dating of samples from Amba Dongar was undertaken
following the procedures described in Chapter III. Three fresh alkaline rock samples (AD-
16, AD-45 and AD-47) and a phlogopite separate from a carbonatite (AD-46) were dated.
The description of these samples are given in Table 3.1 of Chaptér—III. The argon isotopic
compositions, fractions of *Ar released, apparent ages and percent of radiogenic argon
(*Ar*) released, for each temperature step are given in Tables 4.1 - 4.4. The tables also
give modified J factors, determined from horizontal neutron fluence variation in the

irradiation can.

Table 4.1. Step heating argon isotopic compositions and apparent ages of sample
AD-16 (Amba Dongar Nephelinite). Errors on age are without and with
(bracketed) error on J. Errors quoted are at 10.

(J = 0.00218 + 0.00002)

Temp.  *Ac”Ar YArPAr “ArAr  AGE(Ma)  PAr(%)  YAr

(°C) tlo tlo tic tlo (%)
450 2.201 0.0362 654.0 16 0.02 0.61
0.099 0.003 21.0 81 (81)
500 0.2513 0.0362 '91.48 67 0.14 18.82
0.0093 0.0036 0.93 11(11)
550 0.0383 0.0363 27.90 64.1 1.56 59.47
0.0012 0.0036 0.26 1.6(1.7)
650 0.02081 4.740 22.79 64.33 5.27 73.02
0.00038 0.074 0.15 0.67 (0.95)
700 0.03599 4.35 27.46 65.04 50 61.27
0.00059 0.22 0.18 0.88(1.11)
750 0.01950 3.74 2254 649 4.07 74.43
0.00059 0.11 0.16 1.1(1.3)
800 0.01567 5.63 21.25 - 64.26 478 78.21

0.00066 0.83 0.16 0.89 (1.11)
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850 0.02445 11.02 23.91 64.5 3.60 69.78
0.00074 0.11 021 1.1(1.3)
900 0.04381 1.89 29.79 65.1 3.67 56.54
0.00081 0.16 0.22 1.2(1.4)
950 0.01782 3.57 21.93 64.44 5.67 75.99
0.00047 0.11 016  0.77(1.02)
1000 0.00962 3.58 19.71 6522 1134 85.58
0.00045 0.40 0.12 0.65 (0.93)
1050 0.00531 3.442 18.34 64.82 26.0 91.44
0.00040 0.060 0.12 0.57 (0.88)
1100 0.00329 1.75 17.86 65.27 17.51 94.56
0.0006 0.15 0.10 0.75 (1.01)
1150 0.00817 4941 19.26 65.11 7.61 87.46
0.00062 0.062 0.15 0.88 (1.11)
1200 0.0416 832 28.77 63.8 1.8 51.32
0.0019 0.81 0.60 3.1(3.2)
1250 0.0924 10.6 457 70.9 0.72 40.23
0.0055 11 15 8.4 (8.5)
1300 0.219 0416 94.7 1140 0.41 3181
0.017 0.042 3.5 23.0 (23.0)
1400 0317 0417 103.7 39 0.82 9.59
0.010 0.042 33 16(16)
Integrated  0.01784 3.774 22.061 64.91 100.0 2611
Values

0.00022 0.072 0.058 0.31(0.74)
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Table 4.2. Step heating argon isotopic compositions and apparent ages of sample

AD-45 (Amba Dongar Tinguaite). Errors on age are without and with

(bracketed) error on J. Errors quoted are at 1.

(J = 0.00218 £ 0.00002)

Temp.  PArPAr “ArAr  “Ar®Ar AGEMa) PAr(%) “Ar*
tlo tlo tic tlo (%)
(°C)
450 0.643 0.259 221.2 119 0.02 14.14
0.021 0.026 2.9 25 (25)
500 0.1240 0.519 52.9 628 0.34 30.74
0.0038 0.052 1.2 42(4.2)
550 0.05598 0.550 1.7 66.2 0.82 50.94
0.00055 0.055 0.36 1.4(1.5)
600 0.01252 0.551 20.69 65.54 3.26 82.12
0.00015 0.055 0.17 0.90 (1.13)
650 0.005673 0.5 18.66 65.51 6.59 91,02
0.000076  0.055 0.17 0.60 (0.91)
700 0.01151 0.552 20.25 64.98 8.45 83.20 -
0.00011 0.055 0.17 0.63 (0.92)
750 0.0046 0.841 18.18 64.39 11.20 92.52
0.0001 0.084 0.14 0.50 (0.84)
800 0.00166 0.842 17.18 64.39 10.33 97.15
0.00013 0.084 0.12 0.43 (0.43)
850 0.00142 112 17.15 64.56 7.11 97.56
0.00021 0.11 0.12 049 (0.83)
900 000126 0281 17.01 64.20 4.24 97.81
0.00054 0.028 0.17 0.88(1.10)
950 0.00229 0.286 17.35 64.34 3.07 96.10
0.00067 0.028 0.14 0.89 (1.11)



Results and Discussion 74

———— i A —— ————— o — . S S T — S S - T — — — et Al S——— -

1000 0.00173 0.893 17.43 65.2 3.21 97.07
0.00074 0.089 o.-3s . 1.3 (1.4)
1050 0.00078 2518 16.91 . 64.37 7.58 98.63
0.00038 0.051 0.11 0.57{0.87)
1100 0.00105 3.58 16.94 64.18 15.69 98.17
0.00026 0.1} 0.11 047 (0.87)
1150 0.00245 2.553 17.50 64.71 14.30 95.86
0.00024 0.050 0.13 0.52 (0.85)
1200 0.00188 1.58 17.32 647 2.42 96.80
0.00096 0.16 0.30 1.5(1.7)
1250 0.0183 1.58 22.88 673 0.75 76.34
0.0031 0.16 0.78 4.5 (4.6)
1300 0.226 0.0316 74.2 29.0 0.40 10.09
0.012 0.0032 4.2 16 (16)
1400 4.463 0.0316 1327 33.0 0.22 0.64
0.084 0.0032 2% 55 (55)
Integrated  0.01502 1.586 21.153 64.49 100.00 79.02
Values
0.00012 0.026 0.051 22 (70)

Table 4.3, Step heating argon isotopic compositions and apparent ages of sample
AD-46 (Phlogopite from Amba Dongar Carbonatite). Errors on age are without
and with (bracketed) error on J. Errors quoted are at 10.

J = 0.00239 1 0.00002

Temp.  *Ar/®Ar “ArvPAr “Ar°Ar AGE(Ma) YAr(%)  “Ar

tlo tlo tls tic (%)
°C)
500 2.565 0.00686 804 189 0.01 5.75
0.097 0.00069 32 57(5T
550 - 0.9362 0.00687 279.8 14 0.05 1.14

0.0076 0.00069 24 13(13)
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650

700

750

800

850

950

1000

1050

1100

1150

1200

1250

0.0034

0.1902

0.0011

0.05629

0.00029

0.04732

0.00017

0.03839

0.00018

0.04767

0.00019

- 0.04702

0.0002
0.036651
0.00022
0.0390
0.0028
0.021954
0.000097
0.01666
6.00027
0.00113
0.00074
0.0094

0.0022

0.00689
0.00069
0.00699
0.0007
0.00701
0.0007
0.00702
0.00018
0.00702
0.0007
0.00714
0.00071
0.00715
0.00072
0.00742
0.00074
0.00743
0.00074
0.00744
0.00074
0.00745
0.00075
0.00747

0.00075

0.80
71.65
044
31.86
0.26
29.67
0.23
26.84
0.21

29.60

025

29.28
0.26
2646
0.25
27.2
20
2171
0.24
20.30
0.59
13.72
0.48
12.7

1.2

4.4 (4.5)
571.5
4.7(4.8)

65.4

2.0020)

64.5
1.0(1.2)
66.38
0.91 (1.1)
65.59
0.82 (1.02)
65.65
0.96 (1.14)
65.1
1.0(1.2)
66.32
1.0 (1.18)
66.2
1.5(1.6)
64.45
0.95(1.13)

- 65.1
2.3(24)
56.8
22(2.3)
424

59{(5.9)

207

4.24

3.87

7.73

7.73

7.85

6.49

21.34

17.85

10.52

221

1.28

0.49

10.54

21.58

41.79

52.87

57.74

52.41

5254

59.23

57.62

70.12

75.75

97.57

78.14
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Integrated
Values

0.0099
0.05274

0.00068

0.00719

0.00027

238

31.04

041

17007
65.4

0.45 (0.76)

100.0

49.79

Table 4.4. Step heating argon isotopic compositions and apparent ages of sample

AD-47 (Amba Dongar Tinguaite). Errors on age are without and with

(bracketed) error on J. Errors quoted are at 16.

(J = 0.00232 1 0.00002)

Temp.  “Ar’Ar  “Ar®Ar  “Ar®Ar  AGE(Ma) PAr(%) “Ar*

(°C) tio tlc tlo tlo (%)

450 0.03744 0.0461 28.39 70.95 322 61.03
0.00018 0.0021 0.17 0.64 (0.92)

500 001877  0.13644 22.61 69.90 19.46 92.96
0.00009 000027 0.13 0.47 (0.80)

600 001004 034765 18.99 65.72 112 8438
0.00011 0.0007 0.1 0.41 (0.74)

650 000146 0.0916 16.261 64.94 10.87 97.34
0.00033 0.0026 0.094 0.52 (0.80)

700 0.00312 0.0426 16.84 65.29 5.31 94.53
0.00033 0.0010 0.10 0.73 (0.95)

750 000255  0.03771 16.55 64.81 399 95.45
0.00049  0.00062 0.11 0.70(0.93)

800 0.01162 0.0520 19.40 65.49 4.26 82.30
0.00053 0.0023 0.13 0.77 (0.99)

850 0.00956 0.0589 18.71 65.49 4.63 84.90
0.00043 0.0019 0.12 0.67 (0.91)

900 000368  0.00320 17.05 65.49 7.54 93.63
0.00033  0.00032 0.11 0.55 (0.82)
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950 0.00361 0.0793 16.92 65.03 7.48 93.69
0.0003 0.0027 0.12 0.55 (0.82)
1000 00502 0.04774 1751 65.76 5.85 91.53
00002  0.00095 0.13 0.54 (0.82)
1050 0.01805  0.0774 21.78 67.4 092 1551
000076  0.0017 0.76 3.2(3.2)
1100 0.05421 0,168 40.2 98.2 0.24 60.12
0.00072 0.014 24 9.7(9.7)
1150 0.1015 1382 48.5 76.0 0.17 38.14
0.0024 0.021 3.3 13 (13)
1200 0.265 1.02 87.2 36.0 0.14 10.11
0.011 0.33 4.6 23 (23)
Integrated 0009001  0.15533 19.036 67.15 100.0 86.03
Values
0.000073  0.00076 ° 0039 0.17 (0.65)

The age spectra along with isotope correlation plots for all four samples are shown in
Figures 4.1 - 4.4. The plateau ages along with percent ¥Ar included for the plateaus;
isochron ages and inverse isochron ages of plateau steps along with ratios of trapped argon
and MSWD values; and integrated (total) ages are summarized in Table 4.5. Errors quoted
in all the values are at 26 level. Two alkaline rocks (AD-16 and AD-45) and the phlogopite
separate from a carbonatite (AD-46) yielded good plateaus in the age spectra (Figs.4.1a,
4.2a and 4.3a) giving ages of 64.810.6 Ma, 64.7+0.5 Ma, and 65.5+0.8 Ma, respectively.
The third alkaline rock (AD-47) yielded a 10 step high temperatures plateau (from 600°C to
1050°C) with an age of 65.320.6 Ma (Fig.4.4a). The three low temperature steps of AD-47
(Fig.4.4a) showed higher apparent ages, perhaps due to recoil effect. The one or more
initial and final temperature steps (Figs. 4.1a, 4.2a, 4.3a and 4.4a), which are not included in
the plateaus, showed large errors in their apparent ages due to the very small amount of
¥ Ar-release in these steps. For all the four samples, there is an excellent agreement between

plateau and isochron ages indicating that these samples have not lost any significant amount
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of radiogenic argon since their crystallization. The undisturbed nature of these samples is
also reflected in the total ages, which are indistinguishable from the plateau ages within the
20 level of error. In the isotope correlation plots of the plateau steps of all these samples
showed atmospheric trapped argon composition (i.e. (°Ar/*°Ar); = 295.5) within the limits
of uncertainties (2 errors) implying that the plateau ages are true ages of the samples.

Table 4.5. Summary of results of “*Ar-**Ar dating of Amba Dongar samples.

Sample Plateau Isochron Inverse Isochron Integrated
_ Age
steps . % Ar Age Age Trap MSWD Age Trap MSWD

(Ma) (Ma) (Ma) (Ma)

AD-16 13 9788 648 64.5 2974 0064 650 2927 0.047 64.5
0.6 1.7 13.2 4.3  tllS 1.5

AD-45 14 9827 647 650 297.7 0282 645 306.7 0.069 65.5
0.5 214 £12.8 4.2 132 1.4

.AD-46 10 98.27 655 654 2959 0.115 654 2959 0.115 65.4
0.8 119 1635 3.3 16.5 * 1.6

AD-47 9 6105 653 654 2969 0.116 65.0 3106 0.059 67.2
0.6 114 1234 9.3 299 1.4

Note: Trap: Initial “®Ar/*°Ar (trapped argon); MSWD: Mean Square Weighted Deviate.
Errors are 20,

Indistinguishable ages of alkaline silicate rocks and carbonatites indicate that these two rock
types of Amba Dongar complex are comémporaneous. The weighted mean (determined
following Bevington (1969)'s procedures) of all plateau ages is 65.040.3 Ma, which is the
age of emplacement of the Amba Dongar complex. |

4.1.2. Discussion

The contemporanity of alkaline silicate rocks and carbonatites of Amba Dongar complex
probably indicates a genetic relationship between these two. The 65.0+0.3 Ma age of this
complex suggests that the complex got emplaced towards the end phase of Deccan Trap
magmatism and it is ~2.0 Ma younger than the main pulse of Deccan (67.0 Ma, Pande et al,
in preparation). As mentioned in Chapter-II, the Amba Dongar complex intrudes into the
Deccan tholeiites of this region. Therefore, the Traps of this region are older than 65.0 Ma.
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This age of Amba Dongar complex along with the two northern most 68.5 Ma old alkalme
complexes at Sarnu-Dandali and Mundwars fits well in the plume theory for the generation
of Deccan flood basalts and is consistent with the idea of 10-15 cm/year northward motion
of the Indian plate over nascent Reunion hotspot (Basu et al., 1993). In this plume model,
Amba Dongar complex would represent a late stage alkaline magmatism on the southern
end side of the plume head.

Amba Dongar is part of the Chhota Udaipur carbonatite-alkaline district of Gujarat, which
covers an area of ~1200 km® (Viladkar, 1996) and consists of several alkaline complexes.
Phenai Mata carbonatite-alkaline complex (present to the northeast of Amba Dongar),
which is also a part of this district, has been dated to 64.96:0.11 Ma by Basu et al, (1993).
This probably indicates that the carbonatite-alkaline magmatism of this district occurred at
65.0 Ma, which happens to be just at the K/T boundary (Izett et al., 1991). This
coincidence makes these carbonatite alkaline magmatisms very impox:tant in the ongoing
debate on the K/T mass-extinctions. Alkaline and carbonatite magmatism are associated
with the release of very high amount of CO; + CO + SO, gases (Bailey and Hampton,
1990). Owing to their very low viscosity and density these melts get emplaced/erupted very
fast which obviously results in a lot of volatile input into the atmosphere in a very short
mterval of time. A conservative calculation shows that the total CO, flux from just
carbonatites of Chhota Udaipur district was 2.67 x 10" moles, which came out in a very
short period of time (in a few years). Workers who believe in the internal cause {(i.e. Deccan
Volcanism) to be responsible for the mass-extinctions at K/T boundary suggest that the
high amount of CO, released due to the Deccan volcanism (~5 x 10" moles in ~1 Ma ;
McLean et al.,, 1985) is one of the major reasons for the catastrophism. In this context the
carbonatite-alkaline magmatism of Chhota Udaipur district would have enhanced the
catastrophic effects due to addition of a very significant amount of CO; in a very short time
into the already disturbed atmosphere.

4.1.3. Summary

The age of Amba Dongar carbonatite-alkaline complex is 65 Ma. This age is consistent
with the plume hypothesis proposed for the origin of this complex (Sen, 1995) and also
confirms the genetic relationship of Amba Dongar with the Deccan flood basalts. Being
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emplaced just at the K/T boundary it could have enhanced the catastrophic effects leading

to mass extinctions, by rapidly adding a substantial amount of CO, into the atmosphere.

4.2 Sr ISOTOPIC STUDIES OF AMBA DONGAR COMPLEX

4.2.1. Results

Sr isotope ratio and concentration were measured in samples of carbonatites, alkaline rocks
and different country rocks from Amba Dongar complex. The aim of this study was to
assess the role of different magmatic processes, particularly the crustal contamination, in the
evolution of this complex and to characterize the isotopic composition of the source region.
Table 4.6 summarizes the results of this study. It gives concentrations of Rb and Sr,
measured *’St/**Sr and *Rb/4°Sr ratios with 26 error and initial ’Sr/**Sr ratios calculated
using the age of 65 Ma for Amba Dongar. As mentioned in Chapter-111, the 26 errors in the
"St/*Sr measurements were higher in the samples analyzed at Physical Research
Laboratory compared to the errors in the samples analyzed at National Geophysical
Research Institute. The initial *’St/**Sr ratios of alkaline rocks and carbonatites are ;'aloued

against St concentration in Fig. 4.5.

Table 4.6. Results of Sr isbtopic measurements in samples from Amba Dongar.

Sample Rb Sr MSr*Snn  C'RBA%SD, (VSIS
(ppm) (ppm) (atomic) {atomic)

Alkaline

Rocks

AD-14 27 1998 0.706243 0.0391 0.7062

AD-16* 14 3511 0.7063314 0.0115 0.70632

AD-17* 51 1854 0.7062114 0.0796 0.70014

AD-18 80 1551 0.706912 0.1492 0.7068

AD-45* 103 1172 0.7067814 0.2543 0.70655

AD-47* 95 93 0.7156244 29579 0.71289

AD-65* 21 2535 0.7070616 0.02397 0.70704

AD-66* 18 3278 0.7066016 0.01589 0.70658
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AD-67* 85 237 0.7115443 1.03089 0.71058
Calcite

Carbonatites

AD-1 0.5 6176 0.706613 0.0023 0.7066
AD-10/1 0.7 5413 0.705943 0.00037 -0.7059
AD-38 14 3710 0.7060+4 0.00109 0.7060
AD-49 bdl 3594 0.7055+2 bdl 0.7055
AD-52* 5.0 2705 0.7060+2 0.0053 0.70605
Ferro-

carbonatites

AD-19 0.8 3248 0.706542 0.0007 0.7065
AD-36 bdl 4920 0.7061+2 bdl 0.7061
AD-55 bdl 8477 0706111 bdl 0.7061
Sandstone |

AD-6 56 68 0.7590+7 2.3947 0.7568
Limestones

AD-59/1 bdl 676 0.7087+2 bdl 0.7087
AD-62 4 4558 0.7109+2 0.00254 0.7109

* = Samples analyzed at National Geophysical Research Institute, Hyderabad. ‘m’ stands for
measured isotopic ratio and ‘i’ for initial ratio (at 65 Ma). bdl = below detection limit. Errors are 26.

The initial ”St/*Sr ratios of alkaline rocks are highly variable (0.70614-0.71289) compared
to those of carbonatites (0.7055-0.7066). The Sr isotopic ratios of carbonatites fall within
the range of values given by Deans and Powell (1968) and overlap with the range given by
Simonetti et al. (1995). Sr concentration in carbonatites (2705-8477 ppm) are higher than
the alkaline silicate rocks (93-3511 ppm) (Table 4.6 and Fig. 4.5). Initial *’St/*Sr and Sr

concentrations of ferrocarbonatites are similar to those of calcite carbonatites.
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Fig. 4.5. Plot of initial “Sr/*°Sr vs. Sr content for the whole-rock samples of Amba
Dongar complex. Filled circle = alkaline rocks; open circles = calcite carbonatites;
and open squares = ferrocarbonatites.

4.2.2. Discussion

As seen in Fig.4.5, the alkaline rocks show higher initial *Sr/*Sr ratios and lower Sr
concentrations compared to the carbonatites. Whereas, the initial ratios of carbonatites are
homogeneous within the experimental error. The trend of decreasing Sr concentration with
increasing isotopic ratio shown by the alkaline rocks suggests that probably the rocks have
been contaminated by some crustal material having high ¥SrSr and lower Sr
concentration during their crystallization. The country rocks, sandstone (Table 4.6) and
Precambrian granitic gneiss (Gopalan et al., 1979) are likely candidates for contaminant.
Limestones do not qualify to be the contaminant as the Sr ratios of these (0.7087 and
0.7109) are smaller than the highest initial ratio (0.71289) observed in alkalim’: rocks.

Hence, to find out the contaminant and the amount of contamination simple binary mixing
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and assimilation fractional crystallization (AFC) (DePaolo, 1981) models were applied to
the observed data. The following section discusses the results of these models.

4.2.2a, Simple Binary Mixing and AFC for Alkaline Rocks

A simple binary mixing curve was generated (Fig.4.6) taking an unfenitized sandstone
[(*'Sr®Sr); = 0.7568 and Sr = 68 ppm] as one ‘end-member and an alkaline rock
{(S’Srl“Sr)i = (.70632 and Sr = 3511 ppm)] with highest Sr concentration as the second
end-member. As seen in Fig.4.6, the binary mixing curve does not coincide with the
observe alkaline rock trend.

0.730
0.725 |+
_ 0720
c r
N ~~— Binary Mixing
% onsf
&
-4
g
0.710
0705 ke (r=0.06)
0.700 L . L L

0 1000 2000 3000 4000
Sr (ppm)

Fig. 4.6. Plot of initial ¥ Sr/*°Sr vs. Sr content for alkaline rocks of Amba Dongar
complex. Binary mixing curve represents results of simple binary mixing between
alkaline silicate magma with Bagh sandstone and the AFC curve represents results of
AFC modelling (DePaolo, 1981), when Bagh sandstone gets assimilated in the
alkaline silicate magma for a r (rate of assimilation/rate of crystallization) value of
0.06. See section 4.2.2a for discussion.
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The AFC model (DePaolo, 1981) was tried out with the above sandstone as the assimilant
and the alkaline magma with Sr ratio of 0.70632 and concentration of 1951 ppm. The Sr
concentration in the magma was determined assuming a rock-melt bulk distribution
coefficient of 1.8. This distribution coefficient was calculated considering an average
alkaline rock (nepheline = 25%, K-feldspar = 10%, acgirine augite = 12%, melanite = 5%,
calcite = 7%, apatite = 4% and matrix = 37%) and mineral-alkaline melt partition
coefficients Ky (neph.) = 2.7 {assumed to be same as Ky (K-spar-melt)], Kq (K-spar) = 2.7
[Long (1978)], Ky (aug.) = 0.1, K¢ (melanite) = 0.001 [Jones (1995)), Ky (cakcite) = 4.0
[assumed to be same as K, (carbonate liquid-silicate liquid), Green et al., 1992] and K4
(apatite) = 14.5 [assumed to be same as Ky (apatite-basaltic melt), Nagasawa (1970)}.
Using the above end-members AFC curves were generated for .diﬂ’ercnt r (rate of
assimilation/rate of crystallization) values and it was found that the model curve with r =
0.06 (Le. 6% assimilation) explained the observed alkaline rock trend (Fig.4.6).

A similar exercise was carried out taking the Precambrian basement gneisses, which are
exposed near Chhota Udaipur, as the assimilant. The Sr isotopi composition and
concentration of gneiss (0.7690, 145 ppm) were taken from Gopalan et al. (1979). Like
sandstone, in this case the binary mixing hyperbola did not explain the observed trend
(Fig.4.7), whereas the AFC curve for r = 0.03 (ie. 3% assimilation) explained the observed

variation,

In summary, combined wall-rock assimilation fractional crystallization process is probably
the cause of observed isotopic and concentration variation in alkaline rocks, However, as
both sandstone and gneiss assimilation explain this, it is difficult to find out the true
assimilant/contaminant unequivocally.
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Fig. 4.7. Plot of initial *’Sr/*®Sr vs. Sr content for alkaline rocks of Amba Dongar
complex. Binary mixing curve represents results of simple binary mixing between
alkaline silicate magma with a Precambrian gneiss (basement rock) from Chhota
Udaipur (Gopalan et al., 1979} and the AFC curve represents results of AFC
modelling (DePaolo, 1981), when the above gneiss gets assimilated in the alkaline
silicate magma for a r value of 0.03 (see section 4.2.2a for details).

4.2.2b. An Alternative Explanation

Liquid immiscibility has been proposed to be the underlying process in the formation of
alkaline silicates and carbonatites (LeBas, 1977, Kjarsgaard and Hamilton, 1989). In Amba
Dongar, these two types of rocks are temporally and spatially related, which indicates a
possible involvement of liquid immiscibility in their generation. Secondly, the alkaline rocks,
as discussed in the above section, show crustal contamination. Hence, an attempt was made
to include liquid immiscibility in the AFC process. For this a model was developed for trace
element and isotopic effects by modifying the AFC model of DePaolo (1981) and then the
model was applied to the observed data. In the following paragraphs, I discuss the model in

general and its application to Sr-isoiope systernatics alkaline rocks of Amba Dongar.
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A. Assimilation Fractional Crystallization coupled with Liquid Immiscibility
(AFCLI). '

In this model it is assumed that the wall-rock assimilation, fractional crystallization of
alkaline rock and the separation of immiscible carbonate melt occur simultaneously and the
immiscibility is a fractional process like crystallization. Other assumptions are same as those

considered by DePaolo (1981) for the simple AFC model.

(i) Element Concentrations

Consider a parent magma body, whose mass is Mj, at any time t, which is assimilating wall
rock at a rate dM,/dt, removing carbonate liquid at a rate dMy/dt and crystallizing silicate
phases at a rate dMJ/dt. dM,, dM, and dM. stand for mass at any instant of assimilated
material, carbonate melt and crystallized solids, respectively. Let us define D, = C/Cy,, the
silicate rock-melt distribution coefficient of a particular element and Dy = C/Cp, the
carbonate melt-silicate melt distribution coefficient of the same element, where C., C, and
Cn, respectively stand for concentrations in crystallizing phase, carbonate melt and parent
magma. Now the change of mass of the magma can be written (following the procedure

given by DePaolo (1981)) as:

d(CaMmy) = C, dM, - Dy G dM, - D, Cr dM: (1
dM, dM dM,
or,dC_ = M (C,~C,)- Mml (D, -DC,, - M. (D, -1C,, (2)

Defining the parameters a = dM,/dM; (rate of assimilation/rate of crystallization} and b =
dMy/dM. (rate of carbonate immiscibility/rate of crystallization) and replacing dM, and dM,
by (a.dM,) and (b.dM,) in equation (2) we have:

dM,
dC,, = = [a(C, - C,) = b(D, = C, (D, - )C,,}
dM,
=~ +{aC,~C,(a+bD, ~b+D, - )] 3)

m

If F = Mo/My,’ (fraction of remaining parent magma where M,,’ is the initial mass of the

parent magma) then

dF dM,
=y @b 4)

M, _dF 1 5
oM.~ F acb-1 (

m
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Now substituting the value of dM./M,, in equation (3), we have

dc a a-b+bD,+D_ -1
m = _ ¢ C 6
FF- Gooo T e O (6
dC a
m= _ C . 7
N FIF oo X )
wherez=(a-b+bD+D.-1)/(a-b-1) (8)

The transformation (7) is valid only when (a - b) # 1, that means when dM, # dM. + dM..
This is the most general case of the equation (7). Rearranging equation (7) we get
__dc,  _¢F
a T F
a-b- I)C‘l at

Now integrating equation (9) with the initial conditions; at t = 0, F=1 and G, = C. (initial

(9

{

concentration of the element in magma to start with}), we get the equation for concentration

variation in the parent magma:

C, =CoF* +(

a C, -
a—b-l) z (]—F_.) (10)

which is similar to equation (6a) of DePaolo (1981). Equation (10) is the most general case
of concentration variation in AFCLI model. When there is no liquid immiscibility (b=0) then
equation (10) reduces to simple AFC equation (6a) of DePaolo (1981}

C

C, =C°F" +(ﬁ) (1~ F*), where z = (a + D-1)(a-1) and a is  of DePaolo
(1981).

(ii) Isotopic Ratios

For heavier isotopes, there is no isotopic fractionation during any of the magmatic
processes, hence the isotopic ratios E, E: and E; are equal at any instant during AFCLI.
The differential equation involving isotopic ratios in this model can be written as:
d(MyCiEn) = C.E.dM, - CE.dM. - GEdM, (11)
Now expanding this equation and substituting the value of dCm from equation (3), we get:
CrEn(dM, - dM; - dM) + MCodEn + MoEnl(dMdMu){a(C, - Co) - b - DCa}] =

CE.dM, - CEdM. - CEdM, (12)
Simplifying equation (12) we get:

dM_C,
4B, = ' (E, - E,) (13)
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for the most general case (M, # dM, + dM.) equation (13) will be:

dE, i (14)

C
)t (E,~E,) =

m

a

(a—B—l

Integrating equation (14) we get the isotopic ratio evolution equation:
E.-E, c;

-1 m. -2 15
Fag° ¢k (13)

Where E,.° is the initial ratio of the parent magma. This equation is same as the evolution

equation (15b) of DePaolo (1981), but here z is different (see equation (8)).

The AFCLI model equations (10) and (15) may be applied to situations where both wall-
rock assimilation and liquid immiscibility are important. Like any other model this model
also has certain limitations, which arise from the basic assumption of simultaneity of
fractional crystallization and liquid immiscibility. The application of this model is also
limited to magmas in which liquid immiscibility occurs within the crust so that the
contamination effects are readily observed in the final products. In the case of alkaline rocks
and carbonatites this model probably is the best model to explain isotopic variations
resulted from wall rock assimilation‘ as the silicate-carbonate liquid immiscibility has been

experimentally observed to occur within the crust (Wyllie, 1989).

Fig.4.8 shows the application of AFCLI model to Sr isotope systematics and the model
curves are compared with the simple binary mixing curve. In this figure the model
calculations are done when a magma with initial *’St/*°Sr of 0.705 and Sr concentration of
400 ppm assimilates a wall rock having ratio 0.72 and concentration 200 ppm. The model
curves are generated for different D, (rock-melt distribution coefficient of Sr) at a constant
Dy of 4.0 (carbonate-silicate distribution coefficient of Sr). Fig.4.8a shows the model
evolution curves for a=0.2 and b=0.2 and Fig.4.8b shows these for a=1.0 and b=0.02.
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Fig. 4.8. ¥Sr/°Sr and Sr concentration evolution in a carbonated silicate magma
affected by simultaneous wall rock assimilation, fractional crystallization of alkaline
silicate rocks and separation of a carbonate magma by liquid immiscibility for
different values of a (rate of assimilation/rate of crystallization) and b (rate of
immiscibility/rate of crystallization). Numbers on model curves represent D. (bulk
distribution coefficient for Sr between alkaline rock and magma). In plot (a) evolution
is done up to F (fraction of remaining magma) = 0.1 and in (b) up to F= 1.0. The
total assimilation percent was calculated using equation (16). The D; (bulk
distribution coefficient for Sr between carbonate melt and silicate melt) is taken as
4.0 in both the cases. See section 4.2.2b for discussion.

In Fig.4.8a, calculations are done up to F=0.1, whereas in Fig.4.8b; calculations are done
up to F=0 (i.e., process completed). Most of the properties of AFCLI model curves are
very similar to AFC curves (Fig.3 of DePaolo (1981)), however, the most striking
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difference of this model is that even for a small amount of contamination a significant
change in the isotopic ratio and concentration can be achieved in a short time (i.e. for a

larger F) compared to AFC model.

(iii) Amount of Assimilation
The amount of assimilation in AFCLI model, expressed in percentage is :
% assimilation = [mass of assimilated material/(mass of atkaline rock + mass of
carbonatite)] x100
= [MJ/(MA+M))] x100
= [(Mo/M)/(1-+HMVM)] X100
= [a/(14b)] X100 (16)

(iv) Composition of the Carbonate Melt

As the crystallization temperatures of carbonates are lower than the silicates, carbonate
melt is expected not to crystallize during AFCLI process. Most likely the carbonate melt
which fractionally gets removed from the parent melt slowly accumulates and after the
liquid immiscibility is over it comes out of the system and travels up ward as a single
homogeneous melt before it crystallizes. In such a situation the concentration of an element

and isotopic ratio of the carbonate melt will be averages of those of all the fractional melts
separated out during AFCLI. If C-c and (fm are average concentrations in the crystallized
phase and carbonate magma, respectively then we can write a mass balance equation:
CM, +C3M® =C_M_+C, M, a7
Equation (17) can be rewritten as
CM,+C°M° =D_C_M,_ +D,C, M, (18)
where C—m is the time average concentration of the element in the evolving parent magma.
Simplifying (18) we get
; _CM, +COMY

Cn=DM +DM, (19)
Hence,

S : CM, +C M

C,=D,C ] (20)

» =D M, +DM,
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- aC. +(1+b-2a)C®
or,C, =D,[—* D( TbD ) ] (21
[ |

Equation (21) gives the required concentration of the element in the accumulated carbonate
melt. Doing similar mass balance for isotopic ratio we get:

oM, ECM,
e +oome) T e M reome

E,=E, =E%( ) (22)

" Alkaline and carbonate melts get emplaced very rapidly owing to their low viscosity and
density, which may lead to a very small amount of contamination/assirnilation of wall-rocks
in such melts (i.e. M, << M"). In the case of Sr isotopic ratio and concentrations, most of
the crustal rocks, which are likely candidates for assimilant have very low concentrations of

Sr (ie. C. << C). So for Sr systematics, one can safely make the following

approximations:

CuM,y =] 23)
C,M, +C>M®, (
and

E.C.M,

=0 (24)

C.M, +C; M,
Hence, equation (22) becomes:

E,=E_=E° (25)
This essentially means that even if there is a crustal contamination of the parent magma, due

to very high content of Sr in this melt, the ¥Sr/*Sr of the carbonate melt (which is an

average of evolving E,, values) formed by liquid immiscibility retains the initial value of the

parent magma (i.e. = E;).

B. Application of AFCLI model to Amba Dongar Complex

In Amba Dongar, out of all the country rocks only the Precambrian gneiss qualifies to be an
assimilant for the parent magma, as other rocks such as sandstone, limestone and basalt are
surficial rocks, which probably do not occur at depths, where liquid immiscibility takes
place. Hence, considering goeisses (*'St/**Sr = 07690 and Sr = 145 ppm) as an assimilant
AFCLI model curves were generated using D, = 1.8 (assumed, see section 4.2.2a) and I, =
4.0 (from Green et al., 1992). It was found that the evolution curvc'with a=005and b=

0.15 (Fig.4.9) explained the observed alkaline rock trend which suggests that the parent
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Fig. 4.9. Plot of initial ¥'Sr/*Sr vs. Sr concentration for alkaline racks of Amba
Dongar complex. Top curve represents results of binary mixing between an alkaline
silicate magma and Precambrian gneiss. Bottom curve represents results of AFCLI
modelling (see section 4.2.2b.) with a carbonated silicate magma and the gneiss as
two end-members at a = 0.05 and b = 0.15. For the model the bulk distribution
coefficients for Sr, D. and D; are taken to be 1.8 and 4.0, respectively. Please see the
caption of Fig. 4.8 and text in section 4.2.2b for discussion.

magma of this complex have evolved through AFCLI by assimilating ~4% of basement
gneisses. In such a case the carbonate magma generated by means of liquid immiscibility
will have initial ’St/*Sr of 0.70632 (same as the parent magma) and Sr concentration of
4306 ppm (calculated using equation (21)). However, the lowest initial *’St/**Sr of
carbonatites of Amba Dongar (Table 4.6) is 0.7055+2. This discrepancy may be due to the
lack of data of the most primitive or uncontaminated alkaline rock, which could be used as
the magmatic end-member in the AFCLI model.
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.The Sr isotopic evolution of Amba Dongar alkaline rocks are explained by both the AFC
and the AFCLI model. This is because the distribution coefficient of Sr for alkaline rock is
assumed to be more than 1.0, which masks the effects of liquid immiscibility in a simple
AFC model. If the above distribution coefficient is less than 1.0 then the AFC model cannot
explain the observed alkaline rock trend of Amba Dongar complex (Fig.4.5), whereas
AFCLI can explain (this is evident in Fig.4.8a). Hence, the AFCLI process is believed to be
the most probable magmatic process that have gencrated the alkaline rocks and

carbonatites of Amba Dongar.

4.2.3. Sr Isotopic Evolution of Carbonatites of Amba Dongar

After its removal from the parent magma, carbonate magma rises rapidly within the crust
and crystallizes on or close the surface. During its ascent, like the parent magma, it may get
contaminated by the wall-rocks. However, because of its rapid ascent and very different
composition, carbonate melt may not be able to assimilate silicate wall-rocks but can get
contaminated by compositionaly similar rocks such as limestones. In Amba Dongar

complex, to check for such contamination Sr isotopes were used.

Fig.4.10 shows the binary mixing curve for Amba Dongar limestone (*’St/*°Sr) = 0.7087
and Sr = 676 ppm) and carbonatite (*’St/**Sr = 0.70549 and Sr = 6810 ppm, taken from
Simonetti et al., (1995)). The figure 4.10 also shows AFC evolution curves for different D
values. As one can see neither the simple binary mixing nor the AFC of limestones explains
the observed variations of ®'Sr/*Sr and Sr concentration in carbonatites. Hence,
carbonatites are not contaminated by any of the country rocks. The probable explanation
for the Sr concentration variation in carbonatites is the fractional crystallization of the
carbonate parent magma. Considering the high errors associated with the ¥Sr/Sr
measurements in the carbonatites (measured at Physical Research Laboratory, see section
3.4.5 of Chapter-III), the variation in initial *’Sr/*Sr is too small to be a result of any

magmatic or secondary process.
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Fig. 4.10. Plot of initial ¥ Sr/*°Sr vs. Sr content for Amba Dongar carbonatites. Open
circles = calcite carbonatites,; open squares = ferrocarbonatites. Binary mixing
curve represents results of simple binary mixing between carbonate magma and Bagh
limestone. Other curves are AFC curves generated with the same end end-members

for different values of D (bulk distribution coefficient for Sr between carbonatite and
carbonate magmay). See section 4.2.3 for discussion.

4.2.4. Mantle Source Regions

The range of initial strontium isotopic ratios of Amba Dongar carbonatites observed in the
present study and those observed by other workers (Deans et al., 1968; Simonetti et al.,
1995) overlap with the observed range of Mundwara complex (0.7038 - 0.7055; Rathore et
al., 1996). The only available initial Sr ratio from Sarmu-Dandali complex (0.70449; Basu et
al., 1993) also falls within the range of Mundwara. This observation probably suggests a
similarity in the mantle source regions of these complexes. Although the Sr ratios of
Mundwara and Sarnu-Dandali complexes are higher than that of the Reunion-basalts
{0.7033 - 0.7044; White et al.,, 1990), He-isotopic evidence (Basu et al., 1993) suggests a

plume origin for these complexes. As the carbonatites and the least contaminated alkaline
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rocks from Amba Dongar have similar Sr ratios like those of rocks from_Mundwara 1
believe that Amba Dongar too was derived from a plume source. The difference in the
ratios in the alkaline complexes and the present day basalts from Reunion island can be
attributed either to the involvement of enriched subcontinental lithosphere in the generation
of these complexes (mixing of plume material with the material from subcontinental
lithosphere) or to the complex evolutionary history of the Reunion hotspot (White et al.,
1990).

4.2.5, Summary

Strontium isotopic study of Amba Dongar revealed that the silicate rocks and carbonatite of
this complex ware generated by liquid immiscibility and the parent magma of this complex
was contaminated by the basement gneisses (up to ~4%). The model which gives the above
results also suggests that the carbonate melt does not retain any isotopic signature of this
contamination process rather retains the isotopic ratio of the primary magma if it does not
get contaminated during its later evolution after immiscibility, which is true for Amba
Dongar carbonatites. The overlapping of initial strontium isotopic ratios of Amba Dongar,
Mundwara and Sarnu-Dandali probably suggests a similarity of their source regions and

possibly all these complexes were derived from the Reunion plume.

4.3. TRACE-ELEMENT STUDIES ON AMBA DONGAR COMPLEX

Trace element variations were studied in carbonatites and alkaline rocks of Amba Dongar
complex to understand the major magmatic processes involved in the evolution of this
complex. The abundances of Zr, Ba, Hf and nine rare earth elements (REE) (La, Ce, Sm,
Eu, Gd, Tb, Yb, and Lu) were measured in samples of calcite carbonatites,

ferrocarbonatites and alkaline rocks by INAA following the procedures described in
Chapter-IIL

4.3.1. Results

The REE, Zr, Ba and Hf concentrations of four calcite carbonatites, three ferrocarbonatites
and three alkaline rocks are given in Table 4.7. Chondrite normalized REE concentrations
are plotted in Fig. 4.11 and chondrite normalized concentrations of some selective trace

elements (which also includes Sr concentrations taken from the previous section) are shown
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in Fig. 4.12. In both the figures the concentration patterns are gfoupcd according to the
rock types. As seen in Fig. 4.11, carbonatites are enriched in lighter REE compared to the
alkaline rocks and within carbonatites, ferrocarbonatites are enriched in these elements
compared to calkite carbonatites. Heavier REE abundance patterns of both types of
carbonatites overlap (Fig. 4.11). Enrichment of other incompatible trace elements also
follows the same trend; i.e., ferrocarbonatites > calcite carbonatites > alkaline silicate rocks
(Fig. 4.12).

Table 4.7. Trace element abundances in the whole-rock samples from Amba
Dongar.

Sample AD AD AD AD AD AD AD AD AD AD

10 12 17 19 31 36 38 43 45 47
Conc. .
(ppm)

Zr 258 448 741 1165 905 472 216 446 683 197
Ba 1736 114630 552 8553 8779 28684 2663 8974 1623 573
La 325 3464 161 2084 1372 5620 356 971 139 34

Ce 581 5528 227 4276 2465 6241 615 1794 264 61
Nd 209 778 69 1583 938 935 215 640 120 25
Sm 264 822 104 180 1375 951 164 630 184 46
Eu 70 170 28 423 295 199 10 17.1 5.0 1.1
Gd 146 617 95 961 1105 727 175 518 134 40
Tb 16 36 12 102 79 50 2l 41 79 06
Yb 31 131 35 102 232 205 43 6.9 48 25
Lu 044 084 051 09 164 12 055 054 065 040
Hf 025 047 102 064 077 032 034 062 94 30

Note: AD-10, AD-31, AD-38 and AD-43 are calcite carbonatites. AD-12, AD-19 and AD-36 are
ferrocarbonatites. AD-17, AD-45 and AD-47 are alkaline rocks.
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Fig. 4.11. Chondrite normalized concentrations of nine rare earth elements in
different lithological units of Amba Dongar complex are shown in groups. Chondrite
values are those of Taylor and McLennan (1983).
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Fig. 4.12. Trace-element abundances in different lithological units of Amba Dongar
Complex normalized to Chondrite abundances. Chondrite values are from Taylor and
McLennan (1985).

4.3.2. Discussion

Amba Dongar carbonatites, like most of the carbonatites of the world, are highly enriched
in LREE, a féature usually attributed to the generation of the parent magma of these rocks
by extremely low degree of partial melting of a carbonated peridotite or eclogitic source
(Nelson et al., 1988). The higher abundance of these elements in carbonatites compar;:d to
the alkaline rocks probably is a result of fractional crystallization or liquid immiscibility
process involved in the formation of these rocks. Similarly the higher LREE and Ba content
in ferrocarbonatites compared to calcite carbonatites indicates their derivation from a
carbonate parent magma at a later stage by fractional crystallization. The negative
anomalies of Zr in carbonatites (Fig. 4.12) may be attributed to the early removal of zircon

from the parent magma.
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The main purpose of the present trace element studies in Amba Dongar complex is to
establish whether alkaline silicate rocks and carbonatites of this complex have a common
genetic link through iiquid immiscibility or not. For this a simple conservative calculation is
done assuming that the carbonatites of Amba.Dongar have crystallized fractionally from a
carbonate magma after its separation from a carbonated silicate parent magma through
liquid immiscibility. In a fractional crystallization process concentration of a particular
element in the crystallizing solid (C,) evolves as:

C,=C,Df®" (26)
where C, is the original concentration in the carbonate magma, D is the rock-magma
distribution coefficient of the element under consideration and f is the fraction of remaining
parent melt. To find out the concentration of the element in the silicate melt, we need to
know C, For this, it was assumed that the observed minimum and maximum
concentrations of different elements represent the carbonatites formed from the carbonate
parent melt at f = 1 and f = 0.001, we get two simultaneous equations for two unknowns
C,and D.

C/=C,D | @27
C/=C, D (0.001)* (28)
where C;' and C, stand for minimum and maximum concentration of the element in

carbonatites, respectively. Then solving for D and C,, we get:

D=1+[In(CS/CH]/ [In(0.001)] (29)
and
C,=C'/D (30)

Using equations (29) and (30), the D and C, values for different rare earth elements (La,
Ce, Sm, Eu, Yb and Lu) were calculated. Table 4.8 summarizes these values. As the
measured concentrations (C; and C,') have some analytical errors and also the rocks
analyzed for this work do not represent the whole carbonatite intrusion, a conservative
error of 10 % was assigned to the estimated C, values. Then using nephelinitic melt-
carbonate melt partition coefficients (at 1150° C and 6 Kb) of Hamilton et al. (1989), the
expected concentrations in the silicate melt (Cy,) were calculated from the relation;

Can=Co Ky (31

The error in this estirnated concentration was calculated using the equation:
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K

[M]

(o] G

Oim = Cm\/( )+ ()’ (32)
g C

where 6, and G represent the errors in the K4 values and C, values (10 %), respectively.

The estimated concentration with their errors are given in Table 4.9. the chondrite
normalized pattern of these estimated concentrations (with their errors) are plotted in Fig.
4.13 (silicate melt-1) and compared with the alkaline rock field. The alkaline rock field of
Fig. 4.13 also includes data from Viladkar and Dulski (1986) apart from the data from the
present study. The estimated concentration in the carbonate melt (C,) is also shown in this
figure. The estimated concentration field for silicate magma overlaps with the observed
field. Similar estimations were made using the carbonate melt-silicate melt partition
coefficients given by Wendlandt and Harrison (1979) for Ce and Sm (silicate melt-2 and
silicate melt-3 of Fig. 4.13) and it was found that these model melts fell well within the
observed alkaline rock field of Amba Dongar. The above observations, though have many
limitations which arise from the choice of K; values and initial melt compositions, suggest
that the carbonatites and alkaline rocks of Amba Dongar were derived by liquid

immiscibility.

Table 4.8. Modelled Distribution coefficients
(Carbonatite-Carbonate Melt) of some REE
and their estimated concentrations in the

carbonate melt.

Elements Drocc-meht Co (ppm)
La 0.59 551
Ce 0.66 880
Sm . 0.72 37
Eu 0.74 9.5
Yb .71 . 44

Lu 0.81 0.54
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Fig. 4.13. Chondrite normalized REE diagram, illustrating potential silicate parent
melts for the Amba Dongar carbonate melt, calculated on the basis of available
‘experimental carbonate melt-silicate melt partition coefficients (K, values). Silicate
melt-1 field is calculated using K, values from Hamilton et al. (1989). Silicate melt-2
and 3 are calculated using K, values respectively for 20 kbar & 1200°C and 5 kbar &
1200°C from Wendlandt and Harrison (1979). The alkaline rock field is the observed
data, which also includes data from Viladkar & Dulski (1986). See section 4.3.2 for

discussion.

Table 4.9. Estimated concentrations of some
REE in the silicate melt with their errors.

Elements Csm(ppm) 1o (ppm)
La 342 335
Ce 678 622
Sm 28.5 34
Eu 6.9 08
Yb 5.9 14
Lu 0.4 0.2

SM stands for silicate melt
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4.}.3. Summary

The rare earth elemental abundances in different rocks of Amba Dongar complex show an
enrichment pattern in the order; alkaline rocks < calcite carbonatites < ferrocarbonatites.
Ferrocarbonatites were probably generated from the magma at a later stage by fractional
crystallization. Model calculations suggest that the carbonate magma of this complex was

derived by liquid immiscibility from the silicate magma,

4.4, STABLE CARBON AND OXYGEN ISOTOPES

Study of stable carbon isotopic variations in carbonatites may provide important clues
to the nature of carbon in the mantle, in particular to the carbon isotopic heterogeneity
and possibly to the fate of recycled carbon. The combined study of carbon and oxygen
isotopes in carbonatites and associated alkaline rocks helps in characterizing their
source regions, understanding the processes involved in their formation and the
isotopic evolution during and after their emplacement. Stable carbon and oxygen
isotopes were analyzed in samples from the three carbonatite-alkaline complexes of
Deccan province in order to understand the isotopic evolution of these complexes and
to characterize the stable isotopic compositions of their mantle source regions. Before
discussing the results of the present work, at this juncture, it will be appropriate to '

discuss briefly the earlier stable isotopic studies on carbonatites in general.

4.4.1. Stable Carbon and Oxygen Isotopic Variations in Carbonatites: A Brief

Review

In one of the earliest stable isotopic studies on carbonatites, Taylor et al. (1967)
suggested that the carbon and oxygen isotopic compositions of carbonatites were
homogeneous and defined a field (Taylor Box) for carbonatites in 2 8"°C versus 80
plot (Fig.4.14). But later studies (Pineau et al., 1973; Deines and Gold, 1973; Nelson

et al., 1988; Deines, 1989) showed a considerable range of §'°C and §'*0 compositions
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Fig. 4.14. Plot of 8"°C vs. 80 showing different carbonatite and sedimentary
carbonate fields. Mantle box is after Nelson et al. (1988), Taylor box represents the
primary carbonatites studied by Taylor et al. (1967) and the unaltered (primary)
carbonatite field is inferred from studies of Plyusnin et al. (1980) and Deines (1989).
Crustally contaminated and altered carbonatites (secondary) plot between the
primary carbonatite and the sedimentary carbonate fields.

which partly overlap with the mantle compositions inferred from studies of mid-
oceanic ridge basalts and meteorites. The variations in 8'°C and 8'*0 in carbonatites
have been interpreted in different ways by earlier workers. Deines and Gold (1973)
related these variations to the emplacement levels of carbonatites and suggested that
the deep-seated complexes have narrower ranges of isotopic compositions (primary
variations) compared to the shallower ones, which they attributed to secondary near-

surface processes. Pincau et al. (1973) observed three different groups of §°C and



Results and Discussion 108

.8"%0 variations. The first group showed typical mantle values; the second showed
correlated variation of 8'"°C and 8'*0, which they attributed to Rayleigh fractionation
during late stage carbonatite crystallization and the third showed no correlation of 8"*C
and §'*0, which was explained by fluid related secondary processes. In another study,
Deines (1989) suggested that the correlated variation could be explained by

simuitaneous crystallization of carbonates and silicates from a parent magma.

In general, carbonatites can be grouped into two: (1) those'Which are not affected by
secondary processes and show either mantle values or some kind of correlated
variation of 8"C and §'*0 (Primary variations) (2) those which show extreme
variations, probably as a result of alteration by secondary processes (Secondary
variations). Considering 8"°C and 8'°0 variations of carbonatites of the world
(Plyusnin et al., 1980; Deines 1989}, it is possible to define two different fields for the
above described groups of carbonatites in a §'"°C versus §'*0 diagram. Group-1 variety
(Fig. 4.14) encompasses the fields of mantle rocks (Nelson et al., 1988) and the
primary carbonatite field defined by Taylor (1967). Group-2 variety of carbonatites
generally fall outside the Group-1 field (Fig.4.14). In order to evaluate the isotopic
compositions of the mantle source regions, for a given complex, it is important to

distinguish the primary variation (which bears the magmatic signatures) from the

secondary.

4.4.1a. Primary Carbonatites

Primary carbonatites, according to the general belief, are purely magmatic and whose
8°C and 8'*0 variations overlap with the mantle values. These are unaltered rocks
(belong to Group-1, as defined above), whose isotopic variations are either results of
magmatic isotope fractionation processes or reflect the source heterogeneity
(Deines, 1989). In the following paragraphs, 1 briefly discuss different models which

have been proposed by different workers to explain these variations.

The magmatic processes which are expected to cause 8"C and 8'®0 variations in
carbonatites include, extraction of carbonatite melt from the mantle, liquid

immiscibility, crustal contamination and fractional crystallization. Deines (1989)
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suggested that 8'"°C and 30O variations in carbonatites could be related partly to the
extraction of carbonate melt from a heterogeneous source region. Liquid immiscibility
has been suggested as an important process in the formation of carbonatites (Wyllie,
1989; Kjarsgaard and Hamilton, 1989). Mattey et al. (1990) found from experimental
studies that the carbon isotopic fractionation between carbonate melt and silicate melt
is very small (0.4%c) in the temperature pressure range of 1200-1400°C and 5-30
kbars, which led them to suggest that carbon isotopes do not fractionate during liquid
immiscibility. However, such an inference may not be correct, if fractionation of “*C
during liquid immiscibility is of Rayleigh type. Isotopic fractionation during liquid

immiscibility will be discussed in detail in the next section.

Contamination of carbonate magma by crustal rocks is another magmatic procc#s
which can affect their isotopic composition. Carbon being a trace element in most of
the crustal rocks, except limestones, contamination of these rocks may not generate
large variations in 8"°C composition of carbonatites. 5'%0 value of crustal rocks
‘(excluding limestones) are not very different from the carbonatites, hence,
contamination effects may not be detected. Contamination due to limestones can
generate isotopic compositions which are likely fall between mantle field and
sedimentary carbonate field in a 8"°C vs. §'*0 plot (Fig. 4.14). In such a case it is
difficult to extract information about the source regions. Therefore, in such situations it

is important to assess the extent of contamination using other isotope systematics (e.g.,
Sr).

Fractional crystallization of carbonatite from a carbonate melt is another magmatic
process which may generate variations in 8'°C and §'*0. Lack of knowledge about the
fractionation factors between the minerals and the carbonate melt makes the modelling
of isotopic variations durir;g fractional crystallization difficult. With certain
assumptions and considering the involvement of magmatic fluids and silicate phases,
earlier workers (Pineau et al., 1973; Deines, 1989) modelled the effects of fractional
crystallization. Pineau et al. (1973) gave an approximate equation for isotopic
fractionation from a two component source and suggested that the late stage calcite

(calcite carbonatite) crystallization from a CO, enriched, H,O bearing magmatic fluid
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at 700°C could explain the correlated variation of 8''C and 8"*0 in some primary
carbonatites. To explain the observed slope (of 0.4) of the 8'°C - 8O plot, they
restricted the oxygen contribution from H>O and silicates present in the magma to less
than 30%. Later this was challenged by Deines (1989) on the ground of their
unrealistic assumption. Deines (1989) proposed a Rayleigh isotopic fractionation
model to treat simultaneous fractional crystallization of carbonates and silicates (or
carbonate-silicate immiscibility) from a parent melt and suggested that probably such a
process could explain the observed slope of 8'°C versus 8'0 plot. However, the
model required unrealistic fractionation factors ( o'*O(silicate rock-magma) = 0.9978,
~which is too low and &'*C(carbonatite-magma) = 0.9993, which in fact should be more
than 1.0) and unrealistic molar ratios of carbon between carbonatite and silicates
(=1000, which is too high considering the fact that the volume of carbonatites is much

smaller than the volume of silicate rocks in a given complex).

4.4.1b. Altered Carbonatites

Altered carbonatites generally do not fall in the primary carbonatite box of Fig.4.14
because of their higher §'*0 values. These rocks sometimes also show widely different
8°C values compared to primary carbonatites. Many models have been proposed
(Deines, 1989; Santos and Clayton, 1995) to explain these variations. These models
propose different fluid related processes as responsible mechanisms for alteration of
magmatic isotopic signatures of carbonatites. As fluid activity during and after the
carbonatite magmatism is very common in carbonatite complexes (this is evident from
the fenitization of host rocks, formation of hydrothermal mineral deposits, presence of
alteration products in carbonatites, recrystallization textures and above all the extreme
variation of 3'°C and §'®0 of carbonatites and the host rocks affected by fluid
activities), it is likely that isotopic compositions of some of the carbonatites are likely

to get affected by this.

Fluids can be magmatic, hydrothermal or meteoric water of varying isotopic
compositions. The 8" °C variations in altered carbonatites (though smaller compared to
8'%0) suggest for a CO, bearing aqueous fluid activity being responsible for the

isotopic alteration. To understand the effect of such fluid activity on the C and O
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isotopic composition of carbonatites, a simple closed system fluid-rock interaction
model was developed by Santos and Clayton (1995). However, this model had some
flaws in the derivations, which have been rectified in this work (this will be discussed in

the section 4.4.3).

4.4.2. Results

The carbon and oxygen isotopic compositions of carbonates from carbonatites, alkaline
rocks and metasomatic rocks from Amba Dongar, Mundwara and Sarnu-Dandali
complexes were measured following the procedures described in Chapter-III. Isotopic
compositions of coexisting calcites and ankerites were measured foll'owing the
selective CO, extraction procedures developed by me (see Section 3.2.2b of Chapter-
I1I). Table 4.10 summarizes the results. 8'°C and 50 of calcites of samples from
Amba Dongar, Mundwara and Sarnu-Dandali are plotted in Fig.4.15a, b and c,
respectively. Some calcite carbonatites of Mundwara and Sarnu-Dandali fall within the
mantle box defined by Neison et al. (1988) (Figures 4.15b and 4.15¢). But most of the
calcite carbonatites do not show mantle values and have higher §°C and §'°0 values
compared to those of the mantle. The §'°C and §'°O ranges of calcites from different
rocks are very similar in all the three complexes. The highest §'*0 values in each
complex are observed in calcites from metasomatic rocks and ferrocarbonatites.

Calcites from alkaline rocks of Amba Dongar show two groups in a §°C vs §'%0 plot
(Fig.4.15a).

Table 4.10. Carbon and Oxygen isotopic compositions of samples from

carbonatite-alkaline complexes of Deccan Province.

Sample 8" Ceatcie 8"* Ocatcite 8" Cankerite 8"* Ounerice
(%0) (%0) (%0) (%0)

Amba Dongar

AD-1 -29 74

AD-2x <33 149

AD-2fy -3 14.3

AD-3 -33 20.8

AD-4 0.1 10.5

AD-8 -3.6 6.1
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AD-10/1x
AD-10/1y
AD-10/2x
AD-10/2y
AD-12
AD-13/1
AD-14
AD-17/1
AD-18
AD-19
AD-20
AD-24
AD-25
AD-26
AD-27
AD-28
AD-29
AD-30
AD-31
AD-32
AD-33
AD-34
AD-35
AD-38
AD-39
AD-40
AD-4]
AD-43
AD-44/1
AD-45
AD-47
AD-49
AD-5|
AD-52
AD-54
AD-55
AD-58

6.3
-5.9
2.7
-3.4
-1.5

2.6
35
34
4.0
6.9
29
3.4
-54

-33
-4.4
3.6
3.2
3.2
-1.9
-4.8
6.3
-5.7
-3.1
4.3
4.8
3.6
-3.8
6.7

25.8
17.3
11.3
13.9
13.0
12.1
15.7
29.0

29.5
3.0
28.6
18.7
223
12.1
10.4
274

27.2
10.2
12.7
12.1

14.7
13.0
18.2
10.9
10.7
9.0

15.0
13.1
11.2
27.6
259

-1.8

-2.3
-1.8
-2.7

-1.1

15.2

7.3

8.6

13.0
6.3
15.5

18.2
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AD-59/1
AD-60
AD-62
AD-63
AD-64
NS-2
NS-3
NS-20/2
NS-20/0/2
NS-20/0/3
NS-20/0/4
NS-20/6
NS-20/8
NS-20/9
NS-20/10

© NS-20/11
NS-20/13
Mundwara
M-1
M-2
M-3
M-15
M-39
M-40
M-12!
Sarnu-Dandali
C-94
C-119
C-142
C-143
C-149
c-177
C-254
C-255
C-290
C-291
A-18
A-161]

4.5
4.8

. -4.5

-4.2
4.3
-4.6
4.2
-3.8
-3.8
-5.1

-5.2
-6.4
-3.8
-3.7
-39
1.1
-1.2

27
49
20
5.4
5.3
1.4
-44
3.6
5.9
6.1
3.6
-1.6

10.6
10.2
7.6
9.5

7.9
6.1
21.6
94
10.1
16.7
16.2

18.7
9.3

16.7
8.2

25.2
28.2
10.9
16.3
13.9
229
24.3
212
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A-800 -2.1 24.6
A-B0S -1.6 254
A-807 | -1 21.5
A-808 -4.5 235
A-841 -1.6 17.0

Note: x and y are two different parts of a single whole rock sample (were taken out by drilling). 8"°C

is expressed with respect to V-PDB and 8'%0 with respect to V-SMOW.

Fig. 4.15a shows carbon and oxygen isotopic composition of calcites from different
types of carbonatites and metasomatic rocks from Amba Dongar complex. It was
found that the two major variety of calcite carbonatites show two different kind of
isotopic variations in Fig.4.15a. The first variety (massive, coarse to medium grained
and unaltered calcite carbonatites) shows some kind of correlated variation of §°C and
8'%0 (open circles in Fig. 4.15a) starting from inside the primary carbonatite box
(modified after Taylor, (1967); Keller and Hoefs, (1995)). The second variety of
calcite carbonatite (fine grained, brown coloured and altered late stage calcite
carbonatite veins) shows higher 8'°0 values but similar 8"°C values (open triangles in
Fig.4.15a) compared to the first variety. Some of the massive calcite carbonatites,
which are found to be altered have also been included with the second variety. The
altered nature of calcite carbonatites was detected by the presence of secondary
microcrystalline silica, recrystallization texture hematization of magnetites and fluorite
mineralization in these. Calcites from metasomatic rocks and ferrocarbonatites clearly
plot as a separate group with very high §'°0 (~28 %o) in Fig. 4.15a. Fig. 4.16 shows
the 8'’C and §'®0 values of coexisting calcite and ankerites of ferrocarbonatites from
Amba Dongar. In all ferrocarbonatites §'°0 of calcite is substantially higher compared
to that of the coexisting ankerite. 8'°C of ankerites are higher compared to calcites as
well, except in one case. A hydrothermal vein calcite associated with fluorite deposit
was also analyzed; 8"°C and 8'°0 compositions were -6.7 %o and 25.9 %o,

respectively.
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Fig. 4.15. (a) 8"°C and 5'*0 compositions of calcite from carbonatites, alkaline rocks
and metasomatic rocks of Amba Dongar. (b) 8’C and 8'*0 of calcite from calcite
carbonatites of Mundwara. (c) 8"C and 8'%0 of calcite from calcite carbonatites,
ferrocarbonatites and metasomatic rocks of Sarnu-Dandali. Symbols: o = unaltered
calcite carbonatites; o = altered calcite carbonatites and late stage calcite
carbonatite veins; e = ferrocarbonatites and metasomatic rocks; = alkaline rocks.
The small box with solid outline is the mantle box of Nelson et al. (1988) and the

large box with dashed outline is for primary carbonatites (modified after Taylor, 1967
and Keller and Hoefs, 1995).
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Fig. 4.16. 8"°C and 8'°0 of coexisting calcites (filled circles) and ankerite (open
circles) joined by tie lines, from ferrocarbonatites of Amba Dongar. Boxes are mantle

box (solid outline) and primary carbonatite box (dashed outline) as defined in Fig.
4.15.

Calcite carbonatites from Mundwara show the widest range of 8'°C compared to those
of calcite. carbonatites from other two complexes. 8°C of calcites from calcite
carbonatites varies from -6.4 %o to 1.0 %o (Fig. 4.15b). Four of these samples show
correlated variation of 8'C and §'*0. Other samples plot away from the mantle and

primary carbonatite box with very high 8'°0 values.
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In Sarnu-Dandali, 8"°C values of calcite from calcite carbonatites vary from -6.1 %o to
-2.0 %o, and 3'%0 from 8.0 %o to 22.9 %o (Fig. 4.15c). Three calcite carbonatite
samples show correlated variation of §°C and 8'30 and all others in this complex,
which are found to be aitered, show high 8'°0 values. Metasomatic rocks and
ferrocarbonatites also show higher 8'°0 values compared to -that of the calcite

carbonatites.

4.4.3. Discussion

As described above, the isotopic compositions of calcite carbonatites from all the three
complexes clearly form two groups in 8°C versus §'*0 covariation diagrams
(unaltered calcite carbonatites and altered calcite carbonatites). Ferrocarbonatites and
metasomatic rocks from all the complexes, generally fall in the altered carbonatite field
of such diagrams with very high 8'"°O values. The §°C and 8'®0 of unaltered calcite
carbonatites from all three complexes (Fig.4.15) clearly show some kind of correlated
variation, which is likely to a be result of one/more magmatic processes involved in the
formation of carbonatites. As the limestone-contamination is already ruled out in the
case of Amba Dongar (from Sr isotopic study) and there is no limestone in the vicinity
of carbonatites in other two complexes, it is unlikely that crustal contamination could
have contributed towards the observed isotopic variations in carbonatites in all the
three complexes. Hence, the magmatic processes such as liquid immiscibility and
fractional crystallization are probably responsible for the §"°C and §'*0 variation in
unaltered calcite carbonatites of the complexes. In the following sub-section (4.4.3a). 1
discuss the isotopic effects that could be generated by the silicate-carbonate liquid
immiscibility. In the sub-section (4.4.3b) the isotopic effects generated by fractional
crystallization are modelled and the results of unaltered rocks from the complexes
under consideration are interpreted. As discussed in the section 4.4.1, the extreme 8%c
and &'%0 variations (shown by altered calcite carbonatites, calcite from
ferrocarbonatites and metasomatic rocks) are probably results of fluid activities in
these complexes. In sub-section 4.4.3¢ a model developed for fluid-rock interaction is

given and the observed isotopic variation are interpreted using this model.
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4.4.3a. Liquid Immiscibility
It is generally believed that carbonate-silicate immiscibility has insignificant effect on
the isotope distributions in these melts (Mattey et al., 1990; Santos and Clayton,
1995). However such an inference is valid only when the immiscibility process is an
equilibrium process. It has been suggested that carbonate-silicate liquid immiscibility is
a very rapid process (Wyllie, 1989) and after their separation, these two liquids are
unlikely to interact (Kjarsgaard and Hamilton, 1989). In such a process the isotopic
fractionation is likely to be of Rayleigh type. If the parent magma (PM) is a carbonated
silicate magma from which carbonate melt separates out continuously then the carbon
isotopic composition in the remaining silicate melt (SM) is be given by
8" Cgy = (1000+8"C}, )f“™" —1000 (33)
where f is the fraction of the source melt remaining; and the average carbon
composition of the carbonate melt (CM) separated out after the completion of liquid
immiscibility is given by

3 8" C}, — 8"'Cq,

13
(3" Cip)ag = — (34)

where o stands for carbon isotope fractionation factor between carbonate melt and
silicate melt (=1.0004; Matiey et al., 1990) and 8"Clpm denotés the initial primary
magma composition. With decreasing f, 8'’Csm goes on depleting; however, the
accumulated carbonate magma which comes out of the magma chamber upon
completion of liquid immiscibility has an average 8'’C composition given by equation
(34). The final value of f can be determined independently for a give complex using

f = 1/(1+Ncm/Nsm) (35)
where Now/Nsum is the molar ratio of carbon in the carbonate melt (CM) to the silicate
melt (SM). In one example, for f = 0.308 (a conservative value) and 8"Clem = -5.5%o,
we find 8'°Csy = -6%0 and ( 8"*Ccmdug = -5.3%e. Clearly a Rayleigh carbon isotopic
fractionation during liquid immiscibility enhances the 8'°C of the carbonate melt
relative to the parent melt. If carbonate melt comes out of the magma chamber in
batches during immiscibility, contrary to what is assumed in the above model, then i
may generate a series of isotopically heterogenecous melts and which in tum car
generate the observed isotopic variations upon crystallization. However, Sr is0topi

studies do not support this batch separation (as discussed in Section 4.3, carbonatite:
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do not show %'Sr/®Sr ratio heterogeneity even when the parent magma gets
contaminated during liquid immiscibility). A similar evaluation can also be made for
oxygen isotopes with the knowledge of oxygen isotope fractionation factor between

silicate and carbonate melt.

In summary, liquid immiscibility can only decide the initial isotopic composition of the
primary carbonate melt prior to its crystallization, not the variation observed in the
ultimate product (i.e. the carbonatites). Hence, the only process which probably can
explain the correlated variation observed in unaltered calcite carbonatites is fractional
crystallization. In the next section, I discuss a model developed to treat fractional

crystailization of carbonatites.

4.4.3b. Fractional Crystallization

To model the isotopic effects generated during fractional crystallization of a carbonate
magma Rayleigh isotopic fractionation process was assumed. Carbonatite magmas are
rich in CO; and H,O fluids, which are likely to affect the isotopic composition of the
rock during crystallization. If calcite represents the crystallizing primary carbonatite
(which is mainly calcite carbonatite) then its oxygen isotopic evolution will be
controlled by three source components (i.e. melt, CO; and H,0), whereas carbon
isotopic evolution will be controlled by two source components (melt and CO,). To
treat isotopic fractionation in such cases where the isotopic evolution of the product
depends on multiple source components, a model (called Rayleigh isotopic
fractionation from a multicbmponent source) was developed. In the following
subsection 1 discuss the model in general and next I apply this model to exl'alain the

carbon and oxygen isotopic variations in some primary carbonatites.

A. Rayleigh Isotopic Fractionation from a Multicomponent Source

Here a Rayleigh fractionation equation is derived to evaluate the isotopic evolution of
a reservoir which has many discrete components, with distinctly different isotopic
ratios, each contributing isotopes of an element to a phase forming and separating out
of the reservoir. For this we assume that (a) the different components of the source are

in isotopic equilibrium with each other always (i.e., the isotopic composition of the
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source reservoir at any time can be expressed as a product of isotopic composition of

the most abundant component of the source and a linear combination of the

fractionation factors between the rest of the components with the major one), (b) the

product that forms is in instant isotopic equilibrium with the source before being

removed, (c) the process is isothermal, and (d) the abundance of the heavier isotope is

much smaller than that of the lighter isotope of the element under consideration (e.g.

['C) >> [*C)).

(i) Notations

nlnn

N, N,

i

Pi

Ol

Number of atoms of the element under consideration in the whole source
reservoir at the time t > 0 and at t = 0 respectively.

Number of molecules of the i component of the source at t > 0 and at t =
0, respectively.

Ratio of the initial number of moles of the j* component to the 1*
component (Ny/N;). The latter is chosen to be the biggest component so
that r;; <1 for all j.

Total number of components in the reservoiratt=0.

Number of atoms contributed by the i source component to the phase(s)
formed (e.g. in the case of calcite precipitation from CO, and H,0

mixture, CO; contributes 2 atoms of oxygen and H,O, one).
A constant for given L; P = Z:'pi

Isotopic ratio of the element under consideration; subscripts s, ¢, i denote
the source reservoir, phase formed and the i" source component; o
denotes the value at t =0,

Fractionation factor between the i and j* component (=R/R;). Note that
o = 1 for all the values of i.

Overall fractionation factor between the phase(s) formed and the
multicomponent source reservoir (= R, / R; ).

Fraction of atoms of the element under consideration left in the source (=
n/ing).

j" critical value of f, when the j"™ reservoir gets exhausted.

Isotopic composition expressed in permil [ (R /Rgq- 1) .10° ].
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A Deviation of isotopic composition from its initial value (5-6,).

In addition to these variables g, a and b are defined below.

(ii) Equations

By definition we have

no = Erijoj (36)
n= szij (37
and

_2PNR,

R, (38)
TN,
Using o = Ry/R, and f = n/n, we get
L
= Rlzlijjajl (39)
n,f

Also, the number of atoms removed from the j* component and the total number of

atoms removed from the reservoir are related by

P;j
qu—mN.=—h1U—ﬂ (40)
Therefore,
P; PNDJ.
N.=-— - —

pJ J P [nof rlo(l n, )] (4[)
or,

pN—~mfn(l (42)

Z pl il

By defining fj, the j” critical value of f, when the j"™ source component exhausts (i.e., N

= (). This is given by (from equation 42):

(43)
Z p:l il
Defining

f,=1-

1
a=;2bpﬂ | (44)

and
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IR
= qu pou,f; (45)

And using equations (41) to (45) in (39) we obtain
b
R, =R, (@a-2) (46)

The physical significance of the variables a and b is that they are weighted mean values
of the equilibrium fractionation factors between the different source components and
the major (ﬁrst) component. In the case of a, the weights are the numbers of atoms of
the clement under consideration contributed by various source cor.nponents. In the case
of b, besides this, the weight factor includes the critical values of f (i.e., the values of f

when each of the source component exhausts).

Treating the mixed reservoir as a single unit, the Rayleigh fractionation equation in

differential form can be written as:

R, a-pE 47
R, =(A-1) F 47
where
A_EL____L 48
"R, (a-b/f) (48)
using (46).
Hence,
(a,,—a+b/f)
A-1=
(a~b/1) (49)

Defining g = 0;-a, we have
dR g+b/f df

R, acb/f ¥ 50)
or

w®R, &

R =B ) T 51)

1
Expanding the second term into partial fractions we obtain,

dR, g daf-b) daf-b) df
R =) oy (52)

Integrating and applying the initial condition that at f= 1, R, = R, we get
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—-b)
( )_( +1)In [(af b)]—lnf (53)

In(R/R.) can be approximated to (8-8,)107 for small values of 8.

Therefore,
(8-8,)=10"(— °')1 (—) Inf (54)

Equation (54) describes the isotopic evolution of the multicomponent source reservoir.
As the product and the source are related by A (eq. 48) the isotopic composition of the

product as a function of f will be:

; C(‘cl acl 3 acl acl

- = —(— 10 - 55
B8 o = T WBue = (N e 10D = () (55)
I now show that equation (54) can be reduced to a single component Rayleigh
equation (P=p,and o¢;; = 1;r;; =1 and rp, =0; f; = 0). Now,a=1and b = 0;
therefore, 3-8, = 10° (o¢,-DIn(f). In the case of initial molar quantities of different

source components being equal (i.e., Ny _ N; = N3 ... N), rj; is unity for all value of j
(=1 to L) and f; = O for all j. From (45) we see that b = 0 and (54) reduces to (§-3,) =
10° [(oi/a) -1]In(f), similar to the equation for a single component case, but with an
effective fractionation factor given by (0,/a). For a two component case (calcite

precipitation: Ca®* + CO; + H,0 — CaCO, + 2H") Pineau et al. (1973) had derived an

approximate equation:

1-
P

8-58, =10*{[(et,, — ) - —2—]Inf +
2 2I

(aty — 1) 2
3 3

1
)(azu D=0 (56)

where the subscripts ¢, 1 and 2 denote CaCOQ;, CO, and H;O, respectively. Under
some approximations, the above described multicomponent Rayleigh equation (54)
reduces to this equation. This can be readily seen by doing the integration (52) with an
approximated value of A in equation (48): A~ (0. //a)(1+b/f)~(0i/a)+(b/f), as both o,

and a are close to unity. Therefore, equation (51) becomes:
R oG L pd (57)
R, " a f f?

5

and the solution yields:

5—50210“[(95-—1)lnf+b(l—%) (58)
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For the two component case, a = (1/3)(2+0;,) from (44) , b = (1/3)(2f,+0,,f;) from
(45) and f, = l-[3l(2+r21)]; f = I-[3l’21/(2+r2|)]. Hence b = (2/3)(2f1+a21f2)[(l-
121)/(2+121)]. Again [(0¢1/2)-1] can be approximated to be (0 -1) as a~1. Using this,

and the relation for b in (57), I obtain Pineau et al’s approximate equation (56).

However, when the initial molar quantities of different source components are
different, the least of them will get exhausted first (this is why we chose index 1 for the
largest source component). This happens when f = f; , the j" critical value of f when i
source component gets exhausted. Subsequent isotopic evolution of the system can be
still obtained from equation (54) by redefining P, a, b for the remaining L-1
components, &, taken as the & value of the reservoir at the point when f = f, , and
replacing f by f/f; . Similar calculations can be made as more and more components get
exhausted. Finally, when all but the largest reservoir get exhausted, the isotopic
evolution will be given by: (8'-8,) = 10°(0;-1) In £, where &' is the § value of the
source at the point when L-1 reservoirs got exhaﬁstéd, and £ =/ fL'.l . The above

arguments show that there will be L-1 discontinuities in the 8 versus f plot.

The above described model is a closed system generalized model which treats Rayleigh
isotopic fractionation from a multicomponent source. This mode! can be applied to
many geological processes like calcite precipitation from a fluid, hydrothermal graphite
formation, metamorphic decarbonation, serpentinization etc.,- to understand the
isotopic evolution of the source during such processes. In the present work, only the

application of this model to the formation of carbonatites is discussed.

(iii) Primary carbonatites

Unaltered carbonatites whose carbon and oxygen isotopic composition is considered to
be primary are generally calcite carbonatites. In calcite carbonatites it is the calcite
which is the major mineral. chce, isotopic composition of calcite can be treated as
that of the calcite carbonatite. Probably the C and O isotopic fractionation behaviours
of a carbonate melt and calcite are very similar (Deines, 1989), hence, it is safe to
assume the fractionation factors of C and O between calcite and the carbonate melt as

unity. Which means that the crystallization of calcite from a pure carbonate melt may
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not cause any isotopic fractionation. However, if calcite crystallizes in equilibrium with
the associated magmatic fluids then fractionation will occur. It is known that carbonate
magmas carry a large amount of coz-H;o fluids along with them. If calcite fractionally
crystallizes from such a melt-fluid system then its formation reaction will probably be:
Ca? + CO; + H,0 = CaCO3 + 2H'

as proposed by Pineau et al. (1973). Isotopically, CO, is the only source of carbon for
calcite, while oxygen is contributed by CO, and H,0. So the carbon isotopic evolution
will follow a single component Rayleigh fractionationl process, whereas, that of okygen

will follow a two component Rayleigh process.

Carbon isotopic evolution of the source and carbonatite then will be given by :_

8"C, = (1000+8"CHf " ~1000 (59)
and
8"C,,, = a(1000+8"C} )~ — 1000 (60)

where o is the fractionation factor of carbon between calcite and CO,, f; is the
fraction of remaining carbon in the source and 8'°C,' is the initial carbon isotopic
composition of the source. For oxygen isotope evolution of the source and the
carbonatite, the multicomponent Rayieigh fractionation model for a two component

case was used. In such a case oxygen isotopic evolution equation for calcite of

carbonatite derived from (55), will be :

0 o

acl _ acl 18
ab/f, DG y5 00 D

"0, =10°(
where o)’ is the fractionation factor of oxygen between calcite and the largest source
component, f, is the fraction of remaining oxygen in the reservoir. a, b and 8'%0, are to
be determined from equations (44), (45) and (54) respectively. To determine these
parameters we need the values of p; s, P, @, ri; and f;. In this calcite crystallization
process, p1 = 2, p2 = 1, P =3, oy, is either 00, o 5, OF Qg _y o depending on which
one of the two source components is the largest. f; value, the i critical value of f,, will

depend on the smaliest component. r;; is the initial molar ratio of the i" source

component and the major (or first) source component. Here I discuss the isotopic
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evolution of the source and calcite in two different cases: (I) when CO, is the largest

source component, (II) H,O is the largest source component.

Case-1

First I consider a case when CO, is the largest source component. Hence, subscript 1
will be used for CO; and 2 for H,O. The initial molar ratio r;; is ra; (i.e. H,O/CO;). The
value of f, at which H,O will be completely used up in the calcite formation is given
by:

o = 1-% (62)
The other parameters are :

a=%(2+a2,) (63)

-1,
2+71,

2
b= ":.;(azl = I)( ) (64)

To calculate 8" °C and §'*0 of calcite at the same time of formation, I relate f, and f,

by:

I-r 2+1
f = 21 +f 21
= A 3 )+ 1,( 3

The carbon and oxygen isotope composition of the source can then be calculated

) (65)

putting the values of above parameters for appropriate 1y, values in equations (56) and
(54), respectively. Fig. 4.17 shows the evolution of (§'*0-8'%0,) of the source as a
function of f, for different r;; values and Fig. 4.18 shows the covariation of ( '*C-
8"°C,) and (8'%0-5"0,) of the source for different r,, values. The end of each
evolution curve marks the exhaustion of the smallest source component (i.e,, H,O).
Similarly the carbon and oxygen isotope composition of the calcite can be found out
from equations (60) and (61), respectively as a function of fraction of remaining.
source. Fig. 4.19a shows isotopic evolution curves of calcite, in a 8"°C vs. 8'*0 space,
for different rz; values. In this example the temperature of calcite formation is taken to
be 700°C and the initial source §’C and §'°0 values are -5.5 %o and 8.5 %,

respectively. Here the fractionation factors used are taken from Ritchet et al. (1977)
and Chacko et al. (1991).
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Fig. 4.17. Oxygen isotopic evolution curves of a two component source (CO»+H,0),
relative to the initial source composition, from which calcite is [fractionally
crystallizing as a function of f (fraction of remaining oxygen atoms in the source) for
different ry; (initial molar ratio of H;0 to CO,) values. End of each curve marks the
exhaustion of H)O reservoir (Case-I of the multicomponent Rayleigh fractionation
model for carbonatites). See section 4.4.3b Jor discussion.
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Fig. 4.18. Covariation of oxygen and carbon isotopic compositions of the source
relative to the initial values in the same cases as in F ig. 4.17.
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Fig. 4.19 (a) Plot of 8°C vs. §"°0 showing isotopic evolution curves for the calcite (at
700°C) generated by the multicomponent Rayleigh fractionation model in Case-I
(CO; is the largest source component). Filled circle represents the initial composition
of the carbonate magma. Curves 1 to 5 are for ry; values of 0.2, 0.4, 0.6, 0.8 and 0. 9
respectively. (b) Isotopic evolution curves for calcite at r;; = 0.95 at three different
temperatures a = 500°C, h = 700°C and ¢ = 900°C. Filled circles = initial magma.
See section 4.4.3b (Case-I) for discussion.

The most stiking feature of isotopic evolution curves (Fig. 4.19a) is that at the
beginning of crystallization, isotopic compositions of calcite are lower than those of

the initial source and then as the crystallization proceads calcite becomes more and
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more enriched and its isotopic compositions become higher than the initial source.
Model calculations also showed that the slope of the isotopic evolution curves is not
very sensitive to the temperature vanation (Fig. 4.19b), however, it is sensitive to 1y
values (Fig. 4.19a.). In fact, a particular range of variation of §'"°C and 8'®0 of calcite
can be explained by fractional crystallization at different temperatures. Hence, the
isotopic evolution of fractionally crystallizing calcites in such a case is mainly

controlled by the initial source compositions and the initial molar ratio of H,O to CO,.

Case-11

In the second case, I consider H,O to be the largest source component. Then subscript
1 will be used for H,O and 2 for CO, in all the equations. Here the value of f;, at which
CO, finished is:

foo, = (1= 1) / (1+21) (66)
and other parameter are:
2
a= l+§(a2, -1 (67)
22 k!
b=3 =D, 0 (68)

f. and f. are related by

1 11
fo==>(1-—)+=
¢ 3( r21)+3

(2+-é;~)fo (69)
Using these parameters, 8"°C and 8'*0 values at different f, were calculated from
equations (60) and (61), respectively for similar source compositions as used in Case-L
Fig. 4.20 shows the isotopic evolution curves at 700°C for different 21 values.

Calculations were done up to f. = 0.001 and at these points f; > fca (=fcoz ). That is

why the end points of all evolution curves have same 8'"°C value. In this example the
effect of change in ry; is much larger on the slope of the evolution curve compared to
the Case-1. However, the variation in 8'%0 generated by the model, here, is much

smaller than what is observed when CO; is the largest source component (Case-I).
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Fig. 4.20. Plot of 8”°C vs. 8'°0 showing isotopic evolution curves for calcite
generated by Case-II (H,0 is the largest source component) of the multicomponent
Rayleigh fractionation model at 700°C. Different curves (numbered) are for different
r2; values (same as in Fig. 4.19a). Filled circle = initial magma. Here the

calculations are done up to f. (fraction of remaining carbon in the source) of 0.001.
See section 4.4.3b (Case-II} for discussion.

The above proposed multicomponent Rayleigh fractionation model probably can
explain the 5°C and 8'®0 variations observed in primary carbonatites of different
complexes of the world. It has been observed in many complexes that the observed
correlated variation of §'°C and '°0, if fitted with straight lines give slopes whose
values are less than 1 (Pineau et al., 1973; Deines, 1989). This can be explained if we
consider Case-I of our model as slopes of evolution curves in this case are less than 1.
It has been suggested that CO, is probably the major fluid associated with primary
carbonate magmas (Kjarsgaard and Hamilton, 1989), which again supports the isotopic
evolution of carbonatites following Case-I. If water were considered to be the major

fluid component in the primary magma, then also Case-I of the model can be applied if



Results and Discussion 131

it is assumed that most of this water rich fluids go out of the magma as fenitizing fluids

before the crystallization starts making the remaining fluid CO; enriched.

Primary carbonatites (mainly calcite carbonatites) also contain other minerals like
magnetite, apatite, phlogopite, fluorite and other silicates and oxides. Although
abundance of these minerals is very small compared to calcite, their crystallization may
affect the oxygen isotope composition of the source magma. However, non-availability
of fractionation factors between these minerals and melt creates difficulty in evaluating
the exact isotopic effects. Using Chiba et al. (1989)'s fractionation factor for calcite-
magnetite and calcite-water (Friedman and O'Neil, 1977) fractionation factors, it was
found that fractional crystallization (Rayleigh type) enriches the 30 (by ~1%o) of the
melt. The crystallization of apatite probably depletes the 8'°0 of the melt at magmatic
temperatures [this was found out assuming that &'®O (apatite-water) = o'*0 (calcite-
water)]. In all these calculations it was assumed that the carbonate melt and calcite
have similar oxygen fractionation properties. Hence, in our model curves a rahge of.
+1%o in initiat §'°0 composition of the source can be considered to accommodate the

possible variation from crystallization of minerals other than calcite.

B. Unaltered Calcite Carbonatites from Carbonatite complexes of Deccan
Province

(i) Amba Dongar Complex

Very coarse to medium grained unaltered calcite carbonatites of Amba Dongar show
correlated variation of 8'°C and 3'*0 values (Fig.4.15a). It was found that there are
two such correlation trends, separated by at least 3% in 8'°0. From field relations, it
was found that the group having lower %0 values (Group-II) are relatively finer
grained calcite carbonatites (alvikites of Viladkar, 1981) and these intrude into the
coarse grained variety, which have higher §'°0 values (Group-I). The study Sr
isotopes in these rocks and limestones (Section 4.2) revealed that these rocks were not
contaminated by limestones. Hence, the observed slope of 8'°C- §'®0 plot cannot be
due to contamination from country rocks (limestones). As discussed earlier this kind of
isotopic variation is a result of fractional crystallization and can be explained by

Rayleigh fractionation from a CO, rich fluid-magma system (Case-I of the
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multicomponent Rayleigh fractionation model). In such a case the 8'°C and §'°0
evolution of the calcite (of calcite carbonatite) can be calculated using equations (60)
and (61), respectively, with proper substitution of the parameters a and b (equations 63
and 64). However, to apply this model, we need the initial 5'°C and §'®0 values of the
parent carbonate magma. These can be assumed in different ways so that the model
evolution curves fit the observed data. However, there is an independent way of
estimating these for Amba Dongar complex, particularly the initial §'°C value, with the
help of liquid immiscibility model described in the section 4.4.3a, which is discussed in
the following paragraph.

Many of the alkaline rocks of Amba Dongar contains calcite as an accessory phase.
Calcites from ur;;).ltered alkaline rocks show two groups in 8'°C vs §'*0 plot
(Fig.4.15a), which probably indicate that there are two different generations of alkaline-
rocks, though mineralogically these two groups are not very different. The average
8°C of Group-I is -6%o, while of Group-II is -4%o. Assuming that these two groups
were derived from two isotopically different primary carbonated silicate magmas by
liquid immiscibility, the §'C compositions of corresponding two carbonate magmas
were determined using equation (34) of section 4.4.3a. For this calculation the value of
the fraction of remaining carbon in the source is taken as 0.238 [equation (35)], which
is derived using carbon atom ratio in carbonatite to silicate rocks of 3.2 (in Amba
Dongar, calcite carbonatites comprise 20% of the complex and average carbonate
amount in these is 90%, while silicates have around 7% carbonate in them). The
calculations yielded two different initial §'>C compositions for two different carbonate
magmas, one having 8'"°C of -5.3%. and the other -3.2%o. It is likely that these two
isotopically different carbonate magmas have crystallized to give the two groups of
calcite carbonatites observed in this complex. As the fractionation factor for oxygen
between carbonate melt and silicate melt is not known, it is not possible to evaluate the
50 composition of the carbonate magma using liquid immiscibility model. However,
it can be assumed to be in the range of 7 %o to 9 %o, 2 %o enriched than the mantle
peridotites (Deines, 1989). Using the above initial values of §'°C and §'%0, the model
calculations were done and it was found that the model curve at 800°C crystallization

temperature and ry; value (initial H,O/CO,) of 0.9 explained the observed enrichment
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Fig. 4.21. Observed data (open circles) Jor unaitered calcite carbonatites and two
component Rayleigh fractionation model curves (dashed) for Amba Dongar (a),
Mundwara (b) and Sarnu-Dandali ( c). The solid curves represent model curves, which

encompasses the £1 9o variation of the initial 3'°0 of the magma. In Fig. 4.2]1a, I

and Il represent the two groups of calcite carbonatites from Amba Dongar. See
section 4.4.3b (B) for discussion.

trend of Group-I calcite carbonatites when the initial 5'®0 of magma was 8.5 %o
(Fig.4.21a). However, the entire variation of 8"’C and 8'*0 of these rocks could be
explained by the model curves when the initial §'°0 of the carbonate magma varied
from 7.5 %o to 9.5 %o. This +1 %o variation in initial 8'°0 takes care of other factors,
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particularly the crystallization of accessory minerals, which affect only the 80 of the
crystallizing carbonate magma. Similar calculations for Group-II showed (Fig.4.21a)
~ that their isotopic variations could be explained by their crystallization from a
carbonate magma having rz; value of 0.8 and a smaller 8'*0 initial value of 7.5 %o. The
two component Rayleigh fractionation model also generates §"°C and 8'*0 values
which are beyond the range of observed values. Most likely, the rocks f?lling in the
lower range of values are present below the present level of erosion and these were
crystallized at an early stage. Similarly, the model gene'rated values which fall in a
higher range than the observed values either have been altered by secondary processes
or the rocks which had them have been eroded out. In summary, uncontaminated and
unaltered calcite carbonatites of Amba Dongar were found to have crystallized from
two isotopically different primary carbonate melts (with 8"°C values of -5.3 %o and -
3.2 %0) which were enriched in CO, compared to H,O.

It is usually believed that the carbon isotopic composition of a primary carbonate melt
reflects its mantle source composition. The initial §'>C of the primary melt of Group-1
calcite carbonatites (-5.3 %o) falls within the mantle §'°C range suggested by Nelson et
al. (1988), whereas the initial §"*C of primary melt for Group-1II calcite carbonatites (-
3.2 %0) is higher by at least 1.8 %o than the highest 8"°C values suggested for an
average mantle (i.e. -5 %o) (Nelson et al., 1988). This carbon isotopic enrichment in
Group-II melt could be due to its generation from an isotopically different source than
Group-I which essentially means that the source region of Amba Dongar complex was
1sotop1cally heterogeneous However, it is difficult to explain the generation of
compositionally similar magmas of a given complex from different source regions. But,
if such a process was possible in Amba Dongar then the 8'°C enrichment of the source
region for Group-II calcite carbonatites probably reflects mixing its juvenile carbon
(8"°C = -5 %o) with the enriched recycled crustal carbon (8°C = 0-2 %0) (Nelson et
al., 1988). This means that the Group-II calcite carbonatites of Amba Dongar bear
signatures of recycled crustal carbon, Alternatively, the 8"°C enrichment of the primary
melt of Group-II can as well be explained by its removal from Group-I melt some time
late in the crystallization history and subsequent mixing with water rich magmatic

fluids of lower §'*0. We propose this late stage mixing with magmatic water in order
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to maintain the required H,O/CO; ratio of the magma for fractiona! crystallization and
to brihg down the §'®0 value from >10 %o to 7.5 %o. However, such a mechanism
does not explain the presence of the Group-II variety of alkaline rocks in this complex.
Hence, the most appropriate explanation for the ’C enrichment of Group-II melt is the

incorporation of recycled carbon, which probably can be attributed to the metasomatic

fluid activity in the source region.

Mundwara Complex

The unaltered calcite carbonatites of Mundwara also showed correlated §'°C and §'*0
variations (Fig. 4.15b). Application of the two component Rayleigh fractionation
mode] revealed that these rocks ere crystallized at 800°C from a primary carbonate
magma whose jnitial 8'°C and §'*O were -5 %o and 8 %, respectively and H;0/CO,
ratio in the magma was 0.8 (Fig.4.21b). Like Amba Dongar, here also we needed 1
%o variation of initial 5'°0 variation to explain the entire observed values (Fig. 4.21b),
which suggests that the crystallization minerals other than carbonates had affected the
8"°C and §'®0 evolution of these rocks.

Sarnu-Dandali Complex

Like other two complexes, unaltered calcite carbonatites of Sarnu-Dandali also showed
correlated 8'"°C and §'*0 variation (Fig. 4.15¢) indicating the involvement of fractional
crystallization in their formation. We applied the two component Rayleigh model and
found that the fractional crystallization of calcite at 800°C from a magma having
H,0/CO; ratio of 0.8 and initial values of 8°C and 80, -5 %o and 8.5 %,

respectively, could explain the observed variation (Fig. 4.2]c).

In summary, the primary carbonate melts of all the three completed show average
mantle 8°C compositions and 80O compositions in the range of 7-9 %o. These
isotopic compositions are consistent with their origin from the mantle (Nelson et al.,
1988 and Deines, 1989). The enrichment trend shown by the unaltered calcite
carbonatites from these complexes in §'°C vs §'*0 plot are interpreted here as product

of fractional crystallization of these rocks from CO, rich carbonate melts. A two
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component Rayleigh fractionation model successfully explains the correlated variation

of §C and §'®0 of these calcite carbonatites.

4.4.3c. A Fluid-Rock Interaction Model to Explain Secondary Isotopic Effects

A. The Model |

To explain the §°C and §'*0 variations in altered rocks (altered calcite carbonatites,
ferrocarbonatites and metasomatic rocks) a fluid-rock interaction model was developed
by modifying an earlier model proposed by Santos and Clayton (1995). In a closed
system condition the fluid-rock isotopic exchange of carbon and oxygen can be written
as following to simple mass balance equations:

F8"”Ch, +R8°CL, =E8"”CL,, + R 8"C],, (70)
F3"0, +R.8%0' , =F3"%0!  + R3O, (71)
where F. and F, are amounts of carbon and oxygen, respectively; in the fluid expressed
in moles. R. and R, are those for the rock. Superscripts i and f stand for initial and
final, respectively. From these two equations final rock compositions can be found out.

The relations for the final rock compositions are:

_ (E /R, )(swciﬂuid + Acrock-—ﬂuid ) +8'3Cirock

13 ~f A . ToeX

0" Crot = 1+(E /R)) (72)
(F, /R )®"%0L ., +A° . . )+§"0

1BAf Mo ) fuid rock—fluid rock

870 = 1+(F, /R,) 7

where A’ werfuia and A’rcr.auia Stand for the isotopic fractionation of oxygen and carbon,
respectively, between rock and fluid. As the fluids are CO, containing aqueous fluids,
the oxygen fractionation between the rock (i.e., calcite) and the fluid will depend on
CO,/H;0 ratio in the fluid. Defining r as the molar ratio of CO, to H,0 in the fluid, it

was found the relation for A® e quia: tn

A nag = 10° ln()ﬁ'sOw_,:OzHO3 In(1+2r)- lOiSZr +0"* 01002 ) (74)

where a“oc,..cm and o’ BO}{zo.coz are oxygen fractionation factors between calcite and
€O and H;0 and CO, respectively. For a covariance (8"°C-§'%0) plot, we require
values corresponding to same time of formation/interaction. Therefore we relate F/R,
and F./R, as:

FJ/R, = [(2r+1)/3r}[{F/R.] (75)

Hence, in the final form the fluid-rock interaction equations are:
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_(E /R B Clg + Ay gia) 16°Cly

Beof ock—fhid - Treck 76
8" Cro 1+(F,/R,) (76)
2r+1 18i o 18i
Bt (T)(FC/RC)(S Oﬂl.l.id+Al'0‘:k—ﬂl.lid)+6 Omck 77
O Ot = 2r+1 7
1+( 2 XE,/R,)

The value of Awex-nuia is substituted from equation (74).

This model again is a simple closed system fluid-rock interaction model which assumes
that the isotopic behaviour of CO,-H,O fluid is the same as a separate mixture of CO,
and H;O and it does not consider the isotopic effects generated by other carbon
bearing species (like H,CO;, CO,> and HCOy) which are likely to be present in such
fluids. However, r;such a simple model is reasonably a good model to interpret the

extreme variations of 8'°C and §'®0 in altered carbonatites.

Fig. 4.22a illustrates the model and shows the evolution of the isotopic compositions
of calcite with initial 3°C and §'*O values -6 %o and 6 %o, respectively, which
interacts with a fluid having similar initial compositions and CO,/H,O ratio of 0.001.
Fig. 4.22b shows similar evolution when calcite interacts with a fluid having CO,/H,0O
ratio of 10. The calculations are done for F./R. values ranging from 0 to infinity and
temperatures varying from 100°C to 400°C. Fractionation factors are taken from
Ritchet et al. (1977) and Chacko et al. (1991). It can be seen in these two figures that,
CO; rich fluids do not generate very high enrichment in §'%0. Hence, to get extreme
enrichments in 8'°0, the interacting fluids have to be H,0 rich. This effect of CO,/H,0
ratio of the fluid on the isotopic evolution is clearly demonstrated in Fig. 4.23.
Physically the F./R. characterizes the extent of fluid-rock interaction (e.g., Fy/R, = o
implies that the fluid has completely altered the rock).
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Fig. 4.22. (a) Evolution of carbon and oxygen isotopic compositions of calcite (initial
8"°C = -6 %60 and 8'°0 = 6 %c) which interacts with a H;0-CO; fluid (initial 8"°C = -
6 %0 and 8'°0 = 6 %o) having CO/H,0 = 0.001. The fluid/rock ratios (F/R.) varies

from 1 to infinity and temperature from 100°C to 400°C. (b) In this figure the fluid
CO/H;0 ratio is 10, whereas other parameters are same as in (a).
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Fig. 4.23. Evolution of carbon and oxygen isotopic compositions of the same calcite
as in Fig. 4.22 through fluid-rock interaction at a constant temperature of 100°C and

varying fluid CO/H;0 ratio from 0.00! to 10. Fluid initial compositions are same as
in Fig. 4.22.

B. Altered Rocks from Carbonatite Complexes of Deccan Province

8"C and 8'°0 compositions of calcites of altered carbonatites and metasomatic rocks
from all the three complexes show extreme variations and they neither plot in the
mantle box nor show any kind of correlation as observed in the case of unaltered
calcite carbonatites. As discussed earlier such isotopic variation is a result of secondary
processes, particularly those related to post-crystallization fluid activities. In the

following discussion, I explain the observed isotopic variations in these rocks using the
fluid-rock interaction model described above.
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(i) Amba Dongar Complex

The altered calcite carbonatites, late stage calcite carbonatite veins, calcites from
ferrocarbonatites and metasomatic rocks from Amba Dongar show wide range of 8'°C
and §'°0 values (Fig.4.15a). As Amba Dongar is a shallow seated complex, one would
expect a lot of fluid action in this complex. In addition to its shallow emplacement
level, the carbonatites of this complex hosts a massive fluorite deposit which is known
to be a hydrothermal deposit (Simonetti and Bell, 1995). This suggests that a large
scale fluid activity took place in this complex after the carbonatite emplacement and
probably this was responsible for wide spread alteration observed. The carbon isotopic
variations in altered carbonatites indicate that the fluids which were responsible for the
alteration were CO, bearing aqueous fluids. Fluid inclusion study of Roedder (1973)

also suggests similar post magmatic fluid activity in this complex.

To understand the nature of alteration and the kind of fluids involved in the aiteration

process, the fluid-rock interaction model was applied; For the model calculations, the
initial 3'°C and 8'*0 compositions of the calcite carbonatites were taken to be -2.5 %o

and 12 %o, respectively (representative of a late stage calcite carbonatite) and for

ferrocarbonatites and metasomatic rocks the initial values of 8°C = -2 %o and 5'°0 =

13 %o were taken. Three different initial fluid compositions were considered for the

model (1) 8°C = -7.7 %o and 80 = 10.7 %o (a hydrothermal fluid, whose

compositions were derived using those of the hydrothermally precipitated pure calcites

associated with fluorite deposits and assuming an equilibrium precipitation of these

calcites from the fluid at 150°C), (2) 8"°C = -4 %o and §'"%0 = 0 %o (a meteoric fluid),

and (3) 8°C = -6 %o and 5'*0 = 7 %o (a pure magmatic fluid). Model calculations

were done for fluid CO,/H,O ratio of 0.001 and 0.1. Figures 4.24, 4.25 and 4.26 show

the model calculations with the observed data fbr altered calcite carbonatites and late
stage calcite carbonatite veins, while figures 4.27, 4.28 and 4.29 are for
ferrocarbonatite and metasomatic rocks. It was found that the variations in calcite
carbonatites could either be explained by interaction with the hydrothermal fluid (Fig.
4.24) or with the magmatic fluid (Fig. 4.26), but ferrocarbonatites and metasomatic
rocks show alteration by the hydrothermal fluid alone (Fig. 4.27a) and have not been
affected by magmatic waters like calcite carbonatites (Fig. 4.29). |
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Fig. 4.24. Comparison of 8"°C and 8'°0 values of altered calcite carbonatites from
Amba Dongar with the fluid-rock interaction model curves Jor two different
conditions (a) COYH,0 of the fluid = 0.00] and (b) CO/H,0 of fluid = 0.1, for a
hydrothermal fluid having initial 8°C and 8'°0 of -7.7%o and 10.7%a, respectively.
The initial values for the rock: 8"°C = -2.59%o and 8'*0 = 12.0%o,
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Fig. 4.25. Comparison of observed data of Amba Dongar altered calcite carbonatites
with a fluid-rock interaction model curves when the fluid has 8°C' = -4%a 8°0° =
090 (meteoric-hydrothermal) and COyH;0 = 0.001.

None of the rocks seemed to have been affected by meteoric water alteration (Figs.
4.25 and 4.28). It was also found that the fluids having CO»/H,0 ratio of 0.001 and 0.1
both could explain the variation in case of calcite carbonatités at temperatures between
100 and 400°C (Fig. 4.24a and b) whereas ferrocarbonatites and metasomatic rocks
seemed to have interacted with fluid having CO,/H,O ratio of 0.001 at lower
temperatures between 100 and 200°C (Fig. 4.27a). In summary, it is inferred that the
isotopic composition of some calcite carbonatites (massive and veins) of Amba Dongar
have been affected by a magmatic fluid and a hydrothermal fluid (which was
responsible for fluorite mineralization) at different temperatures, whereas
ferrocarbonatites and metasomatic rocks show alteration at lower temperature by the

fluorite mineralizing hydrothermal fluid. However, it should be noted that the observed
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isotopic variation may not be a result of one stage interaction process rather it could be
a result of superimposed alteration effects generated by interaction of different fluids

having different isotopic compositions and CO,/H,0 ratios at different temperatures,
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Fig. 4.26. Comparison of 8°C and 8'°0 values of altered calcite carbonatites from
Amba Dongar with fluid-rock interaction model curves when the fluid is a magmatic
Jluid with (a) CO/H,0 = 0.001 and (b) COy/H,0 = 0.1.

-
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Fig. 4.27. Comparison of 8°C and 8'°0 values of the ferrocarbonatites and
metasomatic rocks from Amba Dongar with the fluid-rock interaction model curves
when the fluid (hydrothermal) has (a) COy¥H,0 = 0.001 and (b) COyH;0 = 0.1, The
initial rock: 8"°C = -2.0%o and §'°0 = 13%a
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Fig. 4.28. Comparison of the 8°C and 8'°0 ferrocarbonatites and metasomatic rocks
of Amba Dongar complex with the fluid-rock interaction model curves when the fluid
is meteoric. Initial rock compositions are same as in Fig. 4.27.
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Fig. 4.29. Comparison of 8'°C and 8°0 of ferrocarbonatites and metasomatic rocks
of Amba Dongar with the fluid-rock interaction model curves when the fluid is
magmatic. Initial rock compositions are same as in Fig. 4.27.

Mundwara Complex

Application of fluid-rock interaction model to altered calcite carbonatites of Mundwara

complex revealed that these rocks were altered by a low temperature meteoric-
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hydrothermal fluid (Fig. 4.30). The fluid was found to be a CO, bearing aqueous fluid
with initial 8'°C and 8'°0 isotopic compositions of -1 %o and -4 %o, respectively and
having CO»/H,O ratio of 0.001. The §"C and 8'*0 compositions of the rock was

assumed to be -5 %o and 8 %0, respectively. The temperature of fluid-rock interaction
was found to be between 75°C to 150°C.
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Fig. 4.30. Comparison of 8"°C and 8'°0 of altered calcite carbonatites of Mundwara
complex with the fluid-rock interaction model curves when the fluid is meteoric-
hydrothermal. The initial rock compositions are assumed to be: §'*C = -5.0 %o and
8"°0 = 8.0 %o

Sarnu-Dandali Complex
Like, Mundwara, the extreme isotopic variation shown by altered calcite carbonatites,
calcites from ferrocarbonatites and metasomatic rocks of Sarnu-Dandali complex was

found to be a result of low temperature (50-150°C) fluid-rock interactions involving a
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meteoric-hydrothermal fluid (Fig. 4.31). The fluid initial 8'°C and 8'*O compositions of

-1.0 %0 and -3 %o, respectively, were used for the model calculations.
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Fig. 4.31. Comparison of the observed 8”C and 8'°0 variation of altered calcite
carbonatites, ferrocarbonatites and metasomatic rocks of Sarnu-Dandali with the
fluid-rock interaction model curves when the fluid is meteoric-hydrothermal. Initial
rock compositions: 8°C = -5.0 %o and 3'°0 = 8.0 %a.

In summary, the extreme variations of §"*C and 8"®0 in carbonatites and metasomatic
rocks from Amba Dongar, Mundwara and Sarnu-Dandali are found to have been
generated by interaction of CO, bearing aqueous fluids with the rocks at temperatures
between 50° and 400°C. In the case of Amba Dongar the calcite carbonatites have
probably been affected by both magmatic and fluorite mineralizing hydrothermal fluids,

whereas ferrocarbonatites and metasomatic rocks by only the fluorite mineralizing
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fluid. In the case of Mundwara and Sarnu-Dandali, low temperature alteration by

meteoric-hydrothermal fluid is observed.

4.4.3d. Ferrocarbonatites from Amba Dongar

Fig. 4.16 shows the 8°C and §'®0 values of coexisting calcite and ankerite from
different ferrocarbonatite samples of Amba Dongar complex. Calcites are depleted in
3'*C but highly enriched in 8'*0 compared to the coexisting ankerites, except in one
sample, in which calcite shows higher §"°C and 8'°0 values. Except for this sample, in
all other samples there is a clear indication of disequilibrium between calcites and
ankerites (inferred from the negative value of A'*QOgy.cy, Northrop and Clayton,
(1966)). The sample which showed isotopic equilibrium gave a temperature of
equilibration of ~380°C, which was calculated based on the carbon isotope
fractionation equation of Sheppard and Schwartz (1970). The temperature of

equilibration of 380°C indicates that the crystallization temperature of these rocks was

2:380°C. The higher values of §'°0 of calcites are due to hydrothermal alteration, this

has already been discussed in the previous section.

4.4.4. Summary

The carbon and oxygen isotopic compositions of the carbonatites of Deccan Province
show mantle signatures. All the three complexes studied here show similar isotopic
variations. The comrelated §°C and §'°0 variations observed in unaltered calcite
carbonatites of these complexes are successfully explained here by a multicomponent
Rayleigh fractionation model (Section 4.4.3b) which reveals that the variations are
results of fractional crystallization of these carbonatites from CO; rich carbonate
magmas. Model calculations also indicate that the carbon isotopic composition of the
primary melts for these complexes essentially show average mantle values, except a
particular batch of primary melt at Amba Dongar. This batch of primary melt has
higher 8'°C composition (by at least 1.8%c) than the average mantle. Such an
enrichment probably indicates the incorporation of recycled crustal carbon into this

batch of carbonate magma.
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Most of the extreme variations of 8'°C and §'®0 in carbonatites and metasomatic rocks
studied here are explained by a fluid-rock interaction model (section 4.4.3c).
Application of this model reveals that some Amba Dongar rocks have been altered by
magmatic and fluorite mineralizing hydrothermal fluids, whereas in other two
complexes, evidence of low temperature meteoric-hydrothermal alteration is found. In
most of the ferrocarbonatites studied here, coexisting calcites and ankerites show
isotopic disequilibrium and calcites are highly altered compared to ankerites. A
temperature estimation in Amba Dongar based on carbon isotopes reveals that the

crystallization temperature of ferrocarbonatites was >380°C.

PART-B: CARBONATITE-ALKALINE COMPLEXES OF
ASSAM-MEGHALAYA PLATEAU

In this part, the results of different isotopic studies of three carbonatites-alkaline
complexes (Sung Valley, Samchampi and Swangkre) are presented and discussed. This
part is divided into three sections, discussing the results of *“°Ar-**Ar chronology and
strontium isotopic study of Sung Valley complex and stable isotopic study of all the

three complexes, respectively.

4.5. “Ar-*Ar CHRONOLOGY OF SUNG VALLEY COMPLEX

The formation of a large igneous province during Early Cretaceous at the continental
margins of eastern Antarctica, western Australia and eastern India is generally believed
to be related to the Kerguelen plume activity (Storey et al., 1992), This activity started
around 116 Ma ago with the extrusion of Rajmahal Traps on the Indian subcontinent
(Baksi, 1986; Ghose et al., 1996). Other magmatic activities of eastern India, which
are considered to be members of the above large igneous province include Sylhet
Traps; lamprophyres, dolerites and basalts of Bengal basin; and carbonatite-alkaline
complexes of Assam-Meghalaya plateau (Ghose et al., 1996). The available
geochronological data on Sung Valley complex give ages varying from 90 Ma to 150
Ma (Chattopadhay and Hashimi, 1984; Krishna et al., 1991; Kent et al., 1992). Hence,
to precisely determine the age of these carbonatite-alkaline activities and to establish

their temporal relationship with the Rajmahal Traps, precise “°Ar-*’Ar dating of

hY
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samples from Sung Valley complex was undertaken in this work following the

proce-:arzs described in Chapter-IIL

4.5.1. Results

Three samples, one whole rock sample of alkali pyroxenite (SV-4) and two phlogopite
mineral separates from carbonatites (SV-7 and SV-12) were dated. The argon isotopic
compositions, fraction of *’Ar released, apparent ages and percent radiogenic argon
(“Ar*) released, for each temperature step are given in Tables 4.11-4.13. Modified J
factors are also given in these tables. The age spectra along with isotope correlation
diagrams are shown in Figures 4.11-4.13. The plateau ages along with percent *Ar
included in the plateaus; isochron and inverse isochron ages of plateau steps along with
ratios of trapped argon and MSWD values; and integrated (total) ages are summarized
in Table 4.14. The two phlogopite separates (SV-7 and SV-12) yielded good plateaus
in the age spectra (Fig. 4.32a and Fig. 4.33a) giving ages of 106.4+1.3 (20) Ma and
107.5+1.4 (20) Ma respectively, which are indistinguishable within the assigned errors.
The pyroxenite (SV-4), a monomineralic rock yielded a four high temperature steps
(1000°C 1150°C) plateau (Fig. 4.34a) with an age of 108.0+2.0 (20) Ma, agreeing
with the phlogopite ages within 20 level of error. However, the saddle shaped age
spectrum (Fig.4.34a) and non-atmospheric trapped argon component (i.e., y-intercept
>295.5; Table 4.14) of this sample suggest the presence of a small amount of inherited
argon. Therefore, only the phlogopite ages are considered for the age calculation and
the weighted mean of these, 106.9+0.9 (206) Ma, is the age of emplacement of Sung

Valley complex.
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Table 4.11. Step heating argon isotopic compositions and apparent ages of
sample SV-4 (Sung Valley Pyroxenite). Errors on age are without and with

(bracketed) error on J. Errors quoted are at 15 .

(J = 0.00220 + 0.00004)

Temp. “ArAr VAPAr PAr®Ar AGE Ma)  PAr (%) PAr
(°C) tlo tlo tlo tlo (%)
500 353 10.06 2288.0 2380 0.01 54.43
0.51 0.27 203.0 166 (168)
600 2.04 3.33 1692.0 2208 0.02 64.45
0 19 0.69 . 76.0 61 (65)
650 0.815 10.23 489.8 788 0.10 50.84
0.026 0.20 43 22 (25)
700 0.991 35.67 664.3 1078 0.06 55.92
0.043 0.35 6.7 31 (34)
750 2.276 26.70 1039.0 1066 0.12 35.25
0.028 0.51 11.0 21(25)
800 0.305 278 233.5 495 0.37 61.42
0.034 0.18 2.1 31(32)
850 0.080 0.420 80.7 214 0.71 70.76
0.022 0.075 1.0 23(29)
900 0.0497 0.439 50.65 137.5 1.35 71.0
0.0019 0.017 0.58 29@3.7D
950 0.02279 0.4942 41.39 132.6 2.69 83.73
0.00095 0.0089 0.99 3.8(4.4)
1000 0.01382 1.648 32.69 110.2 4,14 87.51
0.00049 0.025 0.37 1.4 (2.4)
1050 0.00275 2977 29.04 108.73 17.72 97.20

0.00022 0.023 0.21 0.62 (1.96)
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1100 0.000884 3.0930 28.17 107.58 57.37 99.07
0.000062 0.0062 0.16 0.53(1.91)
1150 0.00661 6.127 30.29 109.17 12.61 93.55
0.00022 0.012 0.22 0.78 (2.02)
1200 6.0253 129.4 709 236 0.97 89.44
0.0049 é.l 27 10(11)
1250 0.0176 101.76 60.1 205.6 0.77 91.34
0.0049 0.24 1.3 7.8(8.5)
1300 0.039 69.39 69.6 217 045 8347
0.011 0.33 23 14 (15)
1400 0.071 33.15 73.0 196 0.54 71.25
0.015 ¢.11 3.2 20 (20)
Integrated 0.01117 5.776 34.23 118.82 100.0 90.35
Values
0.00025 0.021 0.12 0.47 (2.08)

Table 4.12. Step heating argon isotopic compositions and apparent ages of
sample SV-7 (Phlogopite from Sung Valley Carbonatite). Errors on age are

without and with (bracketed) error on J. Errors quotéd areatlo.

(J = 0.00230 + 0.00004)

Temp. BAPAr YA Ar CArAr AGE(Ma)  PAr (%)  “CAr+

49 tlo tl o tlo tlo (%)

600 0.1429 3.0 98.9 222 0.07 57.33
0.0088 1.1 1.7 11(11)

650 0.0775 1.53 63.0 159.5 0.14 63.66
0.0042 0.12 1.1 6.3 (6.9)

700 0.0650 1.17 48.27 116.9 0.32 60.18
0.0019 0.12 0.79 374.2)

750 0.0321 0.0946 37.36 112.3 1.56 74.60
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00010  0.0082 098 2.8(3.4)
800 00057 01591 2821 107.04 3.56 94.03
000018 00082 018  0.67(195)
850 00072 000924 2844 106.18 571 92.50
000016  0.00098 017 061 (191)
900 0005458  0.001 27.88 106.02 13.53 94.22
0.000095  0.00087 016  0.56(1.90)
950 000209 00185 26.81 105.71 10.79 97.69
000015 00016 015  0.56(1.89)
1000 000313 002065  27.22 106.11 11.68 96.60
000012  0.00074 0.16  0.56(1.90)
1050 000424 002548 2771 106.75 22.87 95.48
0000051  0.0004 020  0.59(192)
1100 0003 002241  27.25 106.38 18.53 96.75
000051  0.00043 016  055(190)
1150 000363 004049 2747 106.50 9.03 96.09
000014 000015 0.18  0.58(191)
1200 000682  0.614 28.56 107.1 157 92.94
000076 0011 034 1.6 (2.4)
1250 00097 10688 39.06 144.5 0.45 92.67
0.0027 0.048 0.84 45(5.1)
1300 0.044 31.02 83.7 2720 0.13 84.50
0.011 0.11 33 16 (17)
1400 0.718 26,18 217.0 18 0.04 2.01
0.059 0.15 220 114 (114)
Itegrated 0005223  0.13884  28.06 107.0 10000 94.50
Values
0000052 000096 0069  0.23(1.84)
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Table 4.13. Step heating argon isotopic compositions and apparent ages of
sample SV-12 (Phlogopite from Sung Valley Carbonatite). Errors on age are
without and with (bracketed) error on J. Errors quoted are at 1c.

(J = 0.00229 + 0.00004)

Temp. PArAr TAPAr “Ad®Ar AGE Ma)  PAr(%)  ©Ar

(°C) tlo tlo tlo tlo (%)

650 0.364 347 205.3 365 0.06 47.58
0.017 0.38 4.6 18(19)

700 0.1215 7.005 107.0 2124 0.18 66.43
0.0079 0.060 5.2 6.4(1.8)

750 0.06182 1.0109 55.89 149.3 1.0 67.31
0.00098  0.0097 0.40 1.8 (3.1)

800 0.01761 0.0358 31.95 107.4 2.35 83.71
0.00053  0.0094 0.27 1.2(2.2)

850 0.01265  0.00008 30.61 107.91 4.16 87.79
0.00026 00000002 022 0.84 (2.02)

900 0.01133 30.17 107.71 12.35 88.90
0.00016 0.18 0.63 (1.94)

950 0.00473  0.0093 28.31 108.08 10.66 95.06
0.00024  0.00035 0.17 0.64 (1.95)

1000 000617  0.0058 28.58 107.47 13.0 93.62
0.00015  0.0019 0.17 0.60 (1.93)

1050 000426  0.00701 28.02 107.48 28.43 95.51
0.0001 0.00013 0.32 0.56 (1.92)

1100 0.00220  0.01209 27.35 107.26 15.32 97.63
0.00016  0.60013 0.16 0.59 (1.92)

1150 0.00171 0.0273 27.13 106.95 10.88 98.14
000026  0.0011 0.17 0.66 (1.94)

1200 0.0068 0.8105 28.39 106.0 1.22 92.92
0.0016 0.0038 0.61 2.9 (3.5)

1250 0.0171 12.757 38.1 132 0.31 86.76
0.0074 0.050 19 11 (11)
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1300 0.018 56.37 66.6 238 0.10 92.16
0.023 0.11 6.6 35(35)
Integrated 0.06582 0.14037 28.99 108.58 100.00 93.29
Values 0000077 0.00049 0.11 0.25 (1.87)
Table 4.14. Summary of results of **Ar-*’Ar dating of Sung Valley samples.
Sample Plateau Isochron Inve ron Integrat-
ed Age
steps % P°Ar Age Age Trap MSWD Age Trap MSWD
(Mz) _(Ma) (Ma) (Ma)
Sv-4 4 91.84 108.8 108.0 3420 0.108 1077 3520 0.078 118.8
20 39 +600 +21.0 1620 .2
sv.g ¢ 9727 1064 1066 2840 0128 1059 3190 0.088 107.0
1.3 39 1710 +345 £73.0 +3.7
sv-12 9 9837 1075 1075 2990 0068 1073 3049 0.057 108.6
14 138 130.0 +16.0 +$31.0 +3.7

Note: Trap: Initial PArPoAr (trapped argon); MSWD: Mean Square Weighted Deviate.

Errors are 20.

4.5.2. Discussion

The contemporanity of alkali pyroxenite and carbonatites of Sung Valley comple){

probably indicates a genetic relationship between these two. The 106.9+0.9 Ma age of

this complex suggests that this complex is much younger than most of the dates

reported carlier and is younger than Rajmahal Traps by ~10 Ma. This age of Sung

Valley also suggests that this alkaline activity is coeval with Kerguelen plume related

magmatisms such as Damodar Valley and Darjeeling Lamprophyres (121-105 Ma;

Sarkar et al., 1980), Prince Charles Mountains Lamprophyres (108-110 Ma; Walker
and Mond, 1971) and Bundbury Basalt (88-105 Ma, McDougall and Wellman, 1976).
Hence the age along with the location of Sung Valley carbonatite-alkaline complex
(present within the Kerguelen plume affected region) can be put forward as a

circumstantial evidence for Kerguelen plume origin for this complex.
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Fig. 4.32. (a) Step heating “ 4r/° Ar apparent age spectrum for SV-4 (Sung Valley
Pyroxenite) with plateau age. The spectrum shows a saddle shaped pattern with a
Jour temperature steps plateau (see text for discussion). (b) “CArAr vs. P Ar/%4r
correlation diagram of SV-4 showing 2o error envelopes and regression line.
Isochron age and MSWD value are also shown. (c) 3 4r/%4r vs. PAr/ar
correlation diagram of SV-4 showing 2o error envelopes and regression line.

Inverse isochron age and MSWD value are also shown. Please also see the
caption of Fig. 4.1.
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Fig.4.33. (a) Step heating of *Ar/°Ar apparent age spectrum for SV-4(phlogopite
separate from a carbonatite of Sung Valley ) with the plateau age. (b) **Ar/*Ar
vs. *4rP°Ar correlation diagram of SV-7 with isochron age and MSWD value. (c)
*4r/°Ar vs. *Ar/° Ar correlation diagram of SV-7 with inverse isochron age and
MSWD value. Please also see the caption of Fig.4.1 and Fig. 4.32.
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Fig. 4.34. (a) Step heating of “CAr/ Ar apparent age spectrum for SV-12

hlo opzte 5 garate Jrom a carbonatite of Sung Valley) with plateau age. (b)
4r/Ar vs. /°Ar correlation dzagram of SV-12 with isochron age and
MSWD value. (c) 3 gr/"Ar vs. 4r/°Ar correlation diagram of SV-12 with
inverse isochron age and MSWD value. Please also see the captions of Fig. 4.1
and Fig. 4.32.
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4.5.3. Summary

The Sung Valley carbonatite-alkaline complex is 107 Ma old. The pyroxenites and
carbonatites of this complex are coeval and hence, are probably genetically related.
The temporal and spatial relation of this complex with Rajmahal Traps, Bengal basin
magmatisms and other Kerguelen related activities suggest that this complex was

generated by the Kerguelen plume.

4.6 Sr ISOTOPIC STUDIES IN SUNG VALLEY

4.6.1. Results

Sr isotope ratio and concentration were measured in samples of carbonatites, a
phlogopite separate and a pyroxenite. The results are summarized in Table 4.15. The
table also gives the initial *’Sr/*Sr ratios calculated using the age of 107 Ma for Sung
Valley (**Ar-*Ar age). An attempt was made to date Sung Valley complex by Rb-Sr
isochron method of dating and for this, two calcite carbonatite whole rocks (SV-11
and SV-12), and phlogopite separate (SV-12/P) from the calcite carbonatite and a’
pyroxenite whole rock (SV-4) were used. The Rb-Sr isochron age (using the method
proposed by Provost, 1990) for this complex was found to be 106+11 (26) Ma (Fig.
4.35) and the y-intercept gave an initial ratio [(*’Sr/*°Sr)] for the complex of
0.70508+0.00004 (20). This isochron age matches well with the “°Ar-*’Ar age for the
complex within the error. The initial Sr ratios of carbonatites and the pyroxenite are
essentially same as the initial ratio found from isochron diagram (Fig. 4.35) considering
the errors associated with them. The average Sr concent:ation in carbonatites is ~4000

ppm.

Table 4.15. Results of Sr isotopic measurements in samples from Sung Valley
complex.

Sample Rb Sr &85 'ROASD).  (PSI/0Sr);

(ppm) (ppm)  (atomic) (atomic)

Carbonatites

§v-1 0.1 4076 0.705513 0.00007 0.7055



Results and Discussion _ 160

SV-5 0.12 4030 0.704942 0.00009 0.7049
SV-6 0.15 3859 0.705342 0.00011 0.7053
SV-10 0.1 4148 0.70465 0.00007 0.7046
SV-11 0.18 3831 0.705141 0.00014 0.7051
SV-12 022 3418 0.705343 0.00019 0.7053
SV-13 0.18 3956 0.7050+1 0.00013 0.7050
Phlogopite

{carbonatite)

SV-12/P 153 207 0.70833 2.1369 0.7050
Pyroxenite .

SV-4* 10 700 0.7051414 0.04132 0.70508

Note: * = sample analyzed at NGRI; subscript ‘m’ stands for measured ratios and ‘i’ for initial ratio
(at 107 Ma). The errors quoted on the measured Sr ratios are at 20.
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Fig. 4.35. Rb-Sr conventional isochron diagram for Sung Valley complex. Two whole
rock carbonatites and one whole rock pyroxenite plot close to Y Rb/eSr = 0, whereas
a phlogopite separate from carbonatite with very high 8 RbA°Sr (~2.14) and very high
57Sr/°Sr plots on the extreme right of the figure. Error bars are at 20.

4.6.2. Discussion

The consistency of Rb-Sr isochron age with the *“°’Ar-"’Ar age and the homogeneous
initial *’St/*°Sr ratio in the rocks of Sung Valley suggests that the Sr reservoir of this
complex has remained a closed system since the emplacement of the complex. The
similarity of initial ®’Sr/**Sr ratio of carbonatites and pyroxenites indicates that these

rocks types were derived from similar sources and are genetically related.

The initial *’Sr/**Sr ratio of Sung Valley complex, i.e., 0.70508 (found from isochron
diagram, Fig.4.35) falls within the initial ratio fields of Rajmahal tholeiites and the 105-
115 Ma old basalts from Kerguelen plateau (Storey et al, 1992). This observation
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along with the chronology clearly supports the generation of this complex by the

Kerguelen plume activity.

4.6.3. Summary

The Rb-Sr isochron age a Sung Valley is 106+11 (26) Ma, which is same as the “Ar-
®Ar age of this complex. The homogenous initial Sr ratio in rocks of this complex
. suggests that the complex has remained a closed system since its formation. Similarity
of the initial *’St/**Sr of Sung Valley with that of other Kerguelen plume generated

rocks suggest a similar origin (i.e., generation from Kerguelen plume) for this complex.

4.7 STABLE CARBON AND OXYGEN ISOTOPES

4.7.1. Results |

The carbon and oxygen isotopic compositions of carbonatites from all the three
complexes (Sung Valley, Samchampi and Swangkre) were measured. Isotopic
compositions of coexisting calcites and dolomites in samples of dolomite bearing
calcite carbonatites from Sung Valley were measured following the selective CO,
extraction produces discussed in section 3.2.2b of Chapter-III. Table 4.16 summarizes
the results of these measurements. The §'°C and §'*0 values of calcite from calcite
carbonatites from all the three complexes are plotted in Fig. 4.36. The isotopic
compositions of coexisting calcite and dolomite of Sung Valley samples are plotted in
Fig. 4.37. These figures also show the primary carbonatiie box, which is modified after
Taylor (1967) and Keller and Hoefs (1995).

As seen in Fig.4.36, the carbonatites from Sung Valley, except two samples, from a
cluster around 3'°C value of -3.0%c and 8'°0 value of 7.4%.. Similarly carbonatites
from Samchampi form a cluster around 8°C = -3.5%0 and §'°0 = 7.2%o and the only
sample from Swangkre plots at §'°C = -3.7%o and 8'*0 = 9.6%.. All these complexes
plot above the primary carbonaﬁte box.
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Table 4.16. Carbon and Oxygen Isotopic compositions of samples from

carbonatite-alkaline complexes of Assam-Meghalaya Plateau.

Sample  §"Couche (%0) 8" Ocucke (960) 8" *Cootomite (360) 8" Ouciomie (39)
Sung Valley

SV-1 2.6 1.5 -2.2 6.8
SV-2 -18 15.3 2.2 7.1
SV-5 3.0 7.2 -
SV-6 29 1.5

SV-10 29 7.1

SV-11 -3.0 7.2

SV-12 -3.0 12

SV-15 -3.0 71

SV-18 2.8 7.2 2.4 6.7
SV-19 28 8.4 3.1 8.8
SV-20 2.8 13 2.4 6.7
PKS-145 3.0 7.6

PKS-164 3.1 7.8

PKS-270 29 7.5

PKS-241 -3.1 15.3

PKS-279 -3.1 7.1

Samchampi | ‘

71 3.8 7.2

C103 -3.7 1.5

165 -3.0 7.3

177 3.7 7.0

179 35 7.1

Swangkre

WKS-1 -3.7 9.6
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Fig. 4.36. Carbon and oxygen isotopic compositions of calcites from calcite
carbonatites and dolomite bearing calcite carbonatite: of all the three complexes of
Assam-Meghalaya plateau. Open triangles = Sung Valley, filled circles =

Samchampi, and open circles = Swangkre. The box is for primary carbonatites
(modified after Taylor et al., 1967 and Keller and Hoefs, 1995).
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Fig. 4.37. 8"°C vs. 80 of coexisting calcites (marked as ¢) and dolomite (marked as

d) joined by tie lines from dolomite bearing calcite carbonatites of Sung Valley
complex.
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4.7.2. Discussion
It has been postulated that the §"°C and §'®0 variations of carbonatites depends on
their emplacement levels (Deines and Gold,1973) and the isotopic compositions of
deep-seated complexes are less variable than those of the shallow seated complexes.
The carbonatites of Assam-Meghalaya plateau being the deepest complex (Section 2.8
of Chapter-II) of all the Mesozoic complexes studied ir this work, shows less variable
(in fact, homogeneous) isotopic composition, consistent with the observations made by
Deines and Gold (1973). This is probably because these rocks have not been affected
by any near surface alteration processes. Only the two samples (which are collected
close to a river-cut section) from Sung Valley, which show higher 8'30 values than the

rest but similar 8'°C values, possibly have been affected by meteoric water alteration.

4.7.2.a. Mantle Source Regions

All the samples from Sung Valley, Sarchampi and Swangkre, except the two altered
ones, show §'*0 value in the range of 7.0 to 9.6%o, consistent with the predictions
made by Deines (1989) for the §'°0 of the primary carbonatites. However, the §'°C
values are higher than the generally observed §C values for primary carbonatites
(Deines, 1989; Keller and Hoefs, 1995). Homogeneous initial of Sr isotopic ratios (as
discussed in the previous section) of Sung Valley rules out crustal contamination and
the homogeneous nature of §'"°C and §'*0 values rules out the isotopic fractionation
due to fractional crystallization in these complexes. In such a case the 8'°C and §'*0
values of the carbonatites directly reflect the isotopic composition of the parent
magma. If so, then the parent magmas of these three complexes had higher §"*C
compositions (> 3.5%) than what is observed for most of the carbonatite complexes of
the world. Deines (1989) suggested that during the formation of carbonate magma a
fairly complete extraction of elemental carbon from the source takes place and hence
the magma would simply inherit the carbon isotopic composition of the mantle source
without fractionating it. Hence, the §'°C of the primary magmas for the complexes
under discussion are essentially the 3'’C values of their source regions which would
mean that the mantle source regions of these complexes were enriched in carbon
isotopes compared to an average mantle (§'°C = -5.0%e, Nelson et al., 1988). If we

assume that all the three complexes of Assam-Meghalaya plateau were derived from a



Results and Discussion 166

single source than the source had 8'°C values of -3.2% (average of all §'°C values),
which is 1.8%o higher than an average mantle. This kind of carbon isotope enrichment
of the mantle source is probably because of contamination of recycled crustal carbon
with the juvenile carbon. Phanerozoic pelagic carbonates and secondary carbonates in
altered oceanic crust generally have 8"°C values between 0-2%0 (Nelson et al., 1988); if
such an oceanic crust got recycled into the mantle in the past, with a mixing of 26-
36%, it could have generated higher 8"°C value in the carbonatite source region as
observed. However, such an effect may not be detected in §'*O of carbonatites as the
reservoir for oxygen is much larger compared to that of carbon. As all these complexes
were derived from Kerguelen plume, with the present findings, one would except that
either the plume itself was enriched in carbon isotopes or it entrained subcontinental
upper mantle material which was already enriched by mantle metasomatic processes.
The latter explanation seems to be more reasonable as experiments (Yaxley and Green,
1994) have shown that calcite and dolomite can survive in the subducting oceanic crust
as refractory phases up to 130-150 km depth, which can in turn provide the required
carbon isotope enrichment upon dissociation of carbonates and subsequent
metasomatism by the fluids (CO,) removed from the oceanic crusts. It is not known
yet whether the carbonates of subducting oceanic crust can survive up to core-mantle
boundary in order to enrich the plume source regions. Hence, a plausible explanation
for the generation of enriched carbonate magmas from. the plume (like Sung Valley,

Samchampi and Swangkre) would be melting of entrained carbon enriched

subcontinental upper mantle material.

4.7.2b. Dolomite bearing calcite carbonatites from Sung Valley

Fig. 4.37 shows 8"’C and 5'*0 values of coexisting calcite and dolomite from dolomite
bearing calcite carbonatites. Calcites have lower 8°C compared to dolomite and
similar 8'°0, except for two samples where calcites hava higher §'°C and 8'°0 values
compared to the dolomite. Except for these two samples, in all other samples (three of
them) there is a clear indication of equilibrium between calcite and dolomite. The
temperature of equilibration for these samples, calculated using the carbon isotopic
fractionation equation of Sheppard and Schwartz (1970), is found to be ~600°C. This

suggests that the carbonatites of Sung Valley complex were crystallized above 600°C.
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3.7.3. Summary

Unlike carbonatites of Deccan Province, the carbonatites from Assam-Meghalaya
plateau show homogeneous §'°C (also §'°0) compositions. Except for two samples
from Sung Valley (which are altered by meteoric water), others seem not to have
experienced fractional crystallization or secondary al eration. The oxygen isotopic
composition of these carbonatites suggest their magmatic nature. The carbon isotopic
composition of these rocks suggest that the mantle source regions of these carbonatites
were enriched compared.to a isotopically normal mantle and this enrichment has been

attributed to the incorporation of recycled crustal carbon.
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CHAPTER V
CONCLUDING COMMENTS

In this work, I presented the findings of stable and radioisotopic studies on six
Mesozoic carbonatite-alkaline complexes of India (Amba Dongar, Mundwara and
Sarnu-Dandali from Deccan Flood Basalt Province and Sung Valley, Samchampi and
Swangkre from Assam-Meghalaya Plateau). Summaries of different studies are
provided in the closing notes of each of the respective investigations in the Chapter-IV.
The intention of this final chapter is to bring out the ideas developed from this work on
the formation and evolution of carbonatites and associated alkaline rocks in general
and the Mesozoic Indian complexes in particular and to recommend the areas for
future study.

An attempt has been made to understand the source regions of carbonatites and the
magmatic and post magmatic process involved in their evolution using different
geochemical tracers such as Sr-isotopes, trace and rare earth elements and stable
isotopes in these rocks and the associated alkaline rocks with the available
experimental facilities. Theoretical models were developed in order to track down the
effects generated by different geological processes such as liquid immiscibility, crustal
contamination, fractional crystallization and secondary alteration. Although the
findings of this work are based on a small database, nevertheless, these provide
interesting information on the evolution of carbonatites and fdrm a foundation for
future investigations on Indian carbonatites. From this study I make the following

general conclusions for the evolution of carbonatites.

5.1. GENERAL CONCLUSIONS

5.1.1. Recycled Carbon

Carbonatites incorporate recycled carbon. Though many earlier workers have
suggested this but there has been no direct conclusive evidence as the stable carbon
isotopes in carbonatites of most of the complexes in the world showed large variations.
The homogeneous nature of 8'°C value of carbonatites from Assam-Meghalaya plateau

(average value = -3.2%o) suggests an incorporation of recycled crustal carbon (8"°C =
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0 - 2%, Nelson et al., 1988) in the primary melt, which is supposed to carry an average
mantle like 8C value (-5.0%o, considering the highest value) under normal
circumstances. As there is no other evidence for alteration of the primary carbonatite
8'*C value (inferred from Sr and O isotope results) by any magmatic (fractional
crystallization or crustal contamination) or secondary (fluid related alteration)
processes, I am inclined to believe that the primary magmas for these compiexes did
carry recycled carbon. In most of the carbonates of the world this kind of evidence is
not found because of the fractionation of '>C during their evolutionary processes.
However, proper modelling of these fractionating processes can help the identification
of recycled component (if present). Doing such an exercise in Amba Dongar complex
of Deccan provinée, I found an evidence of recycled carbon in a particular batch of
parent melt. Howevef, the evidence from Amba Dongar is not as conclusive as that

from the three complexes of Assam-Meghalaya plateau.

5.1.2. Plume Origin

The temporal, spatial relationship of the Mesozoic carbonatite-alkaline complexes of
India with the plume derived flood basalts (Deccan and Rajmahal) and the initial
strontium isotopic ratios suggest that these complexes were derived from plumes
(Reunion & Kerguelen). They represent either early or late magmatic activity relative
to the flood basalts, a finding that fits well with the proposed models for plume related
carbonatite-alkaline magmatism (Wyllie, 1988; Sen, 1995). The above results also
substantiate the findings of Basu et al. (1993). It is possible that carbonatites in general
are related to plume activities. Evidence is mounting in favour of such a hypothesis,

particularly with the help of multiple radioisotopic studies.

5.1.3. Common Parentage for Carbonatites and Associated Alkaline Rocks

There has been a lot of controversy over the linking of carbonatites with the associated
alkaline silicate rocks. The coeval nature of these two rock types and the similarity of
their minimum initial Sr isotopic ratios in Amba Dongar and Sung Valley complexes
suggest a genetic link and most likely they have a common parentage. Such a finding

along with the results from many other complexes of the world suggests that
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carbonatites and associated silicates represent a single magmatic event and are derived
from a common parent magma.

§.1.4. Assimilation Fractional Crystallization Coupled with Liquid Immiscibility
One of the major contributions of this work is a model that treats elemental and
isotopic evolution of a carbonated-silicate magma (parent magma for carbonatite-
alkaline complexes) which undergoes simultaneous assimilation of country rocks,
fractional crystallization of silicates and separation of carbonate melt. I have applied
this model only to Sr-isotopes in this work but it can be applied to other systematics as
well. Using the model, I showed that even if there is a crustal contamination of the
parent carbonated silicate magma (which is usually small owing to its fast ascent) the
effect of contamination will be negligible (particularly for Sr isotopes) in the separated
carbonate magma provided the carbonate melt does not get contaminated during its
emplacement after liquid immiscibility. However, the alkaline rock will record the
contamination effects. Hence, in order to establish crustal contamination in a given
complex, the study of both the carbonatites and alkaline rocks are needed.

5.1.5. Stable Carbon and Oxygen Isotopes

Contrary to general belief, I found that magmatic processes like liquid immiscibility and
fractional crystallization of carbonate melt can fractionate carbon and oxygen isotopes.
The measured carbon isotope fractionation factor between a carbonate melt and a
silicate melt is too small (Mattey et al., 1990) to cause any equilibrium isotopic
fractionation; however, if the fractionation process is of Rayleigh type during
immiscible separation (which is likely, considering the fast separation of carbonate and
silicate melts as observed by Wyllie, 1989) then the heavier carbon isotope can get
incorporated into the carbonate melt and increase the 8"°C of the carbonate melt with
respect to the original mantle value. Fractional crystallization of carbonate magma can
generate 8'°C and 'O variations if the crystallization process occurs in presence of
magmatic fluids (CO; + H;0). A model developed by me to treat such a process
(called Rayleigh isotopic fractionation from a multicomponent source), which

successfully explains the 8'°C and 5'°0 variations in primary carbonatites of Amba
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Dongar, Mundwara and Sarnu-Dandali complexes, can be applied to many other

complexes of the world where fluid-associated fractional crystallization is suspected.

5.1.6. Evolution of carbonatite-alkaline complexes

From the present work, a general scheme for the evolution of carbonatite-alkaline
complexes has evolved. I believe that the evolution of such complexes is a two stage
process. Separation of a carbonate melt and simultaneous fractional crystallization of
silicate rocks take place from the parent melt at stage one, probably within the crust.
After immiscibility is complete, the carbonate melt moves up and crystallizes
fractionally, at stage two, to generate different types of carbonatite. Crustal
contamination may take place at both the evolutionary stages. At stage one, it is the

parent magma which gets contaminated, whereas at stage two, the carbonate magma
gets contaminated.

3.2. SITE SPECIFIC CONCLUSIONS
Of the six Mesozoic complexes studied in this work, Amba Dongar and Sung-Valley

complexes were studied in detail, whereas only the stable isotopic studies were done in
the rest of the complexes. As mentioned earlier, summary of each method of
investigation has been provided at the end of each section in Chapter-IV. Here, I will
be presenting the important findings of this work on different individual complexes in

light of my observations.

3.2.1. Carbonatite-Alkaline Complexes of Deccan Province

Amba Dongar complex has been dated to 65.0 Ma. This is the first reliable age for this
complex. The age, spatial rclatibnship with the Deccan flood basalts and the minimum
strontium isotope ratios of the three complexes studied from Deccan Province support
the hypothesis of Reunion plume origin of these compiexes. Amba Dongar carbonatites
and other such complexes of Chhota Udaipur subdivision of Baroda District, Gujarat
(covers an area of ~1200 km?), being emplaced just at the K/T boundary (this work
and Basu et al., 1993) could have enhanced the catastrophic effects leading to mass

extinctions, by rapidly pumping a substantial amount of COQ, into the aiready disturbed
atmosphere.
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The strontium isotopic study on carbonatites, associated alkaline rocks and country
rocks of Amba Dongar complex suggests that the liquid immiscibility had played a
major role in the formation of this complex. It was also found that the parent magma of
this complex had assimilated basement gneisses (up to ~4%). This contamination
effects are readily observed in the strontium ratios of the alkaline rocks, and not in
carbonatites. The rare earth element abundances in carbonatites and alkaline rocks of

Amba Dongar also support their generation by liquid immiscibility.

The stable carbon and oxygen isotopic compositions of primary melts of Amba
Dongar, Mundwara and Sarnu-Dandali complexes show average mantle values except
for a particular batch of melt at Amba Dongar which bears a signature of recycled
crustal carbon. Fractional crystallization of fluid rich carbonate melts is found to be the
main process responsible for the correlated variation of §'°C and 8'®0 in unaltered
calcite carbonatites from these complexes. Extreme variations of §°C and 8“0
compositions shown by some carbonatites in all these complexes are found to be a

result of fluid related (CO; bearing magmatic or hydrothermal or meteoric) secondary

alteration processes.

5.2.2 Carbonatite-Alkaline Complexes of Assam-Meghalaya Plateau

Sung Valley complex has been dated to 107 Ma. This ic the first reliable age data for
this complex. The age, spatial relationship with Rajmahal Traps, Sylhet Traps and
Bengal Basin magmatisms and the initial strontium isotopic ratio of this complex

suggest its generation from Kerguelen plume,

Sung Valley carbonatite-alkaline complex is found to be an unique comp]éx as it
showed a closed system behaviour for strontium as well as stable isotopes. The Rb-Sr
isochron age (which includes samples of carbonatites and an alkali pyroxenite) 106+11
Ma of this complex is same as the more reliable “°Ar-**Ar age of 107 Ma. The rocks of
this complex also show homogeneous initial *’Sr/*°Sr ratio and which is same as the
interéept value in the Rb-Sr isochron diagram. The stable C and O isotopic

compositions (except two samples, which are altered by meteoric water) are also found
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to be homogeneous in the entire complex. These observations rule out the possibility

of any crustal contamination.

The §"°C values of the primary carbonate melts for all the three complexes (Sung
Valley, Samchampi and Swangkre) were found to be higher than that of an average
mantle (by 1.8%o). This has been attributed to the contamination of the source regions
by recycled crustal carbon. A conservative calculation shows that the primary melts for
these complexes incorporated around 26-36% of the recycled crustal carbon,

5.3 RECOMMENDATIONS

Though most of the carbonatites in India were discovered in nineteen sixties and
seventies, not much work has been done to understand the formation and evolution of
these complexes. Except for a few complexes isotopic studies are absent in these.
There are many interesting complexes such as Newania (which is a dolomitic
carbonatite complex) of Rajasthan and many metamorphosed Precambrian carbonatite
complexes of Southern India, which can be taken up for isotopic studies in order to
understand many magmatic and post magmatic processes in these complexes.

However, in the ongoing discussion about the Mesozoic (Cretaceous, as indicated by

my work) complexes, I recommend some important aspects, which should be taken up

for study to establish many of the hypotheses presented in this work and elsewhere:

1. To establish whether plume material carries recycled carbon or not, carbon and
oxygen isotopic studies are required on carbonates found in mantle xenoliths from
many present day hot spot rocks (e.g. Kerguelen hot spot, Schiano et al., 1994).

2. A combined Sr, Nd and Pb isotopic study is required in the carbonatite-alkaline
complexes of Assam-Meghalaya plateau, in order to characterize their source
regions and their relationship with Kerguelen plume activity during early
Cretaceous.

3. To confirm the plume origin for Amba Dongar and carbonatite complexes of
Assam-Meghalaya plateau, He-isotopic study is needed.

4. Stable oxygen isotopic studies in silicate fractions of the associated silicate rocks
are required to understand clearly the processes such as liquid immiscibility and

crustal contamination in the Indian complexes, particularly in Amba Dongar.
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5. For a better understanding of stable isotope fractionation during fractional
crystallization, a theoretical model should be developed, which should treat
isotopic evolution of a multicomponent source from which multiple phases

crystallize at different temperatures.
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