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Abstract

The Amba Dongar comple~ India, consists of calciocarbonatite, ankerite-dominated
ferrocarbonatite and numerous nephelinitic bodies intruded into Late Cretaceous quartz
sandstones and Deccan basalts.

Ankeritic (mottled) and calcite ±barite ±ankerite (multiphase) melt inclusions were
observed in apatite hosted by calciocarbonatite. Mottled inclusions start melting at
temperatures of 610°C and are completely molten at temperatures >8000 e. The onset of
melting, ofmultiphase inclusions, is at 680°C, and final melting occurs above Iloooe. Based
on the coexistence of mottled (ankeritic) and multiphase (calcitic) inclusions, a model is
proposed for the genesis of calciocarbonatite and ferrocarbonatite that caUs upon separation
of immiscible ankeritic and calcitic liquids from a parent carbonate melt.

Primary fluid inclusions.. in apatite hosted by calciocarbonatite.. and in quartz of the
surrOlUlding fenitized sandstones, record a complex evolution of aqueous tluids. The fluids
(onhomagmatic) were trapped al temperatures between 1000 and 2600 e, al pressures ranging
from 12.5 kbars to 500 bars, respectively, while fenitizing fluids ranged in temperature from
260 to 120°C. and were trapped at <500 bars pressure. The low temperature phase behaviour
of all inclusIons mdicates that the fluids are NaCI-, KCI-bearing brines with salinities
between 15 and 1 5 wt.%. The compositions of decrepitate residues indicate that early fluids
were dommat~ by sol· and RCCh-, and had low NalNa+K ratios «0.5). More evolved
flunb Jbpl.s\ .Vl lncreasing dependence on cr, over sol- and HCÛ)·, and are increasingly
deptt.1t.oJ 10 ~ rdJtI\'e to Na.

l'he r""lacement of quartz by potassium feldspar in fenites was accompanied by
Slgnlfi~~t loss~-s of Si and additions ofI{, Al, C~ B~ Fe, La, Ce, F, Rb, Sr, Y and HREE.
The \\ Jter-r(X;~ ratio during fenitization was ~722.

The Phalaborwa complex, South Africa (2060 Ma) consists of a large intrusion of
pyroxenne wtuch was later cored by phoscorite and subsequently intruded by banded (early)
and transgrcsSI\e (late) carbonatites. The carbonate rocks are host to 400 Mt of early bornite
and late chalcopynte ores.

Sohd·\'apour and solid-liquid-vapour melt inclusions are present in phoscorite and
transgressl\'e carbonatite. The solids comprise calcite, a magnesian silicate and Magnetite ±
Cu-Fe sulphide~ while the fluid is a saline Mg-, Fe- and S-bearing NaCl-KCl brine (=tI22 wt.%
NaCI eq.). Solid-vapour inclusions in phoscorite produce immisetble carbonate and silicate
liquids between 680 and 800°C. Melt inclusions in transgressive carbonatites produce ooly
one liquid between 550°C to 670°C and homogenize above 750°C. Liquid immiscibilty was
important in removing Si from the carbonate-rich melt, however, silicate and carbonate rocks
are not related by liquid immiscibility. Fractionation is considered to have been the dominant
process in forming the complex.

Two episodes offenitization were discerned in surrowuling granites and gneisses,
from chemical and mineralogica1 changes, and were associated with emplacement of
pyroxenite and carbonatite. Both events were accompanied by significant gains in K, C~ Ba,
Mg, Fe~ Sr, Th and LREE, and losses in Si and Na

The presence of Cu-bearing sulphides in solid-vapour inclusions hosted by phoscorite
indicates that Phalaborwa magmas were eoriched in Cu before emplacement Saud-liquid­
vapour inclusions provide the first evidence of a separate magmatic aqueous fluid phase at
Phalaborwa and support interpretation of a hydrothermal origin for copper mineralization in
transgressive carbonatite.



Sommaire

Le complexe d'Amba Dongar de L'Inde se compose de calcicarbonatite, de
ferrocarbonatite dominé par l'ankérite, et de plusieurs intrusions néphelénitique injectés
dans des grès de quartz et des basaltes du Deccan.

Des inclusions de fonde contenant l'ankérite (mouchetés) et calcite ±barite ±
ankérite (multiphase) ont été observées dans l'apatite du calciocarbonatite. Les inclusions
mouchetées commencement à fondre à une température de 610°C, et elles deviennent
complètement fondues au-dela de SOO°C. Le début de la fusion des inclusions
multiphase est à 680°C, et le processuss achève à plus de 11000e. Du à la co-existence
des inclusions mouchetées (ankéritiques) et multiphase (calcitiques), un modèle est
proposé pour la genèse ces calciocarbonatite et ferrocarbonatite ou des liquides
ankéritique et calcitiques immiscible se sont séparés de la fonte carbonatique originelle.

Des inclusions fluides primaires, dans l'apatite du calciocarbonatite et dans le
quartz des grès environnents, enregistrent une évolution complexe de fluide aqueux. Les
Ouides (orthomagmatiques) on été piégés à des températures de 1000 à 260°C, et sous
des pressions de12.S kbars à SOO bars, respectivement, tandis que les fluides causant
l'altération fénitique ont eu des températures de 260 à 120°C, et Us ont été captures sous
des pressions de moins que 500 bars. La caractérisation à base température de toutes les
inclusions indique que les fluides sont des saumures de NaCI et KCI avec des salinités de
15 à 1.5 wt.%. Les compositions des residus de décrepitation indiquent que les fluides
précoces ont été dominés par soi- et HCOJ-, et mais des rapports peu élevés de
NalNa+K. Les fluides plus evolués montrent une dépendance de cr plus important que
des S042

- et HCO]·, et deviennent s'appauvrissent en K relatif à Na.
Le remplacement du quartz par le feldspath potassique dans les roches fenitiques

se coincide avec des pertes importantes de Si et l'addition de K, Al, Ca, Ba, Fe, La, Ce, f,
Rb, Sr, Yet les ferres rares lourds. La proportion de fluide/roche durant la fenitisation à
été ::=722.

Le complexe Phalaborwa de l'Afrique Sud (2060 Ma) se compose d'une grande
intrusion de pyroxénite qui a ensuite été envalhie au centre par une phoscorite; le tout
ayant finalement été coupé par des carbonatites laminés (précoces) et transgressifs
(tardifs). Les roches carbonatées contiennent 400 Mt de minerais riches en bomite
(précoce) et en chalcopyrite (tardif).

Les inclusions de fonte de deux types (soüde-vapeur et solid-liquide-vapeur) sont
présent dans le phoscorite et le carbonatite transgressif Les solides comprennent le
calcite, l'olivine, et le magnétite ±sulfures de Cu-Fe, tandis que le fluide est une saumure
de NaCI·KCl (=:22wt.% NaCI) contenant du Mg, Fe et du S. Les inclusions de type
solide-vapeur dans le phoscorite produisent des liquides immiscibles carbonatés et

silicates entre les températures de 680 et 800°C. es inlusions de fontes dans les
carbonatites transgressifs produisent un seul liquide entre SSO et 670°C, et se
homogénisent au delà de 750°C. L'immiscibilité liquide était important pour
l'enlèvement de Si de la fonte riche en carbonates. Cependant les roches silicatées et
carbonatées ne sont pas reliés génetiquement par l'immiscibilité liquide. Le
ftactionement est considéré comme le processus dominant dans la formation du
complexe.

ii



Deux épisodes de fénitization ont été enregistrés par de changements chimiques et
minéralogiques dans les granites et les gneisses entourant le complexe, et ces
changements ont été associés aux emplacements du pyroxénite et du carbonatite. Les
deux évenements ont été accompagnés par des gains de ~ Ca, Ba, Mg, Fe, Sr. Tb et des
terres rares légeres, et par des pertes de Si et Na.

La présence de sulfures de Cu-Fe dans les inclusions de type soüde-vapeur du
phoscorite indique que les magmas de Phalaborwa se sont enrichis en Cu avant leur
emplacement. Les inclusions solide-liquide-vapeur fournient la première évidence de la
separation de fluide aqueux magmatique à PhaJaborwa, et ceci soutien l'interprétation
dUne origin hydrothermale par la minéralization cuprifère dans le carbonatite
transgressif
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Preface

This study is a continuation ofresearch into the evolution ofcarbonatite-derived
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E. Hoffinann at Activation Laboratories, Ancaster, Ontario.

The following is an excerpt from the "Guidelines Concerning Thesis Preparation"

as required by the Facuity ofGraduate Studies and Research at McGill University:

"Candidates have the option of including, as part oftheir thesis, the text ofone or

more papers submitted, or to be submitted, for publication, or the clearly-duplicated text

ofone, or more, published papers. These texts must be bound as an integral part ofthe
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Chapter 1: General Introduction



Chapter J - General Inh'oduction

Introduction

Although tremendous progress has been made in the field ofcarbonatite

petrology, during the past thirty years most ofthe research has focussed on the genesis of

the magmas (Wyllie and Tuttle,1960; Cooper et a/., 1975; Freestone and Hamilton, 1980;

Gittins, 1988; Wallace and Green, 1988; Wyllie, 1989; Harmer and Gittins, 1997; Lee

and Wyllie, 1998). These studies have revealed that silicate-carbonate liquid

immiscibility and partial melting ofa carbonated mande are the two MOst plausible

hypotheses for producing carbonatite magmas.

Two important aspects ofcarbonatite petrology that have received comparatively

little attention are the subsequent evolution ofthe melts, and the raie ofaqueous fluids in

this evolution. Most researchers ascribe the evolution ofcarbonatites ta fractionation ofa

parental melt (Gittins, 1988; Le Bas, 1989; Harmer and Gittins, 1997; Lee and Wyllie,

1998). However, there bas been growing support for the idea that carbonatite melts also

evolve through unmixing ofa carbonate liquid (Brooker and Hamilton, 1990; Mitchel~

1997; Nielsen et al., 1997).

The presence ofmetasomatically ahered rocks, ie., fenites, SUlTounding

carbonatite complexes, and the abundance offluid inclusions in carbonatite minerais,

indicate that aqueous fluids are an integral part ofcarbonatite magmas and may play a

fundamentai role in the their evolution. In many cases, it is the fluids, exsolved during

carbonatite evolution, which are responsible for the ore deposits associated with

carbonatite complexes (Deans, 1966; Mariano, 1989; Palmer and Williams-Jones, 1996).

The most common bydrothermal ore deposits associated with carbonatites are those of

REE, niobium and fluorite, although copper, barium and thorium deposits are known to

occur (Mariano, 1989).

This thesis examines the melt and aqueous fluid evolution in two economicaUy

interesting carbonatite complexes at Amba Dongar, India and PhalabolWa, South Africa.

Amba Dongar hosts a large tluorite deposit and contains zones of significant (up to 10

wt.%; S. Viladkar, pers. comm.) llEE enrlchment. The Phalabo1Wa carbonarite contains

the only economic concentrations ofcopper known in carbonalites (400 Mt @ 0.69% Cu)

(Mariano, 1989).
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The presence ofmeh and tluid inclusions in primary minerais ofcarbonatites in

both complexes, allows for detailed physico-chemical characterization ofthe melts and

aqueous tluids which were present during the emplacement ofthe carbonalite. Studies of

fenitization associated with the emplacement ofboth complexes are used to provide

further compositional data on the fluids associated with carbonatite magmatism.

Carbonatite Genesis

The addition of sillea to synthetic carbonate systems, and the recognition of

silicate·carbonate üquid immiscibility (Koster van Groos and Wyllie, (973), created a

major division in the opinions on the origin ofcarbonatites which continues today

(Kjarsgaard and Hamilton, 1989; Gittins, 1989). The hypothesis that carbonatite magmas

are generated by carbonate-silicate liquid immiscibility has received considerable support

owing to the close association ofalkaline silicate rocks and carbonatites in aJkaline

complexes (Heinrich, 1966; Barker, 1989). Resuks ofexperimental work by Freestone

and Hamilton (1980) have shown that natrocarbonatite, similar to that obselVed at

Oldoinyo Lengai, can be produced by exsolution from phonolitic magmas. Kjarsgaard

and Hamilton (1988) extended the compositional range ofthis immiscibility to include

alkali-poor carbonatites, and concluded that calciocarbonatite could also be generated by

silicate-carbonate immiscibility. These researchers subsequently repolted producing a

conjugate carbonate üquid, containing at least 90 wt.% CaC03, from a peraikaline

parental silicate melt (Hamilton and Kjarsgaard, 1993). This claim was later challenged

by Lee and Wyllie (1996, 1998), who concluded, from experimental studies ofthe

systems NaAlShOs-CaCÛ3 and CaQ.(MgO+feO)-(Na20+K20)-(SiÜ2+Ah03+Ti02)­

C02, that carbonate üquids produced by immiscibility can never exceed 80 wt.% CaCO)

and must contain at least S wt.% Na2Cû). These authors also concluded that

calciocarbonatites and natrocarbonatites cannot form directly from primary, mande­

derived magmas, and magnesiocarbonatite cannot be produced by Iiquid immiscibility

(Lee and Wyllie, 1998).

The origin ofcarbonatites as primary melts generated by partial melting ofthe

mande is also supported by experimental studies (Wallace and Green, 1988; Dalton and
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Wood, 1993; Sweeney, 1994; Lee and Wyllie, 1998). Compositions ofprimary melts,

however, are ail magnesian and favour the formation ofmagnesiocarbonatite over other

types ofcarbonatite. Wallace and Green (1988) round that melting ofamphibole-bearing

lherzolite could produce a Na-, Mg-, Ca- and Fe-rich carbonate liquid which wouid

crystallize dolomite and Na-Mg carbonates. This was confirmed by Sweeney's (1994)

repetition ofthe experiments. Carbonate liquids in equilibrium with spinel wehrüte and

harzburgite were aiso found to be dolomitic (Dalton and Wood, 1993).

Carbonatite Evolution

Theoretical and Experimental Evidence

The three MOst common types ofcarbonatite, listed in decreasing order of

importance, are calciocarbonatite, magnesiocarbonatites and ferrocarbonatite. This is

also the order in which they are generally emplaced, ie., calciocarbon8tite ..

magnesiocarbonatite .. ferrocarbonatite (Barker, 1989). Calciocarbonatites are

dominated by calcite, magnesiocarbonatites by dolomite, and ferrocarbonatite by

dolomite and Fe-oxides. In rare cases, the iron in ferrocarbonatites occurs predominantly

as ankerite (Gittins and Hanner, 1997).

The MOst widely accepted process for the evolution ofcarbonatites, from Ca to

Mg- and Fe-enriched varieties, is through fractionation of a parental carbonate melt (Lee

and Wyllie, 1998; Harmer and Gittins, 1997). Hanner and Gittins (1997) have proposed

that fraction8tion ofa primary mantle-derived, magnesian, carbonatitic melt could

produce magnesiocarbonatites and calciocarbonatites. The reaction ofan ascending Mg­

rich carbonatite melt with wehrlitic wall rocks would drive the melt to more calcic

compositions, producing calciocarbonatite at early stages and, after annouring ofthe

conduit, subsequent emplacement ofmore magnesian meks. However, experimental

investigations in the system CaQ.(MgO + FeO)-(Na20 + K20)-(SiÜ2 + AhÛ] + TiÛ2)­

Cth by Lee and Wyllie (1998) show that calciocarbonatites can only originate ftom

carbonate melts exsolved ftom silicate magmas, not primary, mantle-derived melts, and
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magnesiocarbonatite cannot be produced by immiscibility. The formation of

magnesiocarbonatite can only be achieved from a primary melt or, contrary to Gittins and

Hanner (1997), through fractionation ofa calciocarbonatite melt (Lee and Wyllie, 1998).

Neither ofthese studies or, to my knowledge, any other, have demonstrated how

fraetionation leads to the formation oflate-stage ferrocarbonatite.

Another mechanism that has been proposed to explain the evolution of

carbonatite magmas is that ofcarbonate-carbonate liquid immiscibility (Brooker and

Hamilton, 1990; Mitchell, 1997; Nielsen et al., 1997). Experimental studies by Brooker

and Hamilton (1990) in the system SiÛ2-A120 J-CaQ-Na2Q-CÜ2 bave produced three

immiscible liquids, at temperatures ofapproximately 1225°C, ofnephelinitic (Na-rich),

Ca-rich carbonate and Ca-Na carbonate compositions. Three-liquid immiscibility is

supponed by studies ofmelt inclusions by Nielsen et al (1997) who reported melt

inclusion evidence for the presence ofthree coexisting liquids, ofmelilitite, Ca-carbonate

and Ca-Na carbonate compositions, in the formation ofthe Gardiner Comple~

Greenland. The homogenization temperatures ofthe three melt inclusions were similar,

ranging between 900 and 1060°C. Funher support for carbonate-carbonate liquid

immiscibility was found by Mitchell (1997) from the Oldoinyo Lengai lavas, Tanzania.

Evidence oftwo coexisting liquids was round in the groundmass ofnatrocarbonatite lava,

that consisted of a carbothermal brine, which crystallized gregoryite, sadian sylvite,

potassium neighborite and a Ba-rich carbonate, and a Na-rich carbonate liquid. Although

carbonate-carbonate immiscibility has only been documented for natrocarbonatite, the

lack ofdata for Fe-bearing carbonate systems maltes it difficult to evaluate ils raie in the

evolution of ferrocarbonatite. Carbonate-carbonate immiscibility needs ta be

reconsidered for other carbonalite compositions, particularly that of felTocarbonatite.

Melt Inclusions

Melt inclusions trapped by minerais crystallizing in carbonatite magmas provide a

direct window ioto the evolution ofnatural carbonatite magmas. Ifclosed system

conditions were maintained following trapping, both composition and phase relationships

CaB, in principle, be determined for these carbonate and carbonate-silicate mehs.
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Although only a small volume ofresearch has been undertaken on melt inclusions, what

is available indicates a diversity in the processes ofcarbonatite formation, from

fractionation (Andersen, 1986; Ting et al., 1994; Morogan and Lindblom, 1995) to

silicate-carbonate liquid immiscibility (Rankin and Le Bas, 1974) and even carbonate­

carbonate liquid immiscibility (Nielsen et al., 199;).

Andersen (1986) reported two types ofsolid inclusion in apatite from the Fen

comptex, NOlWay, one consisting ofcalcite and the other ofdolomite. Although no

thermometric studies of these inclusions were undertaken, they were ÏDterpreted to

represent the evolution, at mid-crustallevels, through fractionation, ofa Ca-rich Iiquid to

one of more magnesian composition. Ting et al. (1994) observed similar inclusions in

apatite of the Sukulu carbonatite, Uganda, consisting ofcalcite ±dolomite and magnesian

calcite. Sorne ofthe latter inclusions melted at temperatures between 740 to 1052°C, and

were interpreted to represent droplets ofMg-enriched liquid within the Ca-carbonate

melt. Ijolites and carbonatites ofthe Alnô alkaline complex, Sweden, contain numerous

trapped solids consisting ofdolomite and Mg-calcite, respectively (Morogan and

Lindblom, 1995). Heating ofdolomite inclusions from calciocarbonatite produced no

changes in the temperature range 800 to 900°C, and they are thus thought to represent the

fraetionation ofdolomite crystals from the carbonate melt, i.e., theyare trapped solids.

Rankin and Le Bas (1974) and Nielsen et al. (1997) have documented the only

occurrences ofsilicate-carbonate liquid immiscibility prior to this study. Solid inclusions

were identified by Rankin and Le Bas (1974) in ijolite-hosted apatite from the Usaki

complex, Kenya comprising silicate- and carbonate-rich and mixed silicate-carbonate

types. Heating ofthe carbonate-rich inclusions produced incipient melting al

approximately 500°C, and complete mehing at temperatures between 640 and 700°C.

Mixed carbonate-silicate inclusions, with <20 vol.% silicate, began melting between 575

and 640°C. The first phase to melt was carbonate, followed by the silicate phase between

820 and 900°C, and homogenization ofthe inclusions between 950 and 1100°C. Mixed

inclusions, in which silicate makes up over 20 voL% ofthe inclusion, produced two

immiscible liquids in the temperature range 950 and 1100°C, with silicate and carbonate

compositions. Evidence ofboth silicate-carbonate and carbonate-carbonate liquid

immiscibility was reported by Nielsen et al. (1997). They observed carbonate-silicate,
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Ca-carbonate and Ca-, Na-carbonate solid inclusions in melilitite orthe Gardiner

complex, Green1and, which homogenized at 1060°C, 103()..1060°C and 900-1030°C,

respeetively. These inclusions are interpreted to represent a three-phase immiscibility

system involving two carbonate liquids and ODe silicate liquid.

Aqueous Fluids

The presence ofdissolved H20 in carbonatite melts has long beeo accepted by

researchers. Field evideoce of large metasomatic halos surrounding carbonatite

complexes (McKie, 1966; WooUey, 1982; Kresten and Morogan, 1986; Morogan, 1994).

and experimental studies (Wyllie, 1989; Gittins et al., 1990) show volatiles ta be an

important constituent of carbonatite melts. However, relatively litt1e research has been

focussed 00 this aspect ofcarbonatite formation and evolutioD.

FenitizatioD

Most ofour information on the nature ofthe aqueous fluids exsolved from

carbonatites cornes ftom the study of fenitization. Fenitization, the metasomatic

alteration of country rock surrounding alkaline intrusions, is typieally divided into three

classes: sodie; potassic; and sodie-potassic. At one rime, sodic fenitization was generally

attributed to fluids exsolved from alkaline silicate intrusions, while potassic fenitization

was considered to be wholly a result ofcarbonatite-derived fluids (Le Bas, 1981).

However, an increasing body offield evidence has shown that bath sodic and potassic

fenitization can accompany carbonatite magmatism, and this is true for both calcian and

magnesian carbonatites (Currie and Ferguson, 1971; Kapustin, 1982; Mian and Le 8as,

1986; Viladkar, 1986; Morogan, 1994; Ferguson etai., 1975). Table 1-1 summarizes

some ofthe features of fenites and conditions of fenitization for a selection ofcarbonatite

intrusions in various parts ofthe world.
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Table 1-1 Fenillzation associaled with carbonalile occurrences
loaIIity Soura: Host lilhology Fenilc Style FeniteType Mineralogical Changes Temperature Reference

Gain Loss

fen, NOfWIY Carbonatite Granitie Gneiss sodi-potassie N.A. Ab, Or, Micr, Rieb, fe-Reh, Acg, Qtz <SOO-700°C Morogan (1994)

Aes-Aug. Phi. Cc. Ap Kresten and

Ijolite sodi-potassic Ab, Or, Penh, Mg Ad, Acg, QIz SOO-6OO°C Morogan (1986)

Acg-Aug Kresten (1988)

Alno, Sweden Clfbonalile Migmatitic: gneiss sodi-potassic N.A Ab, Or, Pth, Mg-Art: Bt, Acg-Aug N.A. 6S0-70CtC Morogan (1994)
(Qtz. Micr, Olig. Bt) Reh, Cc, Titn, Ap. FI

Ijolite sodi-potassie NA. Ab, Or, Pth. Mg-Ad, BI. Aeg-Aug N.A. SOO-6S0°C Moroganand
Wooley ( 1988)

AmethY51 Clfbonaliles Carbonatite granite sodi-potassie N.A. Mia, Hl, minor Na-Amph and Pyrx QI%. Bt N.A. Heinrich and
CoIor8do chI,Ce Shappirio ( 1966)

CaU.der Bay, Ontario Carbonatite granitie gneiss sodi-potassic: inncr Micr, Acg, Na-Amph, Ht, Cc Qtz. Plag. Hbld, Bt 450-70(tC Currie and
CM'bonatite granilie gneiss sodie middle Ab, Acg. Na-Amph Qtz. Plas, Hbld, BI Fcrguson ( 1971 )
Carbonalite granilie gneiss hemllization outer Ht, Cc veinlets, chi Qlz

Amba Donp, India Carbonatite quartzite sodie deep Ab, Acg-Aug Qtz Higb- T Viladkar (1986)
Carbonalite quanzite sodi-potassic N.A. Or,Aeg Qtz Low-T Roclofsen (1997)
Carbonatite quartzite potassit shlUOW Or Qtz Low-T

IjoIite quartzite sodi-potassic dcep Micropth, Aeg-Aug Qtz High- T

PIag - pI.iaclase, Ab - albite. And - andcsine, Olig - oIigoclase, K-fsp - potassium feldspar, Mia - microcline, Or - orthoclase, Perth - pcrthilc, Acg - Acgirine, Aug - augite, Ricb - ricbcckitc,
Reh - riehlCrite, Arf - arfvedsonile, Amph, amphibole, Phl- phlogopite, Bt - biotite, chi - chlorile, Musc - muscovite, Ap - apalile, Cc - calcite. Ht - hemalite, Tien - titanite, FI - fluorite,
Cine· anainite, Ox - oxides, Qtz - quanz
N.A. Not Avallable
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Table 1-1 con',
localily Source UOS1 Iithology Faule Style Fenite Type Mincra10gicaJ Changes Temperature Reference

Gain Loss

Epembe, South West Carbonatite granitoid Mldle hl,h·"acte Ab, Cane Micr, Plag, Qtt 450-680°C Ferguson ct al.

Afriea sod..,.ot.l'''C'' ....".. Musc, Ab Micr, Plag, QlZ N.A. (1975)
Amphlbolile 50ch'f'O'M~K ~ h.,h·" Ide Bt, Ab Chi, Musc, Plag N.A.

Mm."JII..- "'-..- Chi, Ep, Zois. Ht Bt N.A.

Novopollava, Awv Carbonalitc granitie gneiss sodi-potassic inner Micr, Ab. Ap,Ce Aeg-Aug N.A. Kapustin (1982)
sodie middJe Pth, Ab, Aeg-Aug QIz. Mia, Bt N.A.
sodic outa Ab Qtz.. Mia N.A.

plagioclase peiss sodie inna Aq·Aug.
sadie middle Acg-Aua, OliS, Cc. Ap. Zire
sodie outer Aeg·Aua. Olig. Pth Hbld, Bt. Plag. Micr N.A.

Oral Glenn Faul1 Arca Carbonalite Biotite granite sodic inner Ab, Acg K.fsp, Bt, Qtz N.A. Garson et al. (1984)
Scotland sodi-potassic middle Or·Miaopth. Ab. Aeg. Tibl Qtz. K·fsp, 0li8 N.A.

sodie middle Aq-Cc-Ab veinJets N.A. N.A.
hcmatizaaion outer Ha N.A. N.A.

.

Lemi.. carbon.lites ClIbonatite granite potlSSie N.A. Fe-ox, Cc. K-fsp Qtz N.A. McLemore Md
New Mexico diorite/pbbro sodic-potassic N.A. And-Ab, K·fsp Qtz. Lab N.A. Modreski ( 1990)

amphibolite carbonaliZalion N.A. Cc. K-fsp QIz N.A.

Chipman Lake, Ontario Carbonatiaes granite sodie-pocassic NA Ab, Mia. MS-Arf, Acg. PhI. Cc Qtz.. mafic minerais N.A. Ganh-Platt and
Wooley (1990)

PI.· pt.ioclasc, Ab· albite. And - andesinc, Olig - oligoclasc. K-fsp - potassium feldspar, Mia - microcline. Or - or1hoclase. Perth· pcrthile. Aeg· Aegirine, Aug. augite. Rieb· riebeckite.
Rch • ridlterile. Arf· arfvedsonite, Amph, amphibole, Phi· phlogopite, 8t • biotite, chi - chlorite. Musc· muscovite, Ap - Ipalite, Cc • calcite. HI - hemalile, Tiln - liaanite, FI - fluorile,
Cane· canainite, Ox • oxides, Qtz • quartz
N.A. Not Available
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Fen;tizat;oll associated with Carbollatites

Mineralogieal changes associated with sodic fenitization are remarkably sunilar

among complexes and invariably involve additions ofaegirine and albite, and less

commonly sodie amphibole, to the host rock. Mafie minerais typically grow at the

expense ofthe original mafic minerais and quartz, while potassium feldspar and

plagioclase either undergo ion exchange reactions to form albite or simply replace quartz.

Potassic fenitization is typically manifested by the addition and recrystallization

oforthoclase, microcline and rarely sanidine and the loss of sodic minerais such as

aegirine and albite. The more common sodie-potassic style offenitization also shows

marked similarities among different complexes. As suggested by the description, these

fenites show elements ofboth sodic and potassic fenitization with additions of sorne or all

ofthe following minerais: aegirine, aegirine-augite, albite, orthoclase, microcline and

sodic amphibole, typically as a result ofreplacement, or recrystallization, of earlier matie

minerais, feldspars and quartz.

Accessory minerais are present in aU three fenite types, and consist, in decreasing

order of importance, of calcite, apatite, phlogopite, titanite and magnetite. Althougb

these minerais are found in ail three feoite types, they appear ta be more common in the

sodic-potassic fenites.

Mineralogieal, as weil as chemica~ changes ofaltered hast rocks, caused by fluid

disequilibrium, are an excellent means by whicb ta obtain information on the

composition of the fenitizing tluid. Unfortunately, few studies offenitization have been

used for this purpose. The fenite type, ie, sodic, potassie or sodie potassic, bas generally

been attributed to ditIerences in the NaIK ratios ofthe tluids exsolved from carbonatites.

with high NaIK values causing sadie fenitization and low values eausing potassic

fenitization (MeKie, 1966; Heinrich, 1966; Kresten and Morog~ 1986; Morogan, 1994).

However, Rubie and Gunter (1983) have found that othervariables such as temperature,

pressure and CÜ% content have a much more pronounced effeet on fenitization than the

NaIK ratio. They showed that both sodie and potassie renites can be generated by a tluid

with constant NaIK under different PTXccn conditions, with higher temperature and

lower XC02 conditions favouring the formation ofsadie renites.
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Most studies of fenitization conclude that fenitizing fluids must have contained

high concentrations ofNa, K, Fe, Mg, Ca and COz and been deficient in Si However,

few authors have attempted ta determine the temperatures onder which fenitization takes

place. The data that are available suggest that the lower and upper limits offenitization

are 450 and 700°C, respectively (Cunie and Ferguson, 1971; Ferguson et al., 1975;

Kresten and Morogan, 1986; Morogan and Woolley, 1988; Morogan, 1994). However,

the data apply only to sodic-potassic fenites, whereas data presented in this thesis

suggests significantly lower temperatures for the formation ofpotassic fenites «300°C).

Fluid inclusions

The most reliable source of information on aqueous fluids from carbonatites

cornes from the fluids themselves. Although a comparatively small number of

resc:an:hc:rs have in\'estigated fluid inclusions in carbonatites, what has been

ac~olt1ph~~d pro\'ides valuable Însight Înto the nature ofprimary fluids in equilibrium

\\·ith 1.:3rbonalÎle melts (Rankin 1975; Nesbitt and Kelly, 1977; Haapala, 1980; Andersen,

198b. Ting tOf al. 1994~ Morogan and Lindblom, 1995; Poutiainen, 1995; Samson et al.,

1995a)

Primary carbonatite-derived aqueous fluids are typically C02-bearing, moderate­

sa lin ity NaCI-KCI brines with high NaIK ratios (Rubie and Gunter, 1983; Rankin, 1975).

Fluid inclusions typically record an evolutionary split in this primary Ouid, into a low

salinity carbonic fluid and a high salinity, dominantly aqueous, fluid (Andersen, 1986;

Ting et al., 1994; Poutiainen, 1995; Morogan and Lindblom, 1995). Studies have shown

that there is a wide diversity in the composition of inclusion Ouids, and this is well

illustrated by the variety ofcarbonate, sulphate, halide and oxide and sulphide opaque

solids which fluid inclusions can contaÎn. In some cases, up to 80GAt ofthe volume ofa

carbonatite-hosted fluid inclusion can be made up ofsolids (Roedder, 1973; Haapala,

1980). The MOst common daughter minerais are nahcolite and halite (Rankin, 1975,

1977; Nesbitt and Kelly, 1977; Ting et al., 1994; Samson et al., 1995b), although a

myriad of solids have been reponed including calcite, sylvite, magnetite, arcanite

(K1S04), thenardite (Na2S04), hydrophyllite (CaC12), gypsum, phlogopite, glauberite
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(Na2Ca(S04h), celestite, syngenite (K2Ca(S04h"H:zO), barite, sttontianite, LREE

carbonates and occasionally apatite (Rankin, 1975, 1977; Nesbitt and Kelly, 1977;

Aspden, 1980; Samson et al., 1995b). Homogenization temperatures usually range

between 200 and 550°C for MOst complexes (Rankin 1975; Nesbitt and Kelly, 1977;

Andersen, 1986; Jaireth et al., 1991; Ting el al., 1994; Morogan and Lindblom, 1995;

Poutiainen, 1995; Samson et al., 1995a), bowever, temperatures greaterthan 550°C bave

been reported (Rankin, 1975; Puzanov, 1977; HaapaIa, 1980).

Previou! Work - Amba Dongar

The geology ofthe Amba Dongar complex bas been documented by a number of

researchers (Sukheswala and Udas, 1963; Deans and Powell, 1968; Deans et ai., 1972;

Viladkar, 1981; Srivastava, 1989; Gwalani et a.l, 1993). In all studies the authors

conclude that the complex formed as a ring-structured intrusion ofcalciocarbonatite and

ferrocarbonatite, which was coeval witb formation ofthe SWTounding nephelinite

intrusives, during mid to late Deccan volcanism.

Extensive work has been carried out on the fluid inclusions in fluorite from the

late stage fluorite deposit (Roedder, 1973; Lahiry, 1976; Kaul etai, 1988; Palmer, 1994;

Palmer and Williams-Jones, 1996). Palmer and Williams-Jones (1996) concluded that the

interaction ofprimary magmatic tluids, containing significant~ S and F, with Ca­

bearing meteoric waters was responsible for fluorite mineralization. Roedder ( 1973)

observed several types ofprimary fluid inclusions in apatite nom carbonatite, although

no microthermometry was undertaken. These comprise H2(). or C02 ricb types and a

high density aqueous type which contains up to 50 voL% solids (Roedder, 1973).

Although fenitization is weil developed at Amba Dongar, it bas received

comparatively little attention. OnIy three studies have focussed on the feDites (Deans et

al., 1972; Viladkar, 1986, Roelofsen, 1997). Deans et al. (1972) were the tirst ta

demonstrate that the potassium feldspar rocks associated with the Amba Dongar

carbonatites were in faet fenites. They noted that the feldspar (microcline, orthoclase and

minor plagioclase) content mcreases dramaticaUy from unahered 8agb sandstone to its

contact with the carbonatite. A follow-up study by Viladkar (1986) divided feDites ioto
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potassic and sodic varieties based on surface outcrop and diamond drill core. He

observed that sodic fenite assemblages (albite and aegirine) occUlTed in the deeper,

unexposed parts ofthe complex and that potassic fenites were restricted to the upper

levels (Viladkar, 1986). Roelofsen (1997) extended this work at Amba Dongar by

characterizing the fenite mineralogy, and demonstrating its hydrothermal nature.

Previous Work - Phalaborwa

A considerable amount ofresearch has been canied out on the PhalaboIWa

complex (Lombaard et al., 1964; Hanekom et al., 1965; Palabora Mining Company,

1976; Eriksson, 1989), including three Ph.D. theses by Van Rensburg (1965), Aldous

(1980) and Eriksson (1982), which focussed on the geology, the copper mineralization

and the geochemistry and origins ofPhalabolWa, respectively. AIl these authors agree

that the formation ofthe complex was initiated by intrusion ofa large lobe ofpyroxenite

which was subsequently cored by phoscorite, banded carbonatite and transgressive

carbonatite melts. However, the origins ofcopper mineralization in carbonatite remain

unresolved.

It was thought initially that copper mineralization was produced by late stage

hydrothermal fluids circulating within the carbonatite (Hanekom et al., 1965; Palabora

Mining Company, 1976), however, large seale sulphide zonation and melt inclusion

studies have thrown some doubt on this as the primary mode of formation. Aldous

(1980) showed that sulphides were present in both silicate and carbonatite melts early in

their histories and concluded that early copper mineralization may have been a primary

magmatie feature. However, he interpreted late-stage copper mineralization in

transgressive carbonatite to be the result ofremobilisation ofprimary copper sulphides by

orthomagmatic tluids.

A generaDy accepted model for the formation ofPhalabolWa bas been developed

by Eriksson (1982). Based on a comprehensive mineralogical and Sr isotopie study of

the complex she concluded that isotopie beterogeneity between silicate and earbonatite

rocks ruled out liquid immiscibility as a mechanism for carbonatite formation. Sbe

proposed, instead, that the PhalabolWa complex formed as a result ofmultiple injections
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ofsilieate- and carbonate-rieh magmas (Eriksso~ 1982). In a subsequent radiogenie and

stable isotopic study Eriksson (1989) atso eoncluded that the carbonatites could oot bave

formed by crystal fractionation or üquid immiseibility processes alone, but noted that

there were similarities between silicate and earbonatite members.

Fenitization is not weU developed at Phalaborwa. According to Frick (1975), it is

manifested by the growth oforthoclase at orthoclase-quartz and plagioclase-quartz

boundaries, and by an increase in orthoclase content and the appearance ofalkali

amphibole. The precursor to feoite is a pink granite or a white, biotitic granitic gneiss

(Eriksson, 1982). Evidence ofdesilication and an increase in the potassium feldspar

content with increasing fenitizatioo are common features in both preeursors (Eriksson,

1982).

Organization of this Thesis

Th~ uriginal intent ofthis thesis was twofold, tirstly, to charaeterize hydrothermal

fluid~ ib",lI,':latcd \\ith earbonatite magmatism, a topie which has received very üttle

attention. and St:\:ondly, to discover the role ofthese fluids in the development of

economi~ on: bodies hosted by earbonatites. However, the discovery ofmelt inclusions

in apatitc hosted by carbonatites ofboth complexes prompted a change in the direction of

the ttu:sis. resulting in a study that investigated the evolution ofboth carbonatite melts

and aqueous fluids.

The chapters deaÜDg with Amba Dongar in this thesis are a continuation ofa

M.Sc. project by the author, which determined the nature of late-stage tluids responsible

for fluorite mineralizatioo. The presence ofREE mineralization and the abundant

evidence of early aqueous tluids, i.e., fenitization, tluid inclusions, encouraged the author

to undertake further studies to charaeterize the entire tluid evolution ofthe complex. The

discovery ofprimary melt inclusions in apatite proved usefui in determining the evolution

of carbonatite metts during the emplacement ofthe eOlDll1ex and provided the tirst

evidence that ferrocarbooatites can fonn by the separation ofan immiscible Fe·rich melt

from calciocarbonatite.

14
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The Phalaborwa complex was chosen for study in orderto characterize

orthomagmatic fluids associated with the carbonatites and determine their role in the

development ofPhalabolWa's economic copper deposit. Solid and solid-liquid inclusions

discovered during the course ofthe study were used to explain the formation of

carbonate-bearing lithologies

Chapters 2 and 3 ofthis thesis provide detailed descriptions ofthe geology ofthe

Amba Dongar and PhalabolWa complexes, respectively. They are intended to give the

reader a detailed understanding ofthe regional and local geology ofthe complexes that is

not possible in the journal manuscripts.

Melt inclusions identified in apatite ofcalciocarbonatite from the Amba Dongar

complex are dealt with in Chapter 4. The compositions and high temperature phase

relationships of solid inclusions are discussed with reference to the origins of

calciocarbonatite and ferrocarbonatite. The results indicate that fraetionation was not

responsible for ferrocarbonatite formation and suggest that carbonate-carbonate liquid

immiscibility occurred to produce both calciocarbonatite and ferrocarbonatite.

Chapter 5 charaeterlzes the chemical and pressure-temperature evolution of

orthomagmatic fluids associated with carbonatite emplacement in the Amba Dongar

complex. A combination ofdestructive and nondestnletive fluid inclusion techniques

were used to establish the pressure-temperature conditions and bulk compositions of

aqueous fluids exsolved trom calciocarbonatite.

Calculations ofmiss changes which occurred between unaltered sandstones, that

host the Amba Dongar complex, md carbonatite-derived tluids are presented in Chapter

6. The mass balance methods ofGresens (1967) and Grant (1986) were used to achieve

unprecedented accuracy in determining the mass change, owing to the almost

monomineralic (quartz) nature ofthe sandstones. This allowed even further

characterization of aqueous fluid compositions, in particular trace element

concentrations, which could not be analysed by fluid inclusion techniques.

Apatite-hosted meit inclusions in carbonate-bearing rocks, Le., phoscorite and

carbonatites, ofthe Phalaborwa complex are discussed in Chapter 7. Their compositions

and behaviour during high temperature microthermometric experïments suggest tbat

silicate-carbonate Iiquid immiscibility was an important process in the evolution ofthe
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Chapter 1 - General Introduction

complex and played a major role in the formation ofphoscorite and carbonatite. Another

important conclusion ofthe chapter is that carbonatite lithologies were related to one

another through later fractionation. Meil inclusion compositions suggest that early

copper mineralization was a primary magmatic process associated with the crystallization

ofearly carbonatite, while aqueous fluid-bearing melt inclusions in late stage carbonatites

suggest that late copper mineralization resulted from hydrothermal remobilisation of

primary sulphides.

Chapter 8 details the fluid evolution ofthe Phalaborwa comple" during its

emplacement. Fluid compositions are inferred frOID chemical changes which attended

metasomatic aiteration, Le., fenitization, ofthe SUlTounding hast rocks. Two fluid events

were discemed, corresponding to pyroxenite- and carbonatite-emplacement, and both

resulting in potassic fenitizatioD. However, mass balance calculations based on

mineralogjcal changes indicate that carbonatite-derived fluids contained more Na, Mg

and S, and were responsible for deposition oflate copper mineralizatioD.
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Location

The Amba Dongar complex is situated approximately 400 km northeast of

Bombay, India in the Baroda district ofGujarat State (Fig. 2·1). It outcrops over an area

ofapproximately 3.5 km and lies at a minimum elevation of380 meters above sea level

with a maximum reliefof61 meters.

Regional Geology

The carhonatite cOOllJlex ofAmba Dongar was emplaced into the northem part of

the Dec~an Volcanic Province which covers an area ofapproximately 500,000 km2 of

Wc:~1·C~nlrallndia.. and forms one ofthe largest geological formations ofthe country

(Kri~hnan. 1q82) (Fig. 2-1). The extrusion ofbasalt is thought to have occurred during

rifting. along rc:activated lineaments, as a resuit ofthe upwelling oftholeÜlic magma

whe" l"dia passed over a mande thermal center at around 65 Ma (Dietz and Holden,

1970. Gupta and Gaur, 1984; Srivastava, 1989; Karkare and Srivastava, 1990). A general

chronology for the area is: 1) enaption and extrusion ofvoluminous flood basaIts; 2)

intrusion of alkaline silicate and carbonatitic bodies; and 3) emplacement oflate picritic

and basaltic dykes (Gwalani et al., 1993; Srivastava, 1989; Sukheswala et al., 1976).

The complex lies within a major zone ofstnletural weakness represented by the

ENE trending Narmada rift, which is located nine kilometers to the south (Fig. 2·1 inset).

Ta the nonh ofthe complex, is a sympathetic set offaults related to the Narmada rift

(Viladkar, (981). The rift system is thougbt to be the arm ofa failed triple junetion that

originated along the older Vindhayan fault (Karkare and Srivistava, 1990; Deans et al.

1972; Counillot et al., 1988). Structural expressions ofthis zone ofweakness consist of

numerous paraUel (to the rift), mafic dyke swarms and NE trending strike-slip faults

(Srivastava., 1989).

Intrusion ofthe carbonatite caused updoming ofthe country rock which is

retlected in dips of35 to 60 degrees outwards ftom the body. These structural featores
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Figure 2-1 The geology ofthe Amba Dongar complex, India and surrounding area

(Modified from Deans et al.., 1972).
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are evident up to S km away ftom the ring. Numerous fauhs are distributed radially

around from the complex and have given rise to steep valleys and scarps.

The carbonatite ring structure was intruded into Deccan basalts, which comprise

ilS southem and southwestem boundaries, and a small inlier ofLate Cretaceous Bagh

sandstones and limestones (Viladkar, 1981), which flank the intrusion on all other sides

(Fig. 2-1). Deccan basalts are also present inside the ring structure, and are interpreted by

Deans and Powell (1968) to represent a roofover the intrusive site which coUapsed

dwing emplacement ofthe carbonatite. Viladkar (1981), however, has suggested that the

basaltic core may represent a later igneous event foUowing carbonatite emplacement.

The underlying basement rocks consist ofPrecambrian granitic gneisses which are poorly

exposed and do not outcrop in the area (Srivastava and Karkare, 1991; Deans et al.,

1972).

COUDtry Rock Geology

Deccln BIIIII

Dy rar the most common rock type in the surrounding area is the Oood basait of

the De~can Traps. The latter consist predominantly oftholeütic tlows and yield whole

rock "-Ar dates of65 Ma to 50 Ma which place them in the Late Paleocene to Early

Eocene period (Wel1man and McElhinny, 1970). The area surrounding the Narmada Rift

belongs to one ofa number ofalkali oüvine basaIt subprovinces which occur within the

Deccan province (Chaneljee, 1964; Srivastava, 1989; Gwalani, 1981).

The dominant lithologies ofthe Trappean beds are basaltic lavas and

agglomerates. Dykes ofglassy basait and diabase are also commOD, and trend parallel to

the Nannada Uneament (Srivistava, 1989). Basait is typically porphyritic and locaUy

glomerophytic. Phenocrysts, as weil as the groundmass, consist ofaugite and labradorite

which, modally, make up 70 to 80 % ofthe rock. Accessory mineraIs include olivine,

calcite, zeolites and apatite. Evidence ofvesiculation is common in the basalts, typically

in the form ofamygdules. Diabase fOnDS dark gray dykes which range in width from O. S

to IS m and can he followed for distances ofup to 1.5 km (Srivastava, 1989). ModaUy,
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plagioclase is more important in the diabase than in the basaIt, and the percentage of

plagioclase plus augite is, at least, 80%. The texture is commonly ophitic to sub-ophitic

and locally porphyritic with labradorite occurring as the micro-phenocrysts (Srivastava,

1989). Accessory minerais include olivine and iron oxides.

8agh Sandstone

The only other rock type which borders the complex is the Late Cretaceous 8agb

sandstone (Fig. 2-1). The sandstone belongs ta a wave-dominated shelf sequence, which

has been divided into five main facies: 1) a conglomeratic lag deposit; 2) coarse-grained

sandstone; 3) sandstone; 4) mudstone; and S) limestone (Bose and Das, 1986).

Chiplonkar et al. (1977) have interpreted the sequence as being between Upper Albian

and Turonian in age ( 100 Ma - 88.SMa), based on paleontological observations. The

Bagh sandstone consists ofan almost pure quartz sandstone (>96% quartz) which, in

outcrop, appears white to light gray. The grain size varies from medium to coarse, and

there are local concentrations ofsmall quartz pebbles. The sandstones are generally weil

soned comprising spherical quartz grains which commonly show evidence of

recrystallization~possibly due to pressure solution. Sedimentary features observed in

outcrop include cross-bedding, normal grading and asymmetric ripple marks, indicating a

moderate velocity, shaUow fluvial environment. In sorne areas adjacent ta the ring

complex, the Bagb sandstone has been intensely fenitized, which is evident as K-feldspar

pseudomorphs after quartz. In these ueas, the sandstone takes on a reddish hue.

8agb Limestone

To the west ofthe complex, and separated from it by the sandstones, is a unit of

limestone that was deposited after the quartz-rich sediments (Viladkar, pers. comm.).

l'be limestone is a thinly to moderately thicldy bedded, fine-grained, tan-colored unit

which displays gentle folding in outcrops nearest the complex.
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ne CarboDatite Complex

General Geology

The earbonatite complex ofAmba Dongar is a ring sttuetured intrusion with a

diameter ofapproximately two kilometers, and eonsists mainly ofa prominent ridge of

calcioearbonatite, which forms the principal topographieal feature ofthe ring, and an

inner lining ofealeiocarbonatite breceia (Fig. 2-1). Breccias alsa oeeur around the

circumference ofthe ring as variably sized, isolated plugs, paral1el to the ring's border.

Along both margins ofthe ealeioearbonatite ring are numerous small plugs ofankeritic

carbonatite. Small dykes « 1 m ) ofankeritic earbooatite and ealcioearbonatite eut the

above lithologieal units. In the ealeiocarbonatite, intense fraeturing, manifested by

numerous jasper and quartz-fluorite veins, may have provided the pathway for tluids

which deposited large quantities offluorite in open space-filled veins and wgs. In a

number ofareas the caleiocarbonatite shows evidence ofintense silicification

surrounding barreo quartz veins. Formation ofthe eomplex also included the intrusion of

a number ofmoderately sized (200m -IS00m in diameter) syenitic plugs in the

surrounding country rock.

Deans et al. (1972) and Viladkar ( 1981) have developed a chronologieal sequence

for intrusion ofthe ring. Formation ofthe structure is interpreted to have begun with the

emplacement of the calcioearbonatite breceia followed by intn1sion ofthe

calciocarbonatite and finally the plugs ofankeritie carbonatite. Silieifieation and fluorite

deposition are thought to have post-dated an igneous activity.

Carbonatâte Geology

The ealciocarbonatite breceia consists mainly offragments ofealeioearbonatite

and minor metamorphic rocks, sandstone, basah and nephelinite all set in a matrix of

calcitic or ankeritie material. DifferentiaI weathering ofthe fragments and the harder

matrix give the breccia a very rough, irregular appeuance.
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Calciocarbonatite, which fonns the main component ofthe ring syste~ shows a

large variation in grain size, texture and color. Early calciocarbonatite tends to be

coarser-graine~ occurring as xenoliths in the later, fine-grained calciocarbonatite. The

most frequently observed texture consists of interlocking, equigranular calcite crystals. A

porphyritic texture is well developed locally, with larger calcite phenocrysts set in a

matrix ofmer grained calcite. The proportions ofother minerais in calciocarbonatite

vary gready, comprising from 1% to over 30% ofthe rock by volume. In decreasing

order of importance, martite (hematite after magnetite), apatite, tluorite, barite, galena,

pyrochlore, zircon, phlogopite and aegirine are the most commonly found ofthese other

minerais. Color variations ofthe calciocarbonatite are numerous, ranging from white to

red, brown or a mottled white and black. This range in color is due mainly to the nature

ofthe dominant accessory mineraIs.

Ankeritic carbonatite is generally a dark red, highly oxidized, fine-grained rock.

Accessory minerais, the most important ofwhich is martite (hematite after magnetite),

are abundant in this unit in sorne samples martite can comprise over 50% orthe volume

ofthe rock. Other accessory constituents include fluorite, barite, apatite, bastnaesite,

pyrochlore, monazite, thorite, pyrite, galena and chalcopyrite (ViJadkar and

Wimmenauer, 1992). Calciocarbonatite dykes as well as small jasper veins are round

within the ankeritic carbonatite. Following carbonatite intrusion, a hydrothermal event

caused silicification of large volumes ofcalciocarbonatite surrounding zones of intense

quanz veining. Hydrothermal aetivity also caused the formation ofnumerous tluorite

deposits scattered throughout the calciocarbonatite. The fluorite mineralization occurs as

vein and replacement deposits. Deposition offluorite occurred in two stages; an early

stage characterized by a blue to purple variely and a later stage characterized by yeUow to

colorless tluorite. Fluorite occurs as larget euhedral cubic crystals in the larger veins and

wgs, and as anhedral groups ofinterlocking crystals in smaller veins. Minor proportions

ofquartz can also be found in the veins and vugs along with small quantities ofbarite,

hematite, galena, pyrite and chalcoPYrite.

Surrounding the ring complex are a nomber ofplug-like intrusions which are

expressed as topographic highs. The plugs vary in diameter trom 200m to 1.5 km, and

are hosted by 8agb sandstones and limestonest and Deccan volcanics. These intnlsive
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rocks are oftwo types; nepheline syenite and phonolite (Viladkar, 1984). They are

generally brown to dark green in color and consist ofa fine-graine~ glassy matrix with

phenocrysts ofnepheline, alkali feldspar, pyroxene and melanite gamet. Magnetite

occurs as a minor phase in some samples. The rocks tend to be highly weathered, and are

commonly pink to red in color.

Fenitization

A distinctive feature ofthe Amba Dongar complex is the occurrence ofa well

developed zone of fenitization in the sandstone surrounding the carbonatite. Xenoüths of

nephelinite in the carbonatite also show the effeets of fenitization, typically as intense

phlogopitization ofpyroxene. Fenitization of sandstones, associated with the

carbonatites, was oftwo types, with some gradation between the two. The first, potassic

fenitization, is evident at higher levels ofthe complex; whereas the second, sodic

fenitization, is only recorded in deeper sections (Vilad1w, 1986; Roelofsen, 1997).

Potassic feDites are the MOst common ofthe altered rocks, occurring within the

carbonatite and around its periphery. The intensity of metasomatism is variable, with

sandstone xenoliths within the carbonatite typically showing complete replacement of

quartz by potassium feldspar, and fenite outside the ring containing as little as SOlO

potassium feldspar. Proximal sandstones may show up to 70% replacement ofquartz by

feldspar and at distances ofbetween 100 m to ISO m away from the ring, sandstones will

contain ooly 5-10% feldspar. Further out they are essentially unaltered.

ln outcrop, potassium-fenitized sandstone varies in color ftom white to ligbt pink

with various degrees of mottling depending on the extent offenitization.

Megascopical1y, quartz retains many orthe characteristics ofquartz in unaltered samples,

althougb there appears to have been some recrystallization. Within potassie fenites,

feldspar consists ofboth lath·like orthoclase crystals and smaU irregular grains whieh

appear ta be pseudomorphs afler quartz. The color ofthe feldspar ranges from white ta

pink.

Sodie metasomatÎZed rocks are relatively uncommon except where they have been

uneovered during mining operations. These rocks have been divided into two types:
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sadie fenites, consisting ofalbitized, aegirine-augite bearing rocks; and ultrasodic fenites~

or albitites, which are composed only ofalbite (Viladkar, 1986). The precursor rocks in

both cases are reported to be the 8agb sandstone (Viladkar, 1986), however, Roelefsen

( 1997) bas evidence that at least some sodie fenitized rocks were derived from ijolite.

Albitites eonsist ofa monomineralic groundmass ofsmall anhedral to subbedral albite.

Accessory minerais include rare aegirine-augite and reliet quartz grains (Viladkar, 1986).

Sodic feDites are the rarest ofthe metasomatized rocks, occurring in only one outcrop in

the northwestem section ofthe complex (Viladkar, 1986). The rock is made up of over

50% albite intergrown with pale green aegirine-augite and small proponions ofrelict

quartz grains (Viladkar, 1986).
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Lo~atioD

The Phalaborwa complex is located in the Eastern Transvaal region of South

Afiica, approximately 50 km west ofthe Moçambique border (Fig 3-1). The comptex

covers an area of approximately 16 sq. km and originally lay at an elevation of around

400m above sea level. The current production level is at approximately 100m below sea

level.

Ristory of Mining

The first exploitation of minerai resources at Phalaborwa occurred during the

eight century AD. when uon and copper were extraeted by smeking chalcopyrite and

bornite coUected from outcrop as evidenced by charcoal fragments and primitive furnaces

uncovered in the area. Major exploitation ofthese metals, however, only began in the

mid-sixteenth century with the Bantu people, and continued UDtil the arrivai ofthe

Portugese in the mid-ninteenth century. Apatite was the first commodity exploited by

modem mining methods, first briefly in 1934 by South ADican Phosphates Ltd., and then

on a permanent basis by Foskor in 1955. Production ofvermiculite began in 1946.

During 1955 and 1956 Newmont Mining COlporation and Rio Tinto Zinc explored the

possibility ofdeveloping the copper occurrences into an economic deposit. Following

identification ofat least 400 Mt ofcarbonatite-hosted ore, grading an average of0.69%

Cu, production began at PhalabolWl during 1965 uSÏDg open cast mining techniques.

After approximately 30 years ofopen pit mining it was decided thlt continued production

ofthe PhalabolWa ore body would take place through underground mining methods

(Palabora Mining Company, pers. comm.).

RegiODal GeolOl)'

The host rocks ofthe PhalabolWl complex consist ofan Archean complex of

granites and granitic gneisses which cover a wide area ofthe north and Dortheastem
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Figure 3...1 The geology orthe Phalaborwa complex, South Afiica (Modified trom

Hanekom et al., 1965; Frick, 1975).
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Transvaal and a large portion ofSwaziland (Hanekom et al., 1965). In the vicinity of

Phalaborwa, the Archean complex consists oftwo dominant lithologies. Surrounding the

southem half ofPhalabonva is a white, medium- to coarse-grained, granitic gneiss,

composed of feldspar, quartz and biotite (Hanekom et al., 1965; Eriksson, 1982). In the

northem area ofPhalabolWa the country rock consists ofa pink, equigranular granite

which is intmsive into earlier gneiss (Hanekom et al., 1965). The granite contains no

micas, and in some areas is pegmatitic in texture (Hanekom et al., 1965). Younger

granitic veins and dykes, in tum, eut both granites and granitic gneisses (Hanekom et al. ,

1965). The Archean complex also includes serpentine--talc and amphibole schists, but

there is no report ofthese units in the vicinity of the Phalaborwa complex. Foliation in

the granitic gneiss trends predominantly east-west and dips steeply to the south, or

vertically (Hanekom et al., 1965).

Geology of the Comples

The Phalaborwa complex belongs to a group ofintnlsions which contain both

silicate and carbonate rocks. This early Proterozoic complex was intruded into granites

and granitic gneisses ofthe Archean complex (Hanekom et al., 1965) and consists of a

large body ofpyroxenite which is cored by later intnlSions ofphoscorite and carbonatite

(Fig.3-1). Surrounding the pyroxenite are a number ofsmaller syenite and feldspathic

pryroxenite bodies which were intruded during and after emplacement ofthe main

complex (Hanekom et al., 1965; Eriksson, 1982).

Based on severa! UlPh age determinations, the carbonatites are interpreted to have

been emplaced between 2047 and 2060 Ma. Holmes and Cahen (1956) obtained an age of

2060 Ma from thorianite, whüe an age of2047 ± 19 Ma was obtained by Eriksson (1982)

from uranthorianite and badenyite. More recent U/Pb analyses ofphoscorite by

Reischmann (1995) yielded a precise age of2060 ±0.5 Ma. These ages are similarto

those ofthe layered rocks ofthe Bushveld complex, 2061 ± 27 Ma for matie rocks

(Walraven et al., 1990), 120 km to the west, and the Schiel cOlDll1eX, 2059 +36/-35 Ma

(Walraven et al., 1992), which is petrologically simüar to Phalaborwa (ReiscbmanD,

1995; Walraven et al., 1990). Little work has been done on dating ofthe silicate rocks.
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Rb-Sr analyses ofphlogopite trom clinopyroxenites yield an isochron of2012 ± 19 Ma,

while one V-Pb analysis ofzircon in glimmerite yielded an age of20S0 Ma (Eriksson,

1989). Paleomagnetic analyses ofsatellites surrounding the main complex indicate that

syenite magmatism may have spanned a 200 Ma period with initial intrusion coinciding

with emplacement ofthe main clinopyroxenites (Morgan and Briden, 1984)

The most striking feature ofthe Phalaborwa igneous complex is the variety of

mineralization types. The pyroxenite is host to economic deposits ofvermiculite, thought

to have been formed as a result of tluid infiltration ofmassive phlogopite pods found

within pyroxenite (Eriksson, 1982) and phosphate. SUlToundïng the carbonatite is a rim

ofphoscorite containing economic concentrations ofphosphorous, as apatite, while the

carbonatites host a 400 Mt deposit ofCu with an average grade ofO.69°/ca Cu. A satellite

body offeldspathic pyroxenite hosts a much smaller copper deposit which was only

briefly mined (Aldous, 1986). By-products tram copper and phosphate mining include

Au and Pt and Zr, respeetively (Palabora Mining Company (PMC), 1976; Aldous, 1980).

Pyroxenite

The tirst phase offormation ofthe Phalaborwa complex was intrusion ofa large,

kidney shaped lobe ofpyroxenite into the Archean Complex. Pyroxenite, which makes

up approximately 70% ofthe complex (Eriksson, 1989), can be broadly subdivided into

four dominant lithologies: a massive textured, diopside pyroxenite; a phlogopite-bearing

pYr0xenite, which can grade into phlogopite-rich glimmerite; pegmatitic varieties of

pYr0xenite; and feldspathic pyroxenite (Hanekom et al.; 1965; Eriksson, 1982). Massive

and micaceous varieties predominate, and are roughly equal in proportion (Hanekom et

ai., 1965).

MtlSs;ve and m;ctlc~o"spyraun;t~

Massive pyroxenites are found throughout the complex and show sharp contacts

with country rocks and other varieties ofpyroxenite. MineralogicaDy they are

homogeneous, invariably consisting ofprismatic crystals ofdiopside with minor
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concentrations ofinterstitial apatite and phlogopite (Hanekom etaI., 1965). Apatite

crystals commonly exhibit a sub-parallel orientation with respect to diopside, indicative

of f10w texturing (Eriksson, 1982). Phlogopite also shows a preferred orientation, with

bands developing an almost schistose texture, parallel to pyroxenite contacts (Hanekom

et al., 1965). Micaceous pyroxenite differs from massive varieties only in phlogopite

content and represents a continuum between phlogopite-bearing massive pyroxenite and

phlogopite-rich glimmerite.

Studies ofthe pyroxenites by Eriksson (1982) and Eriksson et al. (1985)

concluded that phlogopite formed as a result ofmetasomatic alteration ofdiopside.

Evidence of recrystallization was observed in areas ofeoncentrated phlogopite (Eriksson,

1982). Eriksson (1989) and Eriksson et al. (1985) considered massive and micaceous

pyroxenites to be erystal eumulates, with phlogopite concentration resulting from flow

differentiation. Diopside, phlogopite and apatite aU show evidence ofhaving crystallized

dire~t l~ fronl the primary magma (Eriksson, 1989).

()n the \\t:stem edge ofthe complex, Foskor mining operations have uncovered a

centirnc:tc:r·~alt:d. monotonously and concentrica1ly banded phlogopite-diopside rock.

Moon: ( 1QK-I) ascribed this "orbicular layering" to episodic precipitation ofthe two

minerais due to difTerent growth rates caused by contrasting diflùsion rates of mineraI

constituents

Feldspathic pJ',œen;te

Feldspathic pYr0xenite is typically re&1ricted to the margins ofthe pYfoxenite

body and is commonly associated with syenite intrusions (Hanekom et al., 1965).

Contact relationships between massive and feldspathic pyroxenite vary from graded to

sharp, with sbarp contacts suggesting intrusion ofmassive pyroxenite into the feldspathic

variety (Eriksson, 1982).

Mineralogieally, feldspathic pyroxenite is composed of microcline and diopside

with accessory apatite and rare phlogopite (Eriksson, 1982). Microcline is generally

anhedral and can be on the order ofcentimetres in diameter. Pyroxene can either be

poikilitically enclosed within microcline, where the feldspar content ofthe rock is high,
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or oecur as massive clusters in less feldspathic material (Hanekom et al., 1965; Eriksson,

1982). Apatite, which oecurs in trace to major proportions, forms small crystals which

can be found within and interstitial to microcline and pyroxene (Eriksson, 1982).

Ideas on the origins offeldspathic pyroxene have ranged from ftactionation (Hall,

1912) to contamination ofthe pyroxenite magma, by granite or syenite (Hanekom et al.,

1965). Based on Sr isotopie data, Eriksson (1982) eoncluded that feldspathic pyroxenites

are eumulate in origin and could not have resulted from erustal contamination.

Pegmatit;c pyroxellite

Large bodies ofpegmatitic pyroxenite occur in both the northem and southem

halves ofthe massive pyroxenite and are hast to venniculite mineralization (Hanekom et

al., 1965). The northem pegmatoid shows a zonation from core to rim of serpentine­

phlogopite ± apatite to phlogopite- elinopyroxene ± apatite rocks, while southem

pegmatoids are generally unzoned, eonsisting only ofphlogopite-clinopyroxene ±

apatite. The pyroxenes are diopsidic and commonly attain lengths of20cm.

Phoscorite

In the center ofthe pyroxenite is an oblong shaped core ofphoscorite and

carbonatite (Fig 3-2). Phoscorite forms a thick, up to 400m wide, rim which completely

envelopes earbonatite, separating il from adjacent pyroxenite. Contact relationships were

originally eonsidered ta be gradational between phoscorite and both carbonatite and

pyroxenite (Lombaard et al., 1964), however, exp0 sures in the Phalaborwa pit suggest the

outer contact with pyroxenite is abrupt (Eriksson, 1989). Lenses ofcarbonatite occor

throughout the phoscorite and inerease in ftequency towards the inner contact with the

carbonatite.

Phoscorite has an average modal composition of 35% magnetite, 250/0 apatite,

22% carbonate and 18% serpentine, olivine and phlogopite (Hanekom el al., 1965),

although bands ofmonomineralic magnetite or olivine are common (Lombaard et al.,

1964; Eriksson, 1982). Danding is roughly concentric to the shape of the phoscorite rim
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Figure 3-2 Geology ofthe Palabora Mining Company's open pit.
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(Eriksson~ 1982). Magnetite is present either as early, euhedral grains or as secondary

replacements ofbaddelyite (Van Rensburg, 1965; Aldous, 1980), while olivine occurs as

either fresh or altered (serpentinized) ctystals with no apparent segragation between the

two (Eriksson., 1982). Olivine can contain inclusions ofcopper sulphides (bornite~

chalcopyrite) or be included within larger sulphide grains (Aldous, 1980). Prismatic

crystals and anhedral masses ofapatite are both commOD, and calcite oecurs either as

disseminated grains or in veins (Eriksson, 1982). Copper sulphides comprise either early

chalcopyrite, associated with olivine, or late bomite and chalcocite (Van Rensburg,

1965). Phlogopite, in the phoscorite, is found associated with olivine or as discrete

crystals and shows reverse pleochroism (Eriksson, 1982)

Initially, the phoscorite was interpreted to have fonned as a result ofmetasomatic

alteration ofa dunitic body, which MaY have been intruded prior to pyroxenite

emplacement (Lombaard et al., 1964). However, Eriksson ( 1982) considers the

phoscorite to be cogenetic with the carbonatite.

Carbonatite

The central portion ofthe core ofthe complex is composed of a roughly ovoid

body ofcarbonatite covering an area ofapproximately 0.4 km2 (Fig. 3-2). Carbonatite

magmatism oceurred in two phases (Hanekom el al., 1965; PMe, 1976). Intrusion of

banded carbonatite, named for ils coneentrically zoned layers ofmagnetite, occurred

first, foUowed by emplacement oftransgressive carbonatite. Inttusive relationships ofthe

two carbonatites are clear. The banded carbonatite was emplaced in the concentric

pattern ofthe phoscorite while later ttansgressive carbonatite intrusion took advantage of

fractures trending WNW-ESE and ENE-WSW. Dykes oftransgressive earbonatite have

been observed in aU other members ofthe Phalaborwa complex (Eriksson, 1989) as weil

as in the host Archean complex (this study).

A number ofcharaeteristies can be used to distinguish the two carbonatite

members. Perhaps the most obvious mineralogieal düIerence between the two

carbonatites is in their sulphide mineralogy (Van Rensburg, 1965; Hanekom et al., 1965).

The predominant sulphide ofbanded carbonatite is bomite while in the later carbonatite
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chalcopyrite is dominant and sulphides become much more abundant. Calcite

compositions al50 differ. Calcite in banded carbonatite is much less magnesian than that

ofthe transgressive carbonatite, with a composition of 7.5% MgC03 versus 14% MgC03

(Lombaard et al., 1964). In banded carbonatite, calcite contains exsolution lamellae of

dolomite while dolomite in the transgressive carbonatite occurs as discrete grains (Van

Rensburg, 1965; Eriksso~ 1982). The apatite content is typically higher in transgressive

carbonatite than in the banded variety and the olivine content, although low in both types,

appears to be lower in the transgressive carbonatite. In banded carbonatite, olivine is

rarely altered to serpentine but can be partially replaced by phlogopite, monazite or

cLinohumite (Eriksson, 1982). Transgressive carbonatite, although having a lower olivine

content than banded carbonatite, does contain large masses ofclinohumite and

chondrodite crystaIs.

Magnetite is volumetrieally and compositionaUy similar in banded and

transgressive earbonatites but its textures differ. In banded carbonatite, magnetite occurs

as discrete crystals ranging ftom rnil1imetres to centimetres in diameter and shows a

preferential alignment parallel to the margins ofthe body. Layers ofmagnetite, which

can range from millimetres to metres in thickness, occur as discontinuous lenses ranging

up to metres in length. Transgressive carbonatite contains magnetite as isolated crystals

or masses, ranging in diameter from rnjJJjrnetres to tens ofcentimetres (Eriksson, 1982)

which do not show a preferential alignment.

Satellite Bodies

Surrounding the main eomplex are numerous satellite bodies of syenite,

pyroxenite and granite (Hanekom et al., 1965; Eriksson, 1989). They tend to fonn

topographie highs, but also oecur as low rocky outcrops (Hanekom et al., 1965), and vary

trom 10's ofmettes to 100's ofmettes in diameter.

Syenite is by far the most common lithology, making up the vast majority of

intrusions near the periphery ofthe complex, and is concentrated in the southem and

northem sectors. Microcline, and lesser proportions oforthoclase, are the dominant
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phases in syenite and show parallel alignment. Mme minerais comprise sodic

amphiboles and pyroxenes ofthe arfvedsonite and aegerine-augite varieties, respectively.

Pyroxenite intrusions outside ofthe main complex are found in only a few

localities and consist of feldspathic and massive varieties (Hanekom etaI., 1965). The

most interesting, trom an economic perspective, is the feldspathie Guide pYr0xenite

which is also mineralized in copper. The Guide pyroxenite is composed ofpyroxene and

feldspar, with the former minerai occurring either as individual crystals or poikilitical1y

enclosed in laths offeldspar (Hanekom et al., 1965). Accessory minerais include biotite,

titanite and apatite, which can occur alone or as inclusions in pyroxene (Hanekom et al.,

1965). Sulphides consist predominantly ofbomite with subordinate chalcopyrite and

occur as interstitial, possibly intercumulate, crystals to pyroxene (Hanekom et al., (965).

Aldous (1980) reported texturaI evidence ofsulphides having replaced feldspar, which

makes their intercumulus origin uncertaÎD.

A granite intrusion is represented by the Kgopoeloe pipe, to the north ofthe

comple~ and consists ofpink granite and granitic breccia associated with quartz syenite

(Eriksson, 1989).

Carbonatite-hosted Copper Mineralization

Although copper sulphides are commonly present in carbonatite rocks (Aldous,

1980), only the Phalaborwa carbonatites host ecoDomic concentrations ofcopper.

Copper mineralization occurs in both banded and transgressive carbonatites ofthe

Phalabo1Wa comple~ although it is much more abundant in the latter. Ore minerais

coosist predominantly ofchalcopyrite and bomite, with much smaller concentrations of

pyrrhotite, pentlandite, tetrahedrite, sphalerite, galena and pyrite. Owing to its economic

significance, the deposit has received attention from numerous researchers (Lombaard et

al., 1964; PMe, 1976; Aldous, 1980), although there is no clear consensus 00 the

processes ofore formation.

Mineralization at Phalaborwa is present as two types. Earüer banded carbonatites

contain bomite as their dominant ore mineraI, wbile transgressive carbonatites host

predominandy chalcopyrite mineralization. Valleriite (3(Mg,AlXOH2)e2FeCu~) is
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present in both ore types as a tate stage alteration produet ofthe primary sulphides (PMe,

1976)

Petrographically, bomite in banded carbonatite usually occurs as small,

disseminated blebs (Fig 3-3a) or, less commonly, as blebs aligned with magnetite, apatite

and olivine. Danding ofsulphides appears to be spatially unrelated to tater fraeturing

events, and is considered to be ofprimary origin (PMC, 1976).

Chalcopyrite mineralization in the central transgressive carbonatite occurs most

typically as thin discontinuous veinlets, either alone or in parallel sets up to IOm wide,

with individual veinlets rarely exceeding lcm (Fig 3-3b). Sulphide grains show no

obvious orientation, but are usually associated with fine fractures. Dolomitization of

calcite surrounding sulphide veinlets is common and forms noticeable dark grey

alteration haloes. Veins and veinlets oftransgressive carbonatite which invade banded

carbonatite are also similarly mineralized.

A hydrothermal origin for much ofthe copper mineralization is generally

accepted by most authors (Lombaard et al, 1964; Hanekom et al., 1965; Heinrich and

Moore, 1970; PMe, 1976) with ftaeturing ofcarbonatite opening pathways for

mineralizing fluids which precipitated copper sulphides. Aldous (1980), however,

concluded from bis detailed studies ofthe deposit that copper mineralization in both

carbonatite members was a result ofprimary precipitation from the carbonatite metts and

deposition from circulating orthomagmatic fluids during carbonatite crystalliz.ation.

Petrographie evidence ofsulphide minerais and textures supports a primary origin

for copper mineralization in the guide pYr0xenite, phoscorite and banded carbonatite. ln

each, bornite occurs as isolated blebs which are randomly distributed in the host, show no

association with &aeturing and contain no evidence ofhydrothermal alteration. In cases

where early copper mineralization does show prefelTed orientation, it is interpreted to be

part ofa magmatic layer, e.g., in magnetite layers ofbanded carbonatite.

Evidence ofearly primary magmatic mineralization has also been round in melt

inclusions from pyroxenite and phoscorite (Aldous, 1980, 1986). The occurrence of

copper-bearing sulphides in melt inclusions indicates that they must have been present in

the melt during its emplacement (Fig. 3-3c).
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Figure 3-3 Photomicrographs showing a) early bomite mineralization in banded

carbonatite; b) Late chalcopyrite veinlet with associated dolomite alteration (grey) in

transgressive carbonatite; and c) copper sulphide in melt inclusions trom phoscorite
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In contrast to bornite mineralization in banded carbonatite, late chalcopyrite ore

hosted by transgressive carbonatite provides evidence ofa hydrothermal origin. The

occurrence ofveinlets associated with ftacturing and the presence ofalteration haloes in

the wall rock suggest that fluids took part in the transport and deposition ofchalcopyrite

mineratization.

Fenitization

A weak zone of fenitization, which is best developed along the western periphery

ofthe Phalaborwa complex, occurs in both granite and granitic gneiss of the Archean

complex. Little work has been done on fenitizatioD at Phalaborwa, a1though Frick (1975)

studied the feoites in arder ta rule out this process in the formation ofsyenites.

Three stages of fenitization were recognized in the granitic rocks and were

referred to as slightly fenitized and panially fenitized granite, and fenite (Fric~ 1975).

The precursor was interpreted as granitic migmatite containing anhedral orthoclase and

plagioclase separated by quartz, with accessory proportions ofbiotite and chIorite.

Slightly fenitized granite can be recognized by the growth oforthoclase along

orthoclase-quartz and plagioclase-quattz boundaries (Frick, 1975). With inereasing

fenitization, quartz becomes less abundant and orthoclase content Încreases. Orthoclase

crystals are anhedral and commonly separated by relict quartz. SmaU crystals ofalkali

amphibole also begin to appear at this stage at the expense ofbiotite and chlorite, and are

commonly associated with calcite, which replaced quartz (Frick, 1975). In fenites which

contain pyroxene, alkali amphibole commonly replaces this phase. With increasing

intensity ofalteration, the proportion ofquartz decreases and the proportions of

orthoclase and amphibole increase (Frick, 1975).

Dykes

The youngest ÎDtlUsions in the Phalaborwa area are numerous NE - SW trending

diabase dykes which cut across the complex. These dykes were originally thought by
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Hanekom et al. (1965) to be Karoo dolerites (132 Ma), however, paleomagnetic data

suggest they may be much older (1900 Ma) (Briden, (976).

Diabase dykes range from centimetres to almost 50 metres in width and range in

length from metres to just over 10 kilometres. The rocks are composed of labradoritic

plagioclase and pyroxene ofpigeonite composition and are typically fine-grained,

although sorne porphyritic assemblages have been obsetved (Hanekom et al., (965).
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Abstract

The Amba Dongar comptex, India consists ofa small ring structure composed of

calciocarbonatite and ankerite-dominated ferrocarbonatite. Three types ofsolid inclusion

were observed in apatite hosted by calciocarbonatite and consist ofa ferroan dolomite

variety (mottled inclusions), a calcite ±barite ±renoan dolomite variety (multiphase

inclusions) and monomineralic calcite inclusions. Petrographic evidence indicates that

these inclusion types were ttapped contemporaneously.

Mottled inclusions stalt melting al temperatures of610°C and appear to be

completely molteo at temperatures >800°C. The onset ofmelting, ofmultiphase

inclusions, is at slightly higher temperatures (680°C ) and final melting occurs at

temperatures above 1100°C. Monomineralic calcite inclusions displayed only partial

melting (==200/0) al temperatures of 1200°C.

Consistent chemical compositions and the high temperature phase relationships,

of mottled and multiphase inclusions indicates that they are ttapped samples ofearly

carbonatite melts. Dy contrast, the melting behaviour ofmonomineralic inclusions

suggests that they were trapped calcite crystals. The coexistence of mottled (ferooan

dolomite) and multiphase (calcitic) inclusions indicate that two chemically distinct

carbonatitic liquids were present during the growth of apatite. A model involving

separation of immiscible ankeritic and calcitic Iiquids from a parent carbonate melt is

therefore proposed. It is thought that the presence ofsignificant amounts ofdissolved

iron in the primary carbonate Iiquid atfeeted melt structure to an extent sufficient to

initiate the separation ofan iron·rich liquid and a calcium-rich liquid from the parental

carbonate melt. The lower density Ca-rich carbonate liquid ascended more rapidly than

the conjugate iron·rich carbonate liquid, and resulted in the emplacement ofearly

calciocarbonatite and later ferrocarbonatite at Amba Dongar.

Introduction

Field·based studies and experimental investigations ofphase relationships have

considerably advanced our understanding ofthe genesis ofcarbonatite magmas, even

53



Chapter 4 - Ca1'bonate-Ca1'bonate Liquid lmmiscibility al Amba Dongar

though debate continues over whether they originate by direct melting ofcarbonated

mande or exsolution trom a silicate magma (Le Bas, 1977; WyUie, 1966; Gittins, 1989;

Barker, 1989; Kjarsgaard and Hamilton, 1989; Lee and Wyllie, 1997, 1998). However,

the subsequent evolution ofthese magmas bas received far less attention, and

consequently little is known ofthe processes which control this evolution. Field

relationships ofcarbonalites indicate that carbonatitic liquids evolve in the sequence

calciocarbonatite~ magnesiocarbonatite~ ferrocarbonatite, and this evolution is

typically ascribed to ftaetionation ofa carbonatite melt (Le Bas, 1989; Kjarsgaard and

Hamilton, 1988; Gittins, 1989). However, although it bas been shown experimentally

that calciocarbonatite can be ftaetionated trom magnesiocarbonatite (Hanner and Gittins,

1997), and that magnesiocarbonatite can be ftaetionated from calciocarbonatite (Lee and

Wyllie, 1998), there are no data to support the notion that ferrocarbonatite can fractionate

trom eartier carbonatite magmas.

An alternative explanation for the existence ofdifferent carbonatite types is that

they are related through liquid immiscibility. Although silicate-carbonate liquid

immiscibility has been proposed to explain the formation ofcarbonatite magmas

(Freestone and Hamilton, 1980; Kjaarsgaard and Hamilton, 1989; Lee and Wyllie, 1997,

1998), carbonate-carbonate liquid immiscibility bas only been considered for melts of

natrocarbonatite affinity (Brooker and Hamilton, 1990; Mitchell, 1997; Nielsen et al.,

(997). However, it bas long been accepted that liquid immiscibility occurs in iron-ricb

silicate systems, and results in the separation ofsilica-rich and iron-rich liquids

(Philpotts, 1976; Roedder, 1979; Vicenzi et al., 1995). Is it possible that high

concentrations ofiron have a similar effeet on carbonatite magmas, le., that they cause

the magma to separate into Fe-poor and Fe-rich calciocarbonatite and fenocarbonatite

nna~s, respeetrvely?

The presence ofsolid inclusions, which represent samples oftrapped melt,

potentially bold the key to understanding the evolution ofcarbonatite magmas. The

apatite hosted by calciocarbonatite ofthe Amba Dongu complex, mdia, contains

coexisting multiphase calcitic inclusions and fenoan dolomitic inclusions that we

interpret to represent melt inclusions. In this paper, wc charaeterize these solid inclusions,

document their phase changes during heating and use these data to support a hypothesis
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that ferrocarbonatite magmas originate by exsolving from iron-rich calciocarbonatite

magmas.

Geology of A1nba Dongar

The Amba Dongar complex is located approximately 400km northeast of

Bombay, India and is host to large quantities offluorite (11.6 Mt of30% CaF2), that are

currently being mined. It is also locally enriched in LREE (up to 100/0) (S.G.Viladkar,

pers. comm.). The complex is in the fomt ofa ring and comprises carbonatite and silicate

lithologies which were intruded into Deccan basalts and quartzitic sandstones ofthe Late

Cretaceous Bagh formation (Fig.4-1 ). Intrusion ofcarbonatite and related silicate

magmas occurred during the late Eocene and coincided with late stage Deccan

volcanis~ which is thought to have been related to a mande plume (Simonetti et al.,

1995).

The first step in the emplacement ofthe complex was faulting aetivated by a

highly fluidized Iiquid which formed a ring ofcarbonatite breccia. This initial faulting

provided a pathway for the bulk ofthe magma which crystallized as an outer ring of

calciocarbonatite, forming the bulk ofthe ring. Numerous plugs oflater, fine-grained

ferrocarbonatite are concentrated along the west and northwest edges ofthe ring

structure. Bodies of syenite are randomly distributed in the SUlTounding country rocks.

The complex is UDusual in that it contains numerous smaD bodies ofankerite-rich

ferrocarbonatite (Viladkar and Wimmenauer, 1992; Gittins and Harmer, 1997).

The calciocarbonatite at Amba Dongar shows a large variation in grain size,

texture and color. Early calciocarbonatite tends to be coarser-graine~ occurring as

xenoliths in later, fine-grained calciocarbonatite. Both calciocarbooatite phases are

generaDy equigranular and coosist mainly ofinterlocking calcite crystals. A porphyritic

texture is weU developed, locaUy, with larger calcite phenocrysts set in a matrix offiner

grained calcite. The proportions ofother minerais in calciocarbonatite vary greatly,

comprisÎng from 1% to over 300/0 ofthe rock by volume and consist, in decreasing order

of importance, ofmartite (hematite after magnetite), apatite, fluorite, barite, galena,

pyrochlore, zircon, phlogopite and aegirine.
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Figure 4-1 The geology ofthe Amba Dongar complex and surrounding area

(modified from Deans et al., 1972).
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Ferrocarbonatite is a dark red, highly oxidized, fine-grained rock dominated by

ankerite and containing abundant accessory minerais in the form ofhematite (after

magnetite, in sorne cases over 50 voL%), fluorite, barite, apatite, bastnaesite, pyrochlore,

monazite, thorite, pyrite, galena and chalcopyrite (Viladkar and Wimmenauer, 1992).

Two varieties of ferrocarbonatite are recognized on the basis offield relationships and

accessory minerais (Viladkar and Wimmenauer, 1992). The tirst variety of

ferrocarbonatite occurs as dykes and is characterized by a greater abundance ofmartite

(hematite after magnetite) while the second forms smaU plutons and contains greater

proportions of accessory fluorite, sulphates and REE minerais.

Methodology

In order to identify solids within inclusions, two preparation methods were used.

The most successful involved polishing a number ofapatite-bearing samples until solid

inclusions interseeted the surface. Two groups were prepared, one ofpreviously

homogenized and subsequently quenched inclusions and one unheated set. This enabled

the characterization ofbulk composition and the individual solids, respectively. The

second method allowed for the analysis ofopened melt inclusions on fracture surfaces

prepared following the procedure ofMetzger et al. (1977). Wave Length Dispersive

Spectrometry (WDS) and Energy Dispersive Speetrometry (EDS) analyses were carried

out using a JEOL 8900 superprobe equipped with a Tracor Northem energy dispersive

system. WOS analyses were performed at 15 kV, with a beam diameter of Sil, to

accommodate the small size of sorne inclusions, whlle beam rastering was employed for

energy dispersive analyses, allowing rough surfaces and very small areas to be analysed.

Microthermometric experiments were condueted on solid inclusions usmg a

Leica 1350 heating stage which is capable ofattaining temperatures of approximately

1350°C. However, due to visibility problems at very high temperatures, most

experiments were tenninated at temperatures below 12S0°C. The thermocouple was

calibrated using the melting point temperatures ofpure NaCI (SOO.4°C), NaS04 (884°C)

and Au (1024°C) and the transition nom a quartz to 13 quartz (S73°e). The three
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populations ofsolid inclusions, te, monomineralic, mottled and muhiphase,

discriminated on the basis ofphysical characteristics, were aiso discernable

microthennometrically. Solid inclusions were considered to be bomogenized when only

liquid and vapour remained, as heating ofinclusions to temperatures in excess of 12S0°C

had no effeet on liquid-vapour ratios.

SoUd Inclusions

Numerous salid inclusions are present in calciocarbonatite-hosted apatite and

coexist with abundant fluid inclusions (Palmer and Williams-Jones, 1998, Chap. S).

Inclusion-bearing apatite comprises a single generation ofprimary magtnatic crystals

(Roelofsen, 1997). The crystals are small « 1mm long), euhedra~ and occur either in

isolation or in large clusters. They are randomly dispersed among the interlocking

network ofcalcite crystals, except where concenuated locally in layers produced by flow.

Although apatite crystals also occur in ferrocarbonatite, their inclusions were not of a

sufficient size for study.

Three types ofsolid inclusion can be discemed, based on physical characteristics.

namely mottled inclusions, containing one dominant phase, multi-phase inclusions,

containing at least three separate solids, and monomineralic inclusions, composed ofone.

clear anisotropie phase (Fig. 4-2). The diameter of inclusions varies greatly for ail types,

ranging from 10 to 6011. The relative proportions ofthe three types is approximately

300/0, So04 and 20%, respeetively, for the mottled, multiphase and clear inclusions.

Inclusions are randomly di&1ributed in the apatite crystals and there is no evidence that

they are spatially zoned in respect to type.

Mottled inclusions

Petrography

The mottled inclusions are typically round to ovoid in shape and are composed of

a mottled, off-white, birefiingent solid which contains small inclusions ofdark material,
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Figure 4-2 SEM photomicrographs of solid inclusions hosted by apatite in

calciocarbonatite: A) A multiphase inclusion containing a large calcite crystal with

smaller Si-, Zr-bearing and Ca?-, REE-bearing phases (bright); B) An inclusion similar to

A, although without the Si·Zr phase; C) A previously homogenised multiphase inclusion

showing smaU areas ofbaritic and renoan dolomitic material within a calcitic host; D) A

mottled inclusion composed entirely offerroan dolomite. Lighter ueas are more iron­

rich; E) A mottled inclusion composed entirely ofankerite; F) Previously homogenised

solid inclusions intermediate between mottled and muhiphase types. The mottled areas

are ankeritic in composition, while the solid areas consist ofcalcite. Note the meniscus­

like contact between the two phases; G) Enlargement orthe inclusion from figure 4-2F;

H) Two calcite inclusions; 1) Plane Ught photomicrograph showing partial melting ofa

calcite crystal inclusion (1051OC).
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that may represent opaque solids, and darker yeUow domains which are ofhigher

birefiingence than the surrounding phase. In ail mottled inclusion~ the mottled phase is

dominant (>75%).

Chemistry

Mottled inclusions are invariably dominated by a Fe-Mg-Ca phase which always

produces low totals ofbetween 50 and 60 wt.%, consistent with the phase being a

carbonate minerai (Table 4-1). The high concentrations ofFe and Mg (up to 18.6 and

15.1%, respectively), and their inverse relationship, indicate a solid solution series

between dolomite and ferroan dolomite, with a tendency towards ferroan dolomite (Fig 4­

3). Sorne inclusions contain zones within the ferroan dolomite that were richer in Fe and

these correspond to the yellow zones identified petrographically.

Multiphase Inclusions

Petrography

Multiphase inclusions are much clearer than the mottled inclusions, and typically

are irregular to ovoid in shape with no one phase occupying more than 50% ofthe

volume ofthe inclusion. Solid phases include: two ofi:white to colorless minerais, one

strongly birefiingent and the other of moderate birefiingence; a Hgbt green, weakly

birefringent soüd; and an aggregate oforange and opaque crystals. In the majority of

inclusions a vapour ± aqueous liquid phase is present, which is invariably defonned by

the surrounding saüds, and occupies up to 30% ofthe volume ofan inclusion. Many

multiphase inclusions commonly contain a large central crystal and two smaller crystals,

ofrelative high density, which are commonly attached to the surface ofthe main solid.
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Table 4-1 Compositions of mottled inclusions

AI1ken!lc IndUSIOflS

A-1 A·2 A·3 A·4 A5 A6 A·7 A-a A·9 A-l0 A-11

M.%

CaO 31.48 33.06 17 41 3720 3333 3253 3304 31.18 30.06 49.76 48.44

MgO 18.63 15.48 15.38 1279 1223 11 80 10.64 10.44 9.76 4.40 1.29

Feo 1.61 6.06 21.77 12.08 6.88 887 7.68 13.57 15.12 4.20 7.56

UnD 0.29 0.53 1.53 0.81 2.24 0.61 4.03 0.69 0.63 0.21 0.16

BaD 0.02 0.07 0.01 0.28 0.00 0.05 0.01 0.05 0.00 0.09 0.02

srO 0.79 0.98 0.38 0.55 0.84 0.54 0.61 0.24 0.12 0.57 0.00

NazO 0.04 0.10 0.08 0.14 0.08 0.13 0.07 0.02 0.07 0.08 0.00

KzO 0.01 0.02 0.02 0.03 0.02 0.03 0.02 0.01 0.01 0.03 0.02

Pa0 5 0.08 0.06 0.10 1.06 0.10 0.56 0.14 0.10 0.15 1.57 0.20

SiOz 0.13 0.13 0.02 0.04 0.14 0.02 0.08 0.00 0.03 0.04 0.49

·COz 46.92 43.52 43.32 35.02 .....14 44.87 43.68 43.71 44.05 39.04 41.83

C.t.%

ca 14.25 15.78 8.51 19.95 16.01 28.40 29.15 27.64 26.73 44.88 43.96

Mg 13.91 12.19 12.40 11.31 9.69 14.33 13.07 12.88 12.09 5.53 1.63

Fe 0.52 2.08 7.64 4.65 2.37 6.04 5.29 9.39 10.50 2.95 5.35

Mn 0.10 0.18 0.55 0.32 0.78 0.42 2.81 0.48 0.44 0.15 0.11

Ba 0.00 0.01 0.00 0.04 0.00 0.01 0.00 0.01 0.00 0.02 0.01

Sr 0.16 0.21 0.09 0.13 0.18 0.26 0.29 0.12 0.06 0.28 0.00

Na 0.03 0.09 0.07 0.13 0.06 0.20 0.11 0.03 0.12 0.12 0.00

K 0.01 0.01 0.01 0.02 0.01 0.03 0.02 0.01 0.01 0.03 0.02

P 0.05 0.03 0.06 0.73 0.06 0.39 0.10 0.07 0.11 1.12 0.14

SI 0.09 0.09 0.01 0.03 0.10 0.02 0.06 0.00 0.02 0.04 0.41

C 70.89 69.33 70.67 62.67 70.73 49.91 49.10 49.37 49.93 44.87 48.37

• C02 by difference
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Chapter" - Carbonate-Carbonate Liquid lmmiscibi/ity al Amba Dongar

Figure 4-3 Compositions ofmultiphase and mottled inclusions and calciocarbonatites

and ferrocarbonatites in the temary system Ca-Mg-Fe (cat.%). Multiphase inclusions are

compositionally similar to calciocarbonatites and mottled inclusions to ferrocarbonatites.

The two outlying mottled inclusions (anomalously high Ca) represent the segregated

calcite-ferroan dolomite inclusions seen in Figure 4-2fand g. Note the inverse

correlation between Fe and Mg for mottled inclusions indicating solid solution.
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Chapter 4 - Carbonate-Carbonale Liquid /mmiscibility al Amba Do"6a1'

Chem;stry

Analyses ofunheated multiphase saüd inclusions indicate the presence of a Ba-,

S-bearing minera~ probably barite, which corresponds to the strongly birefringent phase,

and a Ca-rich minera~ MOst Iikely calcite, which dominates the inclusion (Fig. 4-3). Bulk

compositions ofhomogenised inclusions are similar, with between 48 and 53 wt.% CaO,

5-7 \\11.% BaD and approximately 1.3 wt.°!c. srO (Table 4-2), however, small zones ofFe-,

Mg-rich material are present, locally, and probably represent ferroan dolomite (Fig. 4-2x,

Table 4-3). EDS analysis alsa indicates the presence of significant Sr, La and Ce. The

two small attached crystals mentioned above are composed ofZr (with detectable

amounts of Si) and LREE, and may be zircon and a REE carbonate, such as bastnaesite,

respccti\dy (Table 4-4). The density differences seen in secondary eleetron images

(SE1t bd" e:t."tl the: calcite and these phases also supports their being bastnaesite and

zircon (Fig -t-2a.b).

l\lised Inclusions

A group of inclusions, containing both fenoan dolomite and calcite, was

identified through backscattered electron imaging (Fig. 4-21:g). This type, which was

observed ooly in preheated samples, showed a strong segregation ofthe two phases with

material of ferroan dolomitic composition fonning a meniscus-shaped contact with the

calcite. Unfonunately, inclusions containing a large percentage offerroan dolomite,

darken upon heating and phase transitions at temperatures above ==800°C could not be

determined

63



Table 4-2 Compositions of homogenised multiphase inclusions

Multiphase Inclusions

MP-1 MP-2 MP-3 MP4 MP-S

Wt.%

CaO 53.07 48.25 52.69 52.98 48.96

MgO 0.52 0.39 0.44 0.28 0.21

FeO 0.09 0.24 0.16 0.39 0.48

MnO 0.06 0.02 0.11 0.03 0.16

BaO 7.21 5.65 3.23 2.71 3.88

srO 1.32 1.37 1.21 1.46 0.89

Na20 0.09 0.11 0.08 0.12 0.14

K20 0.03 0.04 0.02 0.05 0.04

P20S 0.48 0.52 0.32 0.41 0.38

Si02 0.01 0.00 a 0 a
*C02 37.11 43.41 41.74 41.57 44.86

Cat.ok

Ca 50.73 44.94 48.46 48.67 44.86

Mg 0.70 0.51 0.56 0.36 0.27

Fe 0.07 0.17 0.11 0.28 0.34

Mn 0.05 0.01 0.08 0.02 0.12

Ba 2.01 1.54 0.87 0.73 1.04

Sr 0.68 0.69 0.60 0.73 0.44

Na 0.16 0.18 0.13 0.20 0.23

K 0.03 0.05 0.02 0.05 0.04

P 0.37 0.38 0.23 0.30 0.28

Si 0.01 0.00 0.00 0.00 0.00

C 45.20 51.53 48.92 48.66 52.38

* C02 by difference



Table 4-3 ED8 analyses of phases in homogenised

multiphase inclusions
Sample ME-1 ME-2 ME-3

phas8 barite ankerite Cc + Brt

Wt.%

CaO 6.29 18.64 83.97

MgO 1.39 9.21 0.00

FeO 0.00 55.34 0.00

MnO 0.00 1.78 1.01

BaO 59.59 4.32 9.68

Na20 1.52 0.94 0.96

K20 0.00 0.00 0.06

La203 0.00 2.93 0.00

Ce203 0.00 2.94 0.00

803 30.71 1.90 3.13

Cat.%

Ca 12.61 23.26 92.45

Mg 3.87 18.96 0.00

Fe 0.00 49.56 0.00

Mn 0.00 1.62 0.81

Ba 34.87 1.57 3.11

Na 5.53 2.04 1.84

K 0.00 0.00 0.07

La 0.00 0.90 0.00

Ce 0.00 0.90 0.00

S 43.12 1.19 1.73

Cc calcite, 8rt bartte



Table 4-4 EDS analyses of crystals in opened multiphase inclusions

XI-1 XI-2 XI-3 XI-4 XI-S XI-6 XI-7

Cc Sr-Cc Ss+Str+Cc Cc+Ba Cc+Str Cc+Str Cc+Str

Wt.%

CaO 96.71 92.78 38.35 40.67 73.35 66.36 83.89

MgO 0.19 0.31 0.00 0.03 0.00 1.23 0.65

FeO 1.00 0.56 0.00 0.73 1.78 1.44 0.71

BaO 0.34 1.57 2.67 38.94 1.62 2.24 1.33

srO 1.53 4.02 34.29 2.40 19.30 24.94 11.50

Na20 0.23 0.44 0.00 0.94 0.00 1.82 1.47

K20 0.00 0.00 0.51 0.00 0.00 0.00 0.00

La203 0.00 0.33 10.41 4.93 3.73 1.97 0.45

Ce203 n.a. n.a. 13.77 2.54 n.a. n.a. n.a.

S03 0.00 0.00 0.00 8.82 0.23 0.00 0.00

Cat'" .
Ca 97.58 95.47 57.60 63.17 84.22 76.00 88.52

Mg 0.27 0.44 0.00 0.06 0.00 1.96 0.96

Fe 0.79 0.45 0.00 0.89 1.59 1.29 0.58

Ba 0.10 0.47 1.17 17.65 0.54 0.75 0.41

Sr 0.84 2.24 27.87 2.02 11.99 15.46 6.57

Na 0.43 0.81 0.00 2.64 0.00 3.77 2.80

K 0.00 0.00 0.91 0.00 0.00 0.00 0.00

La 0.00 0.12 5.38 2.63 1.47 0.78 0.16

Ce n.a. n.a. 7.07 1.35 n.a. n.a. n.a.

S 0.00 0.00 0.00 9.59 0.18 0.00 0.00

Cc • calcite; Sr-Cc - strontian calcite?: Str - strontianite; 8rt - barite: Bs - bastnaesite
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Monomineralic Inclusions

Petl'ography

Monomineralic inclusions consist ofa strongly anisotropie phase. They are

typically larger than either mottled or multiphase inclusions and are either weU rounded

or ovoid in shape.

Chem;stry

Monomineralic inclusions are, without exception, homogeneous in composition.

EDS analyses only yield peaks for Ca (Table 4-5) and, based on petrographie and

compositional data, the minerai is interpreted to be calcite.

High Temperature Phase Relations

Monomineralic Inclusions

Monomineralic (i.e., calcite) inclusions began melting in the temperature range

750-850°C and at 1100°C had undergone approximately 10-20°;'0 melting. Temperature

increases to 1200°c caused no further melting.

Mottled Inclusions

Mottled solid inclusions showed the lowest initial meking temperatures ofthe

three types of inclusions. The first phase to melt is the smaU yellow phase, which did so

over a relatively wide temperature interva~ nom 430 to 590°C. Between 610 and 660°C

fenoan dolomite began to melt, however, the bulk ofthe fenoan dolomite melted al

temperatures between
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Table 4-5 Compositions of Calcite Inclusions

Calcite

C-1 C-2 C-3 C-4 C-5 C-6 C-7

Wt..~

CaO 52.83 56.55 53.64 54.13 54.48 54.76 56.32

MgO 0.91 0.71 0.08 0.30 0.11 0.18 0.51

FeO 0.08 0.63 0.41 0.14 0.27 0.50 0.96

MnO 0.10 0.26 0.27 0.09 0.16 0.15 0.04

BaO 0.22 0.13 0.00 0.12 0.03 0.00 0.02

srO 0.49 0.18 0.00 0.66 0.00 0.03 0.00

Na20 0.02 0.05 0.02 0.05 0.09 0.03 0.00

K20 0.01 0.02 0.43 0.02 0.26 0.01 0.01

P20S 0.08 0.24 0.00 0.18 0.02 0.11 0.33

SI02 0.02 0.02 0.00 0.01 0.01 0.03 0.10

·C02 45.25 41.25 45.15 44.30 44.57 44.22 41.71

Cat.·~

Ca 47.03 50.84 47.74 48.40 48.53 48.87 50.58

Mg 1.12 0.88 0.10 0.37 0.14 0.22 0.64

Fe 0.05 0.44 0.28 0.09 0.19 0.35 0.67

Mn 0.07 0.18 0.19 0.06 0.11 0.11 0.03

Ba 0.06 0.03 0.00 0.03 0.01 0.00 0.01

Sr 0.23 0.09 0.00 0.32 0.00 0.01 0.00

Na 0.04 0.07 0.03 0.08 0.14 0.05 0.00

K 0.01 0.02 0.45 0.03 0.28 0.01 0.01

P 0.06 0.17 0.00 0.12 0.01 0.07 0.24

SI 0.02 0.01 0.00 0.01 0.01 0.02 0.08

C 51.32 47.26 51.20 50.48 50.58 50.29 47.74

• C02 by difference
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660 and 790°C (Fig 4-4). Darkening ofthe inclusions al temperatures in excess of700°C

made the temperature offinal homogenization difficult to determine, although SOO°C can

be taken as a minimum

Multiphase Inclusions

Multiphase solids typicaUy have higher initial melting temperatures than the

mottled ferroan dolomite inclusions. Calcite is the first minerai to melt, and generally

does so at temperatures between 680 and 740°C (Fig 4-5, 4-6). However, in two

inclusions calcite began melting at approximately 460 and 640°C, respeetively. The

unidentified green minerai was the next to start Metting, at temperatures between 880 and

995°C, fol1owed by barite at temperatures above 1000°C, and orange material above

lOSO°C. Final homogenization ofaU inclusions, to Iiquid and vapour, occurred at

temperatures above 1100°C.

Discussion

The occurrence ofthree distinct types ofsolid inclusion which show an intimate

association, spatiaUy, poses an interesting problem. This spatial association suggests that

the three inclusion types also sbare a close temporal association, and oWÎDg to the

primary nature ofthe apatite (R.oelofse~ 1997), the smal1 size ofthe crystals «200J,l

long) and the random orientation ofinclusions, the trapping ofthese three types of

inclusion can be considered to have been synchronous. Secondary features, such as

localization ofinclusions along fractures or a Iinear distributio~ as was descnoed by

Ting et al. (1994) for solid inclusions ftom the Sukulu carbonatite, Uganda, are absent al

Amba Dongar.

Melt versus Trapped Solid

The MOst important question to be addressed is the origin ofthe inclusions, ie.,

are they trapped melt or soüds? The clear, calcite-only inclusions are unlikely to
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Figure 4-4 Metting behaviour ofmottled inclusions: A) No change at 261°C; B)

initial melting ofinclusion and formation ofvapour bubble prior to darkening of

inclusion (649°C).
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Figure 4-5 Melting behaviour ofa multiphase inclusion: A) at 285°C showing SI, S2,

53 and S4 solids; 8) initial melting of SI at 735°C; C) continued melting (948°C); D)

Initial melting ofthe central solid (S2) at 974°C; E) SI now liquid, S2 continues melting;

F) Extensive melting ofS3 and formation ofvapour bubble (V) at 1020°C; G) Initial

melting ofS4 at 1049°C; H) S4 almost melted, the inclusion is composed almost entirely

ofliquid and vapour (1 107°C); 1) The quench produet at 25°C.
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Figure 4-6 Melting behaviour ofa muhiphase inclusion: A) al 20°C showing SI, S2

and 53 solids; B) Initial melting? in the center ofthe inclusion at 457°C; C) One solid

remains in the liquid (L) + vapour (V) at 907°C; D) L-V homogenization at 1128°C; E)

Quench product at 20°C.
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represent trapped liquids based on their melting behavioUl. With a maximum of 20°4

melting at temperatures of 1200°C, these inclusions almost cel1ainly do not represent a

euteetic melt although they could possibly represent a sub-liquidus melt. However, the

absence ofother phases in these inclusions makes it more likely that they are trapped

calcite crystals.

Based on chemistry and phase relationships, there is a high degree ofprobability

that mottled and muhiphase inclusions represent trapped carbonatitic liquids. The

compositions ofthese two types ofinclusions are very similar to those of ferro- and

calciocarbonatites, respectively (Table 4-6, Fig. 4-3). Multiphase inclusions, on average,

have similar concentrations ofCa, Fe, Mg and P to representative samples of

calciocarbonatite from the Amba Dongar comptex, however, barium and strontium

contents are higher, and silicon lower, in the inclusions than the bulk rock. On the other

hand, calciocarbonatite is locaUy enriched in Sr and has been partly silicified (Palmer and

Williams-Jones, 1996).

Mottled inclusions have remarkably consistent compositions which, as noted

above, are very similar to those offerrocarbonatite. Concentrations ofCa, Fe, Mg, P and

Sr in mottled inclusions aU fan within the corresponding ranges for the ferrocarbonatites

(Table 4-6, Fig. 4-3). Ba contents, however, are much lower in the inclusions, but this

can be attributed to the difficulty ofanalysing heterogeneous quench produets, because

barite has been observed in some mottled inclusions. As is the case for multiphase

inclusions, the SiÛ2 contents ofmottled inclusions are much lower than those of

ferrocarbonatite, and suggest that the latter may be anomalously enriched in silica due to

subsolidus silicification (see above).

Although the compositions ofmultiphase and mottled inclusions differ in some

respects from those of calcio- and ferrocarbonatite, respeetively, the consistency in the

compositions ofthe two sets ofinclusions is strong support for their representing trapped

liquids. Ifthe solid inclusions represented trapped solids the compositional variance

would be much higher than that analysed.

The temperatures ofphase changes measured during microthermometric analyses

ofmultiphase and mottled inclusions agree weil with those obtained in experimental
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Table 4-6 Average compoSItions of Meil Induslons (MI AIG) and represenlatlve anal~se. of c.aloocarbonatltes and ferrocarbonatlt••

Calciocarbonatltes Ferrocarbonatltes

• Ml AVG ADOO8 ADOSJ AOQt6b AOO~
., ••YI ..VG AD-ol2b2 AD-olld AD-OOlc -2

wl.%
SiD, 0.00 90t 376 .. 41 6U : ..~ 010 Ils 1169 160l 1.8

TIO, n.•. 00.4 007 DOt 011 n,J n.•. 014 036 OOS 0.04

AlzO;, n.•. 045 006 008 011 nd n.•. 004 0)) 02S 007

Fe,D;, 0.27 162 1 '9 031 236 1~ '.51 91S 1661 7.0S 1065

UnO 1.07 027 024 022 os.. OS3 0.01 121 ]76 ll7 142

MgO 0.37 018 008 016 181 048 11.17 912 811 10.l5 103
C.O 11.1' 5049 5377 5396 452' 5081 ".32 2462 1196 2304 lU

NaJO 0.11 nd nd nd 002 009 0.07 0)3 041 029 nd

KaO O.IM 022 nd 007 0.38 nd. 0.02 001 002 002 nd

PJO. 0.42 064 2.19 022 063 108 O.JI 166 094 01. 0.24

LOI n... 37.2 38.1 406 38 n... 2547 2659 3042 13 li
co.. 41.74 na. na na n.•. 408 42..73 na. n.•. n.•. 39.7B

PP'"
8a 40134 2337 3741 7732 8247 10020 4U 79500 52400 #400 3610
Sr .371 1864 2700 9D58 1801 2960 3132 4715 4614 6182 3410
Zs n... 113 94 13 62 70 n... 39 III 71 90

Y n... 60 117 51 111 180 n... 19) 16) 200 W>
Nb n... 32 97 38 418 95 n... 200 195 48 140

TcUl 100.20 100 78 10053 10053 9706 98.86 9057 9)16 USI 99.89

C8t.%
& 0.00 768 321 206 516 414 O•• 722 10.40 1387 1.50
Ti n... 0.03 0.04 0.01 0.08 n.d n... 009 024 0.03 0.03
Al n... 045 006 008 0.11 nd n... 004 0.35 0.25 007
Fe 0.1' 1 15 0.85 026 166 141 1.... 6.78 1238 5.10 7.44

Mn 0.77 0.19 0.17 0.16 0.38 0.85 0.05 241 2.83 2.32 100
Mg 0.47 023 010 020 235 1 15 13.71 1298 11.79 13.35 1284
Ca 47•• 48.12 49.20 4893 40.80 87.22 30." 2337 18.08 21.35 31.17
Na 0.11 n.d nd nd 0.03 028 0.12 0.57 0.71 0.49 n.d.
K O.IM 024 nd 0.08 0.39 nd 0.02 001 002 0.02 nd.
P 0.31 046 158 016 045 148 0.21 125 0.71 0.28 017
C 41.10 4324 44.46 4725 48.15 243 41.33 4189 40.'3 40.85 45.4'
Ba 1.13 009 014 029 0.30 070 0.02 30B 204 168 0.13
Sr 0.11 011 016 0.53 0.10 032 0.22 029 029 038 0.20
Zs n... 00' 0.01 000 000 00' n.a. 000 0.0' 0.00 0.00
y n... 000 001 000 0.01 002 n... 00' 002 0.01 0.02

Nb n... 000 0.01 0.00 002 001 n... 00' 002 0.00 001

-'0-2 dIIta laktlf'l from ViI8dkar *ld Wimmenauer (1992)

• MI AVO mlAliphase men incluSIons .. MI AVG mottJed melt uldUSloos

n d not detected n a not .nal~ed
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investigations ofsynthetic carbonatite systems and in other melt inclusion studies. The

eutectic temperature in the synthetic system which MOst closely models the composition

ofmottled inclusions, Cao-Mgo-C~-H10, is generally accepted to be approximately

650°C at 2 kbar, while that ofthe system appropriate for modeling muhiphase inclusions,

Cao-C02-810, is also approximately 650°C, at the same pressure (Wyllie and Tuttle,

1960; Fanelli et al., 1986; Wyllie, 1989). Although phase changes were observed in

mottled inclusions at temperatures as low as 450°C, ferroan dolomite, which is the main

phase in these inclusions, began melting at temperatures between 610 and 660°C and

homogenized at temperatures above 800°C. Melting ofmuhiphase inclusions

commenced at temperatures between 640 and 740°C, and complete homogenization

occurred at temperatures slightly above 1100°C. The agreement between temperatures of

initial melting offerroan dolomite in mottled inclusions and calcite in multiphase

inclusions to the eutectic temperatures in the systems Cao-Mgo-C~-H20aud CaQ.

C02-H20, respectively, is further support for the hypothesis that tbese saUd inclusions

represent ttapped melts.

On the basis ofthe evidence presented above, we therefore conclude that

multiphase and mottled inclusions represent samples ofthe carbonatite liquids

responsible for the crystallization ofcalciocarbonatites and ferrocarbonatites,

respectively. We further conclude from the close spatial, and thus temporal., association

of multiphase and mottled inclusions, that two carbonate meks, one ofcalcitic

composition and the other ofankeritic composition, coexisted at Amba Dongar.

Carbonatite Evolution

Fractionation is still the most widely accepted process to explain the evolution

from calciocarbonatite-magnesiocarbonatite-ferrocarbonatite. Hanner and Gittins

( 1997) have argued that a primary magnesian camonatite melt could produce the full

range ofcarbonatites obsetved in nature. The reaction ofan ascending Mg-rich

carbonatite melt with wherlitic wall rocks would drive the melt to more calcic

compositions, producing calciocarbonatite at an early stage. Once the conduit had been

armoured by calciocarbonatite, emplacement ofmore magnesian mehs would foUow.
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However, investigations in the system CaO-(MgO + FeO)-(Na~O + K20)-(SiÛ2 + AhOJ

+ TiO:z)-CO:z by Lee and Wyllie (1998) show that calciocarbonatites can only originate

from carbonate melts separated immiscibly from silicate melts, not from primary, mande­

derived carbonate melts, and that magnesiocarbonatite cannot be produced by

immiscibility. According to this study, dolomitic carbonatite can ooly form from a

primary carbonate melt or, contrary to Gittins and Harmer (1997), through fraetionation

ofa calciocarbonatite melt (Lee and Wyllie, (998). Significandy, neither study nor any

other, to our knowledge, has demonstrated how fractionation leads to Iate-stage

generation offerrocarbonatite.

Ifftactionation were responsible for the production of ferrocarbonatite liquids at

Amba Dongar, then melt trapped, at any given rime, as inclusions in apatite should have a

fixed composition, refleeting a particular stage in the evolution ofthe system This is not

the case as two chemicaUy distinct types ofmelt inclusions, ie., multiphase and mottled

inclusions, were apparently trapped synchronously. The only way to obtain a range of

compositions by fractionation, ie., calcitic ta rerroan dolomite, would be to have

entrapment occur over a long intetval ofcrystallization, and this would result in an

outward zonation in inclusions orca- to Fe-rich compositions. However, this is not

supported by the distribution ofcalcitic and fenoan dolomite melt inclusions, which is

random, and the absence ofzouing in apatite suggestive ofre-equilibration with a

changing melt composition (Roelofsen, 1997). As weU, the process offraetionation

would aecessitate a cumulate origin for calciocarbonatite rocks at Amba Dongar, a

concept which is difficult to reconcüe with the production of the outer ring of fine­

grained carbonatite breccia. Fluid inclusion evidence for apalite formation at

approximately 12 kbar also argues against a cumulate origin for the calciocarbonatite

(Palmer and Williams-Jones, 1998, Chap. S). Ifcalcite was a Iiquidus phase at 12 Kb,

then the calcite cumulates would have to ascend approximately 3S km before their final

emplacementjust below the present erosional surface, a higb1y improbable occurrence.

The presence ofporphyritic varieties ofcalciocarbonatite, large calcite crystals in a finer

grained calcite matrix (Viladkar, 1981), also suggests that a wholly cumulate origin for

these rocks is unlikely, as il would require a bimodal distribution in calcite growth rates.
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An ahemative process that can, in principle, explain the diversity ofcarbonatite

compositions is that ofcarbonate-carbonate liquid immiscibility. Experimental studies in

the system Si01-AhÛl-CaQ-Na1Q-CÜ2 by Brooker and Hamilton (1990) have

documented the occurrence ofthree coexisting liquids, one silicate, one Ca-carbonate and

one Ca-Na carbonate. Carbonate-carbonate liquid immiscibility was also reported by

Mitchell (1997) in naturallavas erupted from the Oldoinyo Lengai volcano, Tanzania.

The liquids consisted ofa carbothermal brine, which crystallized gregoryite, sadian

sylvite, potassium neighborite and a Ba-rich carbonate, and a Na-rich carbonate liquid.

Nielsen et al. (1997) have identified carbonate-silicate, Ca-carbonate and Ca-Na­

carbonate solid inclusions in melilitite ofthe Gardiner comple", Greenland which are

thought to represent trapping of immiscible melilititic and calciocarbonatite mehs, and a

third high temperature, immiscible Na-rich carbonate liquid.

A1though the preceding evidence indicates that liquid immiscibility occurs in

natrocarbonatite systems, the Iack ofdata for the CaQ-MgQ-FeQ-CQz system al liquidus

temperatures seriously hampers evaluation ofthe raie that carbonate-carbonate liquid

immiscibility may play in the formation offerrocarbonatite. However, it is worth noting

that Fe-enriched silicate magmas commonly seperate ÎDto Fe-rich and Fe-poor liquids

(Philpotts, 1976; Roedder, 1979; Vicenzi et al., 1995). Further indications ofthe possible

raie ofFe in causing carbonate-carbonate immiscibility are provided by subsolidus

relationships in the system CaCOJ-MgCÜ3-FeCÜ3. Goldsmith et al. (1962) observed a

large field of immiscibility between ferroan calcite and calcian siderite at temperatures

ranging from 600 to 800°C, which is consistent with the absence, in nature, of a

CaFe(CÜ3)z minerai (Davidson et al., 1994; Chai and Navrotsky, 1996). Although this is

only a solid state relationship, it is promising that Ca and Fe are mutuaUy incompatible in

carbonate solids, and it is possible that this behaviour extends to carbonate Iiquids.

In Fe-enriched silicate systems, liquid immiscibility has been attnôuted to the

crystal field effects associated with the d6 eleetronic configuration ofFe2
+ (Hudoo, 1998).

The Fe2
+ ion has its d orbitais oriented at an angle to the x-y-z axes, which resuhs in less

shielding ofthe nucleous ofthe ion and, consequently, permits the ion to exert greater

coulombic forces (Rudoo, 1998). The inability ofthe Fe2
+ ion to shield itself results in

exaggeration ofthe interactive forces within the melt, ie., repulsion, and aets to promote
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silicate liquid immiscibility (Hess, 1995, 1996; Hudon, 1998). It is therefore reasonable

to prediet that the behaviour ofthe Fe2
+ ion will play a similar role in promoting liquid

immiseibility in Fe-rich carbonate melts.

Despite the faet that carbonate-carbonate liquid immiscibility has only been

demonstrated for natrocarbonatite systems, there are compelling arguments that such

immiscibility, and not fractionation, was responsible for the formation offerrocarbonatite

at Amba Dongar. Along with the temporal arguments which support the coexistence of

two carbonate liquids at Amba Dongar, fiuther physical evidence supporting carbonate­

carbonate liquid immiscibility can be gleaned from microscopie examination ofthe

multiphase inclusions. The presence oftwo coexisting liquids during heating of

multiphase melt inclusions (Fig. 4-7) indicates that immiscible liquids were present at the

time oftrapping, and were compositionaUy similar to calcite and ferroan

dolomite/ankerite, respeetively. The dominance ofCa in one liquid, evident in X-ray

analyses ofthis material, suggests that it is calcic, while the strong correlation between Fe

and Mg, and the lack ofelements other than Ca, indicates that the other is ankeritie (Figs.

4-8,4-9). The meniscus shaped margin offerroan dolomite, in contact with calcite,

within mixed inclusions also indicates that Fe-rich liquids were present during apatite

growth (Fig. 4-2i: g), and therefore coexisted with liquids which were trapped as

multiphase inclusions, i.e., calcic carbonatite magma.

Model

It is proposed that the intrusion offerrocarbonatites at Amba Dongar was initiated

by formation ofcarbonate magmas direetly from the mantle. Isotopie evidence suggests

that carbonatite liquids intruded at Amba Dongar were either related to mantle plume

activity, which was responsible for the extrusion of flood basalts, or ftom direct partial

melting ofan enriched mande source (Simonetti and Bell, 1995). Experimental 5tUdies

indicate that carbonate Iiquids produced in such a manuer are dolomitic in composition

(Wallace and Green, 1988; Dalton and Wood, 1993; Sweeney, 1994), and the significant

volumes of ferrocarbonatite present at Amba Donlll susgest that these Uquids were also
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Figure 4-7 The formation oftwo liquids in a multiphase inclusion at high

temperature: A) At 95SoC an outer layer ofvapour obscures melting phenomena; B) The

retreating vapour mande reveals the presence ofa second phase within liquid (1032°C);

C) the second liquid is evident at the meniscus between liquid 1 and vapour (V) al

lOS 1°C.
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Figure 4-8 A) Backscattered electron image ofa homogenised multiphase melt

inclusion showing small patches ofFe-rich material; B) X-Tay map for Ca; C) X-ray map

for Mg; D) Xray map for Fe.

80





ChQpter 4 - Carbonate-CarbonQle Liquid lmmiscibi/ity QI AmbQ Donga,.

Figure 4-9 A) Backscattered electroD image ofa homogenised multiphase melt

inclusion; B) X-ray map for Ca; C) X-ray map for Mg; D) Xray map for Fe.
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enriched in iron. The rising magma experienced a loss ofvolatiles at a pressure of

approximately 12 kbar (Palmer and Williams-Jones, 1998, Chap. 5) causing rapid cooling

ofthe melt until the liquidus temperature ofapatite was reached (1 100°C). The rapidly

changing conditions, ie., decreasing pressure and temperature and loss ofvolatiles,

induced separation oftwo carbonate liquids ofankeritic and calcitic compositions,

respeetively, which were trapped in the crystaUizing apatite as mottled and multiphase

inclusions.

The separation ofCa- and Fe-rich carbonate liquids aUowed, not only the sharp

contacts observed in the field, but also the timing relationships. The ankeritic liquid,

being denser than the calcitic liquid (based on minerai densities), sank and ponded

towards the bottom ofthe upwelling magma, allowing the intrusion ofcalciocarbonatite

to occur tirst. Continued ascent ofmagma eventually led to intrusion of ferrocarbonatite

as plugs or dykes. along zones ofweakness related to the earlier emplacement ofthe

calcio~arbonatite.

Condusions

lluee types of soUd inclusion were found to coexist in apatite, and comprise a

mottled variety. composed almost entirely offerroan dolomite, a multiphase variety,

which ~ontains calcite and subordinate ankerite and barite, and a monomineralic variety

eonsisting of calcite. The compositions and mehing relationships ofthe two former types

are consistent with their representing trapped samples ofcarbonatitic mehs, while the

monomineralie inclusions behave as trapped soüds, ie., they are only melted partiaUy at

temperatures exceeding 1200°C. The temperatures ofinitial mehing ofmottled

inclusions ranged between 610 and 660°C, white those ofmuhiphase inclusions were

between 680 and 740°C. This is consistent with experimentally determined eutectic

temperatures for the systems CaQ-MgQ-CQ:-H20 and CaD-C<h-H20, which are

approximately 650°C (Wyllie and Tuttle, 1960; Fanelli et al., 1986; WyUie, 1989).

Although homogenization temperatures ofmottled inclusions were not observed,

multiphase inclusions were completely molten at temperatures above 1100°C. The

random distribution of mottled and multiphase inclusions in single apatite crystals and the
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lack ofevidence indicating prolonged groMb ofthe host, i.e., zoned crystals, indicate that

inclusions were temporally associate~ and suggests that ferrocarbonatite and

calciocarbonatite are related through liquid immiscibility. This conclusion is supported

by the formation oftwo immiscible liquids in multiphase inclusions, observed during

heating, and the presence ofmixed ferroan dolomite-calcite inclusions which are

interpreted to represent heterogeneous entrapment ofthe two liquids.

Although carbonate-carbonate immiscibility has been documented in

natrocarbonatite systems (Brooker and Hamilton, 1990; Mitchell, 1997; Nielsen et al.,

1997), this study provides the first evidence that it can also occur in the Ca(}'Mgo-FeO­

CO2 system We propose that the ferrocarbonatites at Amba Dongar were the products of

carbonate-carbonate immiscibility in a Fe-rich magma, and suggest that this mechanism

May explain the genesis offerrocarbonatites elsewhere.
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Bridge to Chapter S

ln the previous chapter, solid inclusions observed in apatite ofcalciocarbooatite

were characterized with respect to composition and phase changes at high temperature. It

was concluded that these inclusions represent samples oftrapped carbonatite magmas

produced by carbonate-carbonate liquid immiscibility. The compositions ofthe liquids

were similar to calciocarbonatite and ferrocarbonatite, and existed at temperatures greater

than SOO°C.

Primary fluid inclusions are spatiaUy associated with melt inclusions and this

provided an opportunity to charaeterize the aqueous fluids which were in equilibrium

with the carbonatite melts. In Chapter Sthe composition, pressure-temperature

conditions and evolution ofthese orthomagmatic fluids are discussed based 00

microthermometric experiments and decrepitate analyses. Fluid inclusions were also

observed in quartz hosted by feDites surrounding the complex. These tluid inclusions

were similarly characterized, and used to determine the relationship between

orthomagmatic fluids and fenitizatioD.
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Abstract

A variety ofprimary fluid inclusions have been identified in apatite hosted by

calciocarbonatite ofthe Amba Dongar comptex, India and in quartz ofthe surrounding

fenitized sandstones. Calcite from calciocarbonatite also hosts tluid inclusions, however,

their origins are uncertain. Fluid inclusions in apatite comprise liquid- and vapour..rich

liquid-vapour inclusions (LV and VL, respectively), liquid-vapour inclusions containing

up to two solids (LVS) and Uquid-vapour inclusions containing more than two solids

(LVMS). Based on scanning electron microscopie analyses ofsolids and decrepitate

residues trom LVS and LVMS inclusions, minerais consist ofcomplicated mixtures of

carbonates (calcite, ankerite, nahcolite, gregoryitelkalicinite, burbankite), sulphates

(arcanite) and three complex Si..bearing phases which also contain Ca-Mg, AJ..Na-Ca-Sr

and AJ..K-Ca-Sr. Calcite- and quanz-hosted inclusions are dominantly LV inclusions,

although VL varieties are present.

Microthennometric experiments of tluid inclusions in apatite indicate average

homogenization temperaturesof254, 335 and 521°C for LV, LVS and LVMS inclusions,

respectîvely. Quartz..hosted inclusions homogenize at temperatures ranging from 262°C

to 122°C, with decreasing temperatures corresponding to decreasing intensity of

fenitization, while calcite-hosted inclusions homogenize at an average temperature of

155°C. The low temperature phase behaviour ofall inclusions indicates that the aqueous

tluids are NaCI.., KCl-bearing brines with salinities between 1S and 1.S M.% In addition,

LVS, LVMS, VL(ap) and VL(qtz) inclusions cootain CÛ2 and CIL.

The compositions ofdecrepitate residues indicate that LVS and LVMS inclusions

were dominated by S and UCO]-, respectively, and had low NalNa+K ratios «0.5).

LV(ap) and LV (qtz) inclusions contam cr as the dominant anion in solution and are

strongly depleted in Krelative to LVS and LVMS inclusions, with NalNa+K values >0.6

and >0.9 for LV (ap) and LV(qtz) inclusions, respeetively.

Microthermometric data and compositions ofresidues from decrepitated fluid

inclusions suggest an evolutionarytrend ofLVS-LVMS-LV (ap) -LV (qtz).

Estimated temperatures and pressures oftrapping ofaqueous tluids, based on isochoric

projections offluid inclusions, and melt inclusion studies by Palmer and Williams-Jones
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(1998; Chap. 4), are between 875 and 1000°C and >8Kb for LVS inclusions; <875°C and

<8Kb for LVMS inclusions; <650°C and <4 Kb for LV (ap) inclusions; and <260°C and

<500 bars for fenitizing fluids, Le., LV(qtz). The chemical evolution ofthe tluids,

represented by the difTerent tluid inclusion types, involved an increasing aetivity ofcr
anion, increasing Na/Na+K and decrea,ied aetivity of S and HCÜ)-.

Introduction

Over the past thirty years it bas become widely recognized that large volumes of

aqueous tluids are released during the emplacement ofcarbonatites, and that they are

responsible for the fenitization that is associated with these intnlsives (Currie and

Ferguson, 1971; Kresten and Morog~ 1986; Wyllie, 1989; Gittins et al., 1990; Bailey

and Hampton, 1990; Morogan 1994). However, relatively little researcb bas focussed on

the nature ofthese aqueous fluids or the evolution oftheir compositions during

carbonatite crystallization.

Fluid inclusions provide the most direct method of studying orthomagmatic Ouids

exsolved from carbonatite magmas but, as ofyet, there bas been comparatively little

published on this aspect ofcarbonatite genesis. The little information that is available,

however, shows a Ouid evolution that is repeated among many carbonatites (Rankin,

1975; Nesbitt and Kelly, 1977; Andersen, 1986; Ting et al., 1994; Morogan and

Lindblom, 1995; Samson et al., 1995a). Typically, there is a single, low salinity,

carbonic tluid which evolves into a low CÛ21H20, moderate to high salinity tluid and a

moderate to high CChlH20, low salinity fluid (Andersen, 1986; Morogan and Lindblo~

1995; Poutianien, 1995). The composition ofthese inclusion fluids isvaried and is

retlected by the numerous carbonate, sulphate, halide and oxide daughter/trapped

minerais which they contain (Rankin, 1975; Nesbitt and Kelly, 1977; Ting et ai., 1994;

Samson et al., 1995b).

This paper uses data obtained from primary fluid inclusions in apatite, bO&1ed by

calciocarbonatite, and in quartz and feldspar, hosted by fenitized sandstone, to reconstruct

the PTX conditions ofevolving aqueous tluids exsolved during emplacement of

carbonatites at Amba Dongar, India.
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Geology

The Amba Dongar complex is located approximately 400km nonheast of

Bombay, India in the western part ofthe Deccan volcanic province (Fig. 5-1). The

intrusion ofcarbonatite magma, during the late Eocene, coincided with the extrusion of

flood basalts, with which the carbonatites are spatiaUy associated. The complex is

situated adjacent the Narmada rift, which was opened along a site ofearlier fauhing as

India moved over a mande plume (Karkare and Srivistava, 1990; Simonetti et al., 1995).

The complex consists ofan outer ring ofcarbonatite breccia and aD inner ring of

calciocarbonatite, which form the main topographic feature ofthe ring. Numerous plugs

offine-grained ankeritic carbonatite are concentrated along the west and northwest edges

ofthe ring structure, while bodies of syenite are randomly distributed in the surrounding

country rocks. The complex hosts large quantities offluorite (11.6Mt of30% CaF2)

which are currently being exploited, and locally contains ore grades ofLREE (up to 10°/<)

(Viladkar, pers. comm.».

Deans et al. (1972) and Viladkar (1981) have developed a chronologjcal sequence

for intrusion ofthe ring. Initial faultmg at Amba Dongar was triggered by a highly

fluidized liquid which formed the ring ofcarbonatite breccia and provided a pathway for

later melts which crystallized calciocarbonatite. FoUowing emplacement ofthe main

ring, iron-rich melts were intruded to form the smaller bodies ofankeritic carbonatite.

Deposition ofthe large fluorite deposit was the last event, and resulted from interaction

of late stage orthomagmatic fluids with meteoric water (Palmer and Williams-Jones,

1996).

Carbonaôtes

Calciocarbonatite, which fonns the dominant lithology ofthe ring, is composed of

equigranular grains ofcalcite with accessory apatite, hematite, pyrochlore and
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Figure 5-1 The geology ofthe Amba Dongar complex and sunounding area

(modified from Deans et al., 1972)
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Chapter 5 - Fluid Evolution ofAmba Dongar

fluonte. The grain size is highly variable and., porphyritic varieties., consisting of large

calcite phenocrysts set in a matrix offiner grained calcite., occur locally. Flow banding is

evident as an aügnment or segregation ofaccessory mineraIs.

Ankeritic varieties ofcarbonatite are easily distinguished from calciocarbonatite,

by their red colour, and fine-grain size. Pseudomolphs ofhematite after magnetite are

common in the ankeritic carbonatite., and can comprise up to 50% ofthe rock., by volume.

Accessory mineraIs include t1uorite, barite, bastnaesite, pyrochlore and monazite. Small

dykes ofankeritic carbonatite are commonly found within the calciocarbonatite.

FeDites

An aureole ofpotassic metasomatism is weU developed in sandstones surrounding

the ~arbonatites. Sodic and sodic-potassic fenitization ofsandstones is also reported but

is only round in drill core and is not exposed on surface (Vilaclkar, 1986). Roelofsen

(1QQ-') ha, dClermined that the precursor ta many sodic fenites is ijolite and not

sand~ ..me:. as ' .. as originally thought (Viladkar, 1986).

'11Ie: precursor ofpotassic fenites in all cases is quartzitic sandstone ofthe Late

Cn:ta~cous 9agb formation. The quartz-rich nature (>96% SiÛ%) ofthe host rock

facilitah:s the: identification ofpotassic feDites, wbicb consist ofvariable proportions of

quanz and sCl,;ondary potassium feldspar. Potassic metasomatism varies in intensity with

distance nom the margin ofthe intrusion, with fenites proximal to carbonatites

contain in g. o\'er SO°1c. potassium feldspar and those at distances ofapproximately 150m

away containing Jess than 5%. The feldspar minerais are microcline and orthoclase., with

the former predominating (Roelofsen, 1997). Muscovite is present in the fenite~

although in small quantities «5%), and only in the higher grade feDites proximal to

carbonatite.
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nuid Inclusions

Primary fluid inclusions were identified in apatite and calcite, in

calciocarbonatite, and in quartz and feldspar within potassically fenitized 8agb sandstone

(Fig. 5-2).

Fluid Inclusions in Apatite

Fluid inclusions in apatite may be subdivided into four groups: liquid-rich, liquid­

vapour inclusions (LV); vapour-rich, liquid-vapour inclusions (VL); liquid-vapour

inclusions containing up to two solids (LVS); and liquid-vapour inclusions containing

more than two soUd phases, ormultiphase inclusions (LVMS). Over SO% ofinclusions in

apatite are LV type inclusions, approximately 30% are LVS inclusions and less than 20%

are LVMS inclusions.

Apatite in calciocarbonatite hosts only primary inclusioDs~ which are typically

restrieted to the cores ofcrystals (Fig. 5-3). Fluid inclusion shapes range trom spherical

to cylindrical (parallel to the C axis), and their dimensions can range from microns ta tens

of microns in diameter, or length. Inclusion shape or me CanDot be used to discriminate

among difTerent groups of inclusions, except for VL inclusions which are invariably

spherical. The vapour in LV and VL inclusions occupies from 10 to over 90% ofthe

volume of an inclusion. Some inclusions contain a second liquid, C02 (see below). LVS

inclusions typically contain less than 40 voL% vapour and less than 20 vol.% solids,

while LVMS inclusions contain less than 40 vol.% vapour, but typically over SO vol.% of

solids. The latter inclusions are thought to represent solid-bearing inclusions descnüed

by Roedder ( (973).

Petrographie examination ofLVMS inclusions indieates that up ta five solid

phases cau be present in a single inclusion. Solids in LVS inclusions are typically

colorless, with one being strongly birefringent and the other weakly birefiingent. LVMS

inclusions can contain a colored mineraI, pale ta dark green in plane polarized Iight, an

opaque phase and birefringent and nonbirefringent, colorless mineraIs.
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Figure 5.1 Fluid inclusions in apatite (calciocarbonatite) and quanz (fenite) al Amba

Dangar. A) C02-rich vapour-liquid (VL) inclusion in apatite; B) Coexisting LV and VL

inclusions in apatite; C) CÜ2-bearing LVS inclusion in apatite with only one soUd phase;

D) LVS inclusion in apatite with ooly one solid phase; E) LVS inclusion in apatite with

two solid phases; F) LVS inclusion in apatite with two solid phases; G) LVMS inclusion

in apatite with three solid phases; H) LVMS inclusion in apatite with at least five solid

phases; I} LV inclusion in quartz in fenitised sandstone; J) CÜ2-bearing LV inclusion in

quartz in fenitised sandstone; K) SEM image ofan opened LVMS inclusion containing

two carbonate minerais and potassium sulphate (arcanite - K2S04); L) SEM image of

solids from LVMS inclusions on the surface ofapatite crystal. The solids include

carbonates and K-, Na- and A1-bearing silicates.
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Figure 5-3 Photomicrographs of tluid inclusion-bearing apatite crystals in

calciocarbonatite. Microphotographs A, B and C show groupings of fluid inclusions in

the center of crystals. Microphotograph 0 is a magnification of the apatite crystal in C,

showing that inclusions comprise a random distribution ofLV-, VL-, LVS- and LVMS­

types.
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Chapter 5 - F/uid Evolution oCAmba Dongœ-

Solids

Solids in LVMS inclusions were identified by SEM analysis ofopened fluid

inclusions following the methods ofMetzger et al. (1977) (Fig. 5-2K,L). The most

commonly observed soüds produce speetra for Ca, Ca-Mg-Fe, Ca-Sr, Ca-Sr-La and Ca­

Na-K (Table 5-1). The lack ofsilicon and the petrographic charaeteristics ofthe various

crystals, suggest that they are carbonate or bicarbonate minerais, probably calcite, Mg-Fe

calcite, burbankite ( Cal(Sr,Ba,La,Ce)l(CÜJh) and possibly nahcolite (NaH(CÛ3) or

gregoryite «Na,K,CahC03), respeetively. One opened inclusion contained four distinct

phases, namely arcanite? (K2S04), ankerite, calcite, and a much smaUer fourth solid

which contains sillca (Fig S-2K). A number ofcrystals were round on the surface of

apatite which also contain silica (FigS-2L). l'bree distinctly different crystal types were

recognized, based 00 composition. These cootain Ca-Sr-Si-Mg, Si-Sr-Al-K-Ca and Si­

Sr-Al-Na-Ca, and may represent mixtures ofcarbonates and silicates or minerais ofthe

cancrinite series. In Si-bearing solids, strontium contents may be exaggerated due to the

interference between Si and Sr spectrallines (Poirier, pers. comm.).

Fluid Inclusions in Calcite

Two populations of fluid inclusions were observed in calcite ofcalciocarbonatite,

namely liquid- (>600/0) and vapour-rich varieties ofliquid-vapour inclusions (LVcc,

VLcc). The distinction between primary and secondary inclusions is difficult, however, a

division was made between inclusions occurring along planes (secondary) and those

which are randomly distributed within the host minerai (possibly primary). Both LV and

VL inclusions are small, <lOti in diameter, and irregularly shaped. Although aU

inclusions contain both liquid and vapour, the volume ratios ofthese phases span a range

from o. 1 to just under 1. SEM analyses ofopened tluid inclusions in calcite revealed that

a small proportion contain a Sr-rich mineraI, probably strontianite, however, no solid­

bearing fluid inclusions were recognized using a petrographie microscope.
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Table 5-1 SEM analyses of indusion solids

lOt S-l S-2 S-3 S-4 5-5 S-6 S-7 S.a S-9

Cc SI-Sr Cc+Str Cc Cc+51-Al-K Cc+Si-AI-Na Arc + Cc Fe-Mg Cc Cc+fe

cat.% (renormallzed)

Si 0.68 36.70 n.d. 4.08 29.81 24.71 0.90 0.14 0.24

AI 0.03 0.21 n.d. 0.48 4.03 4.39 0.42 0.09 0.19

Ca 97.07 49.14 77.98 91.27 51.44 55.85 60.82 82.32 94.27

Mg 0.27 1.27 2.69 1.51 n.d. n.d. n.d. 7.32 0.56

Fe 0.78 0.83 n.d. 0.15 0.14 n.d. 0.23 4.87 1.32

Na 0.21 1.22 0.60 0.04 0.24 6.04 1.03 1.25 0.79

K n.d. n.d. n.d. 0.01 4.93 0.27 19.23 1.02 0.81

S n.d. n.d. n.d. 0.14 n.d. 0.18 15.81 1.82 1.20

Ba 0.12 0.61 1.20 0.23 n.d. n.d. 0.11 0.28 n.d.

La n.d. 0.03 0.00 0.01 0.01 n.d. n.d. n.d. n.d.

Sr 0.83 10.00 11.53 2.08 8.81 7.98 0.80 0.89 0.55

Cc - calcite; Str - strontlanite; Arc· arcanite

n.d. - not detected
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Fluid Inclusions in Quartz and Feldspar

Primary tluid inclusions hosted by quartz in fenitized sandstone are irregular in

shape and range from a few microns ta tens ofmicrons in diameter (Fig S-21,L). They

are predominantly LV inclusions (>90°..la), although sorne vapour-rich inclusions are

present. The latter increase in ftequency with increasing intensity offenitizatioD. In

liquid-rich varieties, vapour bubbles make up less than 20% ofthe inclusion volume.

The tluid inclusions analysed in fenites were hosted by quanz overgrowths on

pre-existing quartz grains and are deemed primary (Fig. S-4). Support for their primary

origin comes ftom petrographie observations which reveal the absence ofquartz

overgrowths in unahered sandstone, and their increasing frequency with increasing

intensity offenitization. Although large losses ofSi02 from sandstone during

fenitization imply that quartz undetwent extensive dissolution it is also plausible that, due

to local disequilibrium, this dissolution was accompanied by sorne precipitation ofquartz

which produced the polygonal quartz overgrowths that trapped the fenitizing fluid.

Owing to the nature ofthe host minerai, tluid inclusions in feldspar are

uncommon, and where present, are small «S~) and irregularly shaped. The turbid nature

ofthe feldspar makes identification ofprimary or secondary origins nearly impossible,

however, microthermometric data were obtained on a small number offeldspar-hosted

inclusions.

~icrotherDmoDœe~

Fluid inclusion microthermometry was carried out on fluid inclusions within

apatite, calcite, quartz and feldspar using a Fluid me. modified, U.S.G.S gas flow,

heating/freezing stage (Reynolds, 1992). Accuracies of±O.2°C and ±l.O°C were achieved

for subzero and higher temperatures, respeetively, by calibration using synthetic C~ and

820 inclusions. Results are presented in Table 5-2 and Figure S-S.
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Figure 5-4 Photomicrograph of secondary quartz overgrown on quartz grain in

fenitised sandstone. The overgrowth imparts an hexagonal fonn not seen in quartz grains

ofunaltered sandstone.
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Table 5-2 Fluid indusion data

Th + (mean) Te Tmice Salinity

Type tinctuslons Oc Oc Oc wl% NaCI-KCI eq.

-LV Cap) 224 142·341 (254) >-27 -2.1 to -8.2 3.4 - 11.4

·LVS 107 271 -594 (335) >-27 -2.6 to -11.8 4.1 - 15.2

eLVMS 38 324-628 (521) >-27 -4.3 to -9.4 6.5 -12.7

-LV (cc) 40 120 - 191 (155) >-27 -1.2 to -8.3 2.0 -12.1

"LV (q1Z) 208 122 - 262 (180) >-23 -0.7 ta -5.2 1.5 - 8.5

• Salinity calculated using NalNa+K ratio of 0.75 (Hall et al., 1988)

•• Salinity calculated using Na1Na+K ratio of 0.90 (Hall et al., 1988)
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Figure 5-5 Histograms showing A) homogenization temperatures for tluid inclusions

in apatite and calcite; and B) final ice melting temperatures; C) homogenization

temperatures for tluid inclusions in quartz; and D) final ice melting temperatures.
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Resultst,om Apatite

Homogenization temperatures ofLV fluid inclusions hosted by apatite in

calciocarbonatite range between 148 and 342°C, with three distinct populations ranging

between148 and 208°C, 230 and 300°C and 280 and 342°C. Homogenization

temperatures ofvapour-rich inclusions could not be determined due to the shape ofthe

inclusion (ovoid) or decrepitation prior to homogenization. Homogenization ofvapour to

liquid in the majority ofLVS inclusions occurs at temperatures similar to those for LV

inclusions, i.e., between 270 and 340°C. SmaU numbers ofLV inclusions homogenise at

significantly higher temperatures~ mainly between 4S0 and 470°C and 550 and 590°C.

Final homogenization of tluid inclusions is typically by daughter minerai dissolution. In

the case of inclusions containing only one solid, this temperature is between 430 and

498°C The: final homogenization ofLVS inclusions containing two solids is similar, Le.,

bel\\ ccn ~Ob and 481°C. Dy contrast, the other solid dissolves at much lower

tenlpc:ralurc:~. namely between ISO and 214°C. The liquid and vapour phases in

inclu~ion~ ~unlaining more than two solids (LVMS) homogenize at much higher

ten1pc:ralurc:~ than LVS inclusions, ie., between 384 and 628°C. Daughter mineraIs

dissol\e: 0\ cr a "ide intervaloftemperature. However, four distinct groups of

dissolution tc:mperatures can be discerned at~ 120 to 17BoC, 218 ta 265°C, 340 to 364°C

and -417 to ~88°C. These sub-groupings presumably represent different minerais (Fig. 5­

6).

Temperatures ofinitial melting ofice (Te) in LV inclusions were a1l greater than

-27°C. weU above the observed Metting points offluids containing CÛ1 or CaCh and are

interpreted to retlect dominance by NaCI (+KCl). Sub-groups of LV inclusions discemed

from homogenization temperatures are not evident ftom their melting behavioUl. Final

ice melting temperatures ofliquid-vapour inclusions range between -8.2 and -2.1 oC,

corresponding to salinities of 12.S to 3.8 Wt.% NaCI eq. (Han et al., 1988). Most LV

inclusions show an inverse correlation between ice melting and homogenization

temperatures. VL inclusions commonly melt at temperatures between -56.8 and -S7.6°C,

consistent with the presence ofsignificant concentrations ofCÜ1 and minor
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Figure 5-6 Photomicrographs ofLVMS inclusion in apatite showing phase changes

during heating. A) At 20°C the vapour bubble is deformed by soUd phases, and no liquid

is obselVable. B) at 237°C the üquid phase is visible and five separate soüds can be

identified. C) Dissolution ofsolids progress (28S0C) and at 381°C (0) only three solids

remain, including an opaque. E) At S34°C the opaque mineraI is still present, the one

remaining transparent solid has almost dissolved and the vapour bubble has begun to

shrink in sae. Decrepitation ofthe inclusion occuned before tluid homogenization or

dissolution ofthe opaque (S48°C).
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concentrations ofanother gas, probably C"" and/or N2 (Burrus, 1981). With further

heating of inclusions containing a second liquid, the C~ fraction homogenizes to vapour

between 29.3 and 30.2°C. C~ triple point and homogenization temperatures indicate

that up to 0.3 XClL is present in the inclusion tluids (Burms, (981).

Unlike LV inclusions, Te values ofsolid-bearing inclusions show a bimodal

distribution. The first sign ofmeking occurs at temperatures less than -56.6°C, while the

second is at temperatures greater than -27°C. The lower eutectic ranges between -56.7

and -62.3oC, for LVS inclusions, white that ofLVMS inclusions has a much narrower

range, between -57.6 and -58.0°C. The occurrence ofmelting well below -56.6°C, the

euteetic temperature for the system CÛ1-H20, indicates the presence ofsignificant

quantities of dissolved CKt and N2 in the inclusion fluids. The majority ofsolid-bearing

inclusions have initial temperatures afice melting in the range of-27 to -24°C, i.e., close

to tbe metastable eutectic for the NaCI-KCI-H20 system (Roedder, 1984). These

inclusion~ ha\ e a slightly wider range oftemperatures of final ice melting than LV

inclUSions l VS inclusions show the greatest range ofTmice values, between -11.8 and­

2.bOC. ~o"esponding to salinities of 16.4 to 4.6 Wt.% NaCI eq. (Hall et al., 1988), while

LVI\IS indusions bave a more restrieted range between -9.4 and -4.3°C (13.9 ta 7.2

Wt.oo NaCI eq.). Temperatures at which CÜ2 liquid homogenizes to vapour range

bet\\'een 2-1 and 30°(.

Results for calcite

The temperature ofhomogenization ofLV fluid inclusions hosted by calcite from

carbonatite ranged between 120 and 192°C. Sub-groupings occur within the data and are

centered al 190, 180, 160 and 150°C, and lypically represent distinct samples.

Homogenization temperatures could not be measured for inclusions in which vapour

occupies greater than 20 vol%.

Temperatures of initial ice meking were aU greaterthan -27°C, corresponding to

the NaCI + KCI system and weU above the melting points oftluids containing CÛ% and

CaCh. Temperatures offinal ice meking ofliquid-vapour inclusions range between -9.2
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and -1.2°C, corresponding to salinities of 13.6 to 2.3 Wt.% NaCI eq. (Hall et al., 1988).

The sub-groups discemed trom homogenization temperatures are absent in the low

temperature data. Temperatures ofmelting for vapour-rich inclusions occur between ­

56.8 and -57.6°C indicating the presence ofsignificant amounts ofC02. The triple point

temperature suggests a small amount ofanother gas, MOst probably C~. With further

heating, CCh liquid homogenized to vapour between 29 and 30.2°C.

Resultsfor Quartz and Feldspar

The majorlty of fluid inclusions analysed in feDites were hosted by quartz, with

only one sample yielding inclusion measurements for feldspar. Homogenization

temperatures for lïquid-vapour inclusions ranged between 120 and 262°C, with the higher

temperatures corresponding to more strongly fenitized samples. The Mean and Median of

the homogenization temperatures oflïquid-vapour inclusions in feldspar are similar to

those in quartz from the same sample. As with fluid inclusions in apatite and calcite,

vapour-rich inclusions yielded no homogenization temperature data.

Temperatures of initial ice melting in liquid-vapour inclusions in quartz were an
greaterthan -23°C, indicating that the fluid is an aqueous NaCI (±K.CI) solution with little

or no dissolved CO2• Final ice melting occurs at higher temperatures and over a smaller

range than those in carbonatite, Le., between -0.7 and -4.9°C, corresponding to salinities

of 1.5 to 7.9 Wl. % NaCI eq. (Hall et al., 1988). However, the inverse correlation

between liquid-vapour homogenization and final ice mek temperatures observed for LV

inclusions in apatite is still evident in quartz-hosted LV inclusions. Vapour-rich

inclusions in quartz have a triple point of-56.4 to -56.SoC, indicating the presence of

C02. Further heating caused homogenization of CO:: liquid ta vapour between 29.S and

31°C.

Decrepitates

ln order to more fulIy cbaracterize the composition ofthe fluids, analyses of fluid

inclusion decrepitate residues were performed on polished sections ofapatite and calcite,
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and quartz, from carbonatite and fenite, respectively. Cleaned, fluid inclusion-bearing

chips were heated to 4S0°C, carbon-coated and the decrepitate residues analysed using a

Jeol superprobe, equipped with a Tracor Northern Energy Dispersive Speetrometry

(EOS) system. In order to rnjnimize errors resulting nom evaporation and NaCI-KCl

creep (Haynes et al., 1988), the lime interval between decrepitation and analysis was kept

to a maximum oftwo hours.

Results

Decrepitate residues were round on ail sample surfaces and consisted of irregular,

rougbly spherical mounds in quanz and apatite, and linear ridges which generally

developed along cracks or cleavage planes in calcite. The residues were MOst densely

concentrated on calcite, followed by quartz, then apatite.

Apat;te

The analysis ofdecrepitate residues by EOS on apatite, or calcite, creates some

difficulties in evaluating true composition, as the substrate causes background

contamination ofelements such as Ca, an element that is potentially in significant

concentrations in the residue. Samson et al. (1995b) have developed a computationa)

method for removing the substrate contribution ofelements, but this is only useful for

minerais which contain an element not found in the decrepitate, such as phosphorous in

apatite. Analyses ofresidues on calcite and quartz, therefore, cannot be conected as Ca

and Si are possible fluid constituents.

Corrected analyses ofapatite residues (AD061) indicate that precipitates contain

significant concentrations ofNa, ~ Ba, Fe, S and Cl, and minor, but consistent,

concentrations ofLa and Ce (Table S-3). The contents ofAl and Si are either minor or

cannot be interpreted reliably. The correlation between the x value and CCa in Samson et

al. (1995b) suggests that in most samples Ca is a minor component. Highly anomalous

values ofCa, S~ Sr, Al, Ti and Mg were obtained for some residues but these may have
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TableS.3 EDS 8Nllyaes of dec:repltme reS4~5 trom ",e-hosted nlJld IndUSl<Jna (C8Icioc:a-boMbte)

Type- C. Na K Fe Ba CI S Si AI Mg Sr La Ce P ..li:!.. ~ Ctwge
N••K CI

caL.. C...........

LV 000 35.29 194 046 011 5495 118 0.00 0.00 000 000 004 0.03 000 0.95 0.13 -210

LV 000 31.25 162 000 0.53 5561 494 000 000 000 000 000 000 0.00 096 0.09 -19.0

LV 000 31.60 0.69 000 000 5219 672 124 000 000 000 001 OOS 0.00 0.98 013 -11.3

LV 000 21.59 7.39 485 0.00 30.12 28.61 000 0.00 000 000 000 0.14 0.00 0.79 0.95 -70

LV 0.00 22.03 1153 013 0.01 34.48 2068 0.00 0.00 000 000 021 0.16 0.00 0.56 0.60 -5.2

LV 0.00 34.55 814 210 0.00 4329 811 195 0.02 000 000 000 0.01 0.00 0.80 0.20 -33

LV 0.00 45.02 243 0.65 000 4444 7.19 0.00 021 000 000 0.00 001 0.00 0.95 0.16 -0.3

LV 0.00 37.30 207 024 092 4928 939 051 000 000 000 009 013 000 0.95 019 -140

LV 000 36.05 3.62 066 000 5351 582 017 000 0.00 0.00 0.03 0.08 000 091 0.11 -16.5
LV 0.00 39.99 1.28 0.92 000 48.77 8.56 0.05 0.12 0.00 000 017 0.13 0.00 097 0.18 -11.3

LV 000 32.38 6.62 521 0.09 3808 1745 0.00 0.00 0.00 0.00 011 006 0.00 0.83 0.46 ·52

LV 0.00 25.02 15.16 0.80 104 41.78 14.24 1.62 0.26 000 0.00 0.01 001 000 0.62 0.34 -7.8

LV 000 30.22 9.58 0.98 0.33 46.98 9.75 197 0.02 000 000 000 017 000 016 0.21 -11.4

LV 000 44.27 4.95 091 0.00 4060 869 0.24 0.00 0.00 000 020 014 0.00 0.90 0.21 4.7

LV 0.00 37.14 0.72 000 0.00 5360 7.10 1.31 000 000 000 0.08 0.05 000 0.98 0.13 -19.3

LV 0.00 28.49 7.63 3.09 0.00 3110 29.54 0.00 0.00 0.00 000 000 015 0.00 019 0.95 -8.2

LV 000 22.80 16.97 014 0.02 3130 22.37 0.00 0.00 000 000 0.23 0.17 0.00 0.57 060 .a.6

LVS 000 17.65 35.08 464 0.00 346 34.84 0.00 0.00 000 000 000 015 000 033 1006 34.2
LVS 0.00 18.46 3670 4.85 000 420 35.11 0.50 000 000 000 001 016 000 0.33 837 35.8

LVS 0.00 17.04 36.41 044 000 481 38.34 000 0.00 000 0.00 002 002 038 0.32 1.88 29.6

LVS 000 16.85 37.76 0.81 0.00 5.32 3853 0.24 000 000 0.00 001 002 0.39 0.31 7.24 30.5

LVS 0.00 13.96 32.05 044 000 689 4375 0.00 000 000 000 002 002 0.38 0.30 6.35 11.5
LVS 0.00 13.07 36.24 114 0.00 699 41.82 0.18 000 000 000 011 002 0.43 0.27 5.99 22.0
LYS 0.00 15.96 32.58 1.61 1.06 8.85 36.00 324 062 000 0.00 008 000 0.00 0.33 4.07 230
LVS 0.00 18.58 30.40 151 099 889 3561 303 0.58 000 000 DOS 000 0.00 0.38 4.01 23.5

l'JUS 43.86 0.00 5.12 0.00 0.43 049 334 0.00 46.35 0.00 000 000 0.00 0.41 0.00 683 25.1
L'JUS 27.65 0.30 0.12 035 0.07 111 13.95 3672 051 170 16.11 003 001 0.00 029 1256 7.0
L'JUS 21.96 6.14 19.59 000 029 315 157 4.17 31.15 000 000 000 000 000 024 241 329
l'JUS 30.69 6.82 395 1704 0.16 338 1334 619 18.31 000 000 001 011 000 063 3.94 247
L'JUS 40.26 8.58 151 2146 020 427 050 000 2306 000 000 001 014 000 085 0.12 36.5
L'JUS 2103 11.83 15.50 025 DOS 519 893 2134 9.25 000 000 002 001 000 043 1.54 217
L'JUS 1243 2299 2260 032 021 966 1249 196 1703 000 000 015 014 000 0.50 129 362
L'JUS 1128 2704 2048 038 000 1136 1988 000 000 000 000 018 017 2.40 057 1.15 320

- dIVision or ftuid IfldlJSioon types bUed on d8ughler mneral corUnl
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been produced by daughter minerais or trapped soüds. Elevated Ca contents may

indicate calcium carbonate or sulphate, while high Si concentrations in decrepitates may

refleet the silicate solids discussed earlier.

Calcite

Residues of tluid inclusions hosted by calcite are similar to those from apatite,

and consist predominantly ofNa, K, Ba, Fe, S and Cl (Table 5-4). Because of

contamination by the substrate, Ca concentrations cannat be estimated. Strontium values

are consistendy high, suggesting that they bave not been significantly affeeted by

substrate contamination. La and Ce are both present in MOst analyses, but their low

concentrations, and the inability to correct for the calcite substrate, make their values

unreliable. However, like Sr, tbey show no correlation with Ca content and suggest the

presence ofLREE in the residues.

Quartz

Numerous analyses ofdecrepitate residues were obtained on quartz from fenites

ofvarying grade (Table 5-5). Residues contain consistently high proportions ofCI,

moderate Na and lesser proportions of S, Fe and Ba. Minor concentrations ofCa and K

accur in MOst decrepitates, and Al and Ti can be detected in roughly balfofthe samples.

La is also present but Ce is noticeably absent. Fenite grade bas üttle effeet on the

composition ofprecipitates, with the exception ofI<, which tends to be lower in samples

of lower grade.
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Table 5-4 EDS anatyses of decfepita'e residues 'rom calcite-hos'ed fluid indusions (caldocarbona'ïle)

Type Ca Na K Fe Ba CI S Si Al Mg Sr la Ce P ..li!- ~ Charge

Na+K Cl

cal% C..nonMllud)

LV 89.11 1.29 3 ..0 0.69 0.00 0.61 0.00 0.58 0.61 112 0.43 0.00 0.00 0.27 0.28 0.00 ".4

LV .....34 9.13 19.49 0.00 0.28 20.78 3.09 0.00 0.61 0.00 0.96 0.02 0.00 0.80 032 0.15 6.4

LV 84.89 2.52 5.33 0.00 0.00 2.94 2.14 0.00 0.00 0.00 2.10 0.05 0.03 0.00 0.32 0.73 3.8

LV 51.82 6.55 13.85 0.12 0.00 22.62 2.13 0.47 0.31 0.00 0.66 0.05 0.01 0.00 0.32 0.09 -3.2

LV 53.16 8.73 16.01 0.00 0.40 14.30 3.87 0.93 0.55 0.00 0.52 003 0.02 0.45 0.35 0.27 8.1

LV 81.73 3.93 6.64 0.00 0.82 5.06 0.18 1.10 0.00 0.00 0.51 0.04 0.00 0.00 0.31 0.03 5.8

LV 61.38 1..... 10.85 0.00 0.00 14.69 2.11 0.31 0.87 0.00 1.07 0.05 0.06 0.00 0.41 0.14 2.5

LV 31.36 '''.38 19.67 0.00 0.00 25.65 7.69 0.00 0.09 0.20 0.33 0.01 0.00 0.00 0.42 0.30 4.6

LV 55.88 9.85 12.93 0.00 0.00 15.56 3."7 1.35 0.00 0.00 0.88 0.00 0.00 0.00 0.43 0.22 5.5
LV 37.21 15.79 17.32 0.67 0.08 19.63 8.25 0.25 0.48 0.00 0.23 0.00 0.00 0.09 0.48 0.42 9.7
LV &4.40 2 ..... 2.34 0.33 0.83 5.12 1.17 0.53 1.51 0.00 0.55 0.03 0.02 0.00 0.51 0.23 -0.3

LV 93.35 1.'" 1.33 0.49 0.17 1.48 0.00 0.37 0.00 0.00 0.00 000 0.00 0.06 0.52 0.00 1.6

LV 73.38 8.91 7.97 0.25 0.98 5.33 2.02 0.00 0.09 0.00 1.07 0.00 0.00 0.00 0.53 0.38 11.2

LV 68.15 6.81 5.85 0.00 0.28 10.52 0.65 0.60 0.00 5.99 0."5 0.00 0.00 0.00 0.54 0.06 2.0

LV 90.89 3.06 2.49 0.41 0.00 0.11 0.81 0.00 0.06 0.00 0.86 0.01 0.01 0.00 0.55 1.14 4.6

LV 11.03 8.52 6.32 1.95 0.00 4.10 4.69 0.54 0.81 0.00 0.51 0.01 0.00 0.89 0.51 1.14 9.4

LV 75.85 6.63 4.62 0.09 0.00 10.48 0.71 0.00 0.60 0.00 0.79 0.00 0.04 0.09 0.59 0.07 0.4

LV 81.69 6.35 4.25 1.16 0.13 5.33 0.00 0.00 0.13 0.16 0.48 0.00 0.00 0.00 0.60 0.00 5.9
LV 85.52 4.50 2.84 0.32 0.10 '.63 1.53 0.00 0.92 0.00 1.32 0.07 0.07 0.07 0.8' 0.94 5.2
LV 85.82 6.09 3.33 0.33 0.00 '.51 1.41 0.00 0.11 0.00 0.91 0.01 0.00 0.00 0.65 0.93 7.4
LV 73.28 11.34 5.70 0.37 0.00 6.12 2.03 0.25 0.19 0.00 0.45 0.04 0.02 0.00 0.67 0.33 10.1
LV 87.85 6.21 3.04 0.71 0.00 0.91 0.14 1.02 0.00 0.00 0.00 0.00 0.05 0.00 0.61 0.15 8.7
LV 91.33 1.92 0.91 0.88 0.00 0.99 0.00 1.21 0.00 0.00 2.09 0.00 0.00 0.67 0.88 0.00 2.3

LV 67.42 12.98 5.33 0.00 1.'" 9.36 1.01 0.42 0.00 0.00 1.50 0.03 0.00 0.54 0.71 0.11 9.2

LV 78.52 10.37 3.82 0.00 0.00 3.02 3.20 0.13 0.18 0.00 0.16 0.00 0.00 0.00 0.73 1.06 9.6

LV 83.03 1.52 2.73 0.00 0.53 1.59 2.10 0.24 0.71 0.00 0.94 0.00 0.00 0.00 0.73 1.70 7.6

LV 90.58 5.03 1.61 0.30 0.87 0.46 0.00 0.85 0.00 0.00 0.26 0.04 0.00 0.00 0.76 0.00 6.8

LV 82.34 9.40 2.99 0.00 0.00 1.50 1.63 0.00 0.04 0.00 1.17 0.00 0.00 0.17 0.76 1.09 10.1
LV 81.90 8.24 2.61 081 0.00 1.70 1.81 0.00 0.50 0.00 018 0.05 0.03 0.82 0.76 1.06 8.7
LV 88.35 6.06 1.68 0.00 0.70 0.34 1.23 0.00 0.12 1.48 0.00 0.04 0.00 0.00 0.78 3.65 7.1
LV 78.99 10.22 1.49 0.58 1.04 3.70 0.68 0.00 052 0.00 1.39 0.06 0.00 0.00 0.87 018 8.5
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Table 5-5 ED5 analyses 01 decreprta,e reaklues tram quartz-hos1ed nuid inclusions (leMes)

Sample Type Ca Na K Fe Ba CI S Si AI Mg Sr La Ce P ...li!... ~ Charge

Na+K Cl

CIIt.%C.............)
fm-10 LV 0.77 654 018 000 0.00 1293 2.24 7684 006 000 000 0.00 0.00 0.00 0.97 0.17 -6.9

Fnt-l0 LV 0.84 7.90 0.52 0.73 0.01 13.43 253 7403 000 0.00 000 000 0.00 000 OJM 0.19 -5.5

Fm·l0 LV 085 12.53 130 0.38 0.00 19.49 109 6247 188 0.00 000 0.00 001 000 0.91 0.06 -5.6

Fm-10 LV 0.14 969 040 057 000 12.83 092 7528 017 000 000 0.00 0.00 000 096 0.07 -2.8

Fm-l0 LV 000 8.45 0.00 0.17 088 11.41 1.60 7731 000 0.00 000 003 0.00 000 1.00 0.14 ·32

fm-l0 LV 015 2.05 0.01 0.10 0.02 260 0.09 9410 000 000 000 0.02 001 000 1.00 0.03 "'()5

fm-l0 LV 033 7.93 0.15 0.30 0.00 7.94 038 8201 031 0.00 000 0.02 0.01 000 0.98 0.05 03

Fnt-8 LV 042 727 000 0.24 0.00 1367 0.78 7756 000 000 0.00 0.03 0.03 000 1.00 0.06 -65

fnt-8 LV 019 6.80 001 000 0.00 1106 142 77 51 265 0.00 0.00 000 000 000 1.00 0.13 -49

Fnt-8 LV 066 16.23 0.15 0.59 0.00 20 10 701 5471 008 0.00 000 0.02 0.00 000 099 035 -66

fnt-8 LV 0.28 1812 029 0.02 024 2188 372 5543 000 0.00 0.00 001 001 000 098 0.17 -51

fm-B LV 0.83 12.05 203 000 0.15 18.12 075 6559 0.00 0.00 0.00 006 004 000 086 0.04 -3.9

Fnt-8 LV 0.10 766 000 1.14 000 7.96 027 8282 000 0.00 0.00 000 003 000 1.00 003 0.2

Fnt-3 LV 187 196 000 0.02 0.10 265 1.27 9110 000 036 000 001 0.00 0.00 100 048 ~3

Fm-3 LV 191 073 042 0.4' 0.00 1.37 030 9378 000 058 000 0.00 0.01 000 0.63 0.22 0.8
Fnt·3 LV 113 224 000 022 000 331 000 9310 000 000 000 000 0.00 000 100 0.00 -0.4
fm-3 LV 168 182 0.11 000 000 242 000 9289 000 000 0.00 000 0.01 000 094 0.00 04
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Discussion

Flnid Types

In arder ta unravel the fluid history ofthe Amba Dongar carbonatites, it is first

necessary ta determine the parageneses ofthe various inclusion types observed. The

extreme diversity and lack ofany spatial distribution ofprimary inclusions within a

single apatite crystal poses an interesting problem. Six types of inclusion comprising two

types ofsolid inclusions (Palmer and Williams Jones, 1998, Chap. 4) and four types of

aqueous fluid inclusions can exiSl over areas ofonly tens ofsquare microns within

apatite. The aqueous inclusions can be divided into four groups based on physical

characteristics, LV, VL, LVS and LVMS. Temperature and compositional information

for these fluid inclusions support the divisions and provide much more accurate criteria

for the discrimination of fluids than is possible petrographically. Only LV and VL fluid

inclusions are hosted by calcite and by quartz overgrowtbs in feuites. However, the

origin ofcalcite-hosted fluid inclusions is uncenain, and these inclusions are therefore

not considered in the following discussion.

In apatite, ail fluid inclusions appear to be primary and to have been trapped pene­

contemporaneously, however, the wide range ofcompositions ofaqueous fluids for

different inclusion types indicate that they could not have been trapped simultaneously.

As weU, pressures ofentrapment, based on isochoric projections ofC~·bearing

inclusions and independent temperature e&timates offluids, for different inclusion types

are tao widely separated for the respective inclusions to represent coexisting fluids. The

only alternative, therefore, is that trapping occurred over a period oftime during and

following apatite growth by primary and secondary processes. At high temperatures the

process ofannealing fractures in a fluid medium may be efficient enough to erase the

evidence ofsecondary processes, producing the observed primary relationships (Roedder,

1984).
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Fluid compositions

In addition to physical differences, the fluid inclusions also show a Bumber of

chemical differences. Perhaps the most revealing chemical dissimilarity among inclusions

is their content ofincondensible gases. LV inclusions in apatite contain no measurable

quantities of COz. whereas VL, LVS and LVMS inclusions contain appreciable

concentrations ofC(h. The C(h-bearing inclusions can be further distinguished on the

basis of gas phase composition. In VL and LVMS inclusions, the gas phase is essentially

pure COz, while in LVS inclusions it contains a mixture ofC02 with up to 0.3 XCH4

(Burrus, 1981). VL inclusions in quartz contain pure C(h, while LV inclusions are C~­

free.

The absence ofchloride-bearing phases in either LVS (birefringent minerais) or

LVMS inclusions (EDS identification) allows for the interpretation ofsalinities estimated

from microthermometric data. Temperature-salinity relationships for LV (ap), LVS and

LVMS inclusions permit clear discrimination among the three groups, although some

LVS inclusions plot within the LVMS group and may be misclassified (Fig. 5-7).

Salinities of solid-bearing inclusions show slightly higher values than those ofsolid- free

inclusions. Temperatures ofhomogenization for LV (qtz) inclusions offenites overlap

values for LV (ap) inclusions, however salinities are lower.

Further differences among the three groups are also evident in the compositions of

decrepitate residues and the nature ofthe salid minerais. The presence ofsolid phases in

fluid inclusions raises the question ofwhether they constitute trapped or daughter

mineraIs. The consistent volume proportions ofthe various solids in LVS and LVMS

inclusions suggest the latter, however, the abundance ofminerais in LVMS inclusions

makes the discrimination between trapped soüds or daughter minerais difficult. In

LVMS inclusions, these minerais cODsist of Ca-cuhonates, K-sulphate, K-Na-Al

silicates and an Fe-rich opaque minerai Unfortunately, the solids in LVS inclusions

could not be identified, however, decrepitate analyses suggest some possibilities. Three

groups of decrepitates could be distinguished based on their charge imbalance (either

positive or negative), the presence ofCa, and their S/CI and NalNa+K ratios (Fig. S-8).

114



Chapter 5 - Fluid Evolution o(Amba Dongar

Figure 5-7 Salinity versus temperature diagrams for A) apatite-hosted

(calciocarbonatite) and D) quartz-hosted (fenite) fluid inclusions.
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Figure 5-8 NalNa+K versus SICI diagram showing compositions ofdecrepitate

residues from LVS, LVMS, LV (ap) and LV (qtz) inclusions. Inclusions describe a trend

of decreasing sulphur and inereasing chlorine, with the increasing dominance of sodium

over potassium, eorresponding to the sequence LVS-LVMS-LV (ap) - LV (qtz) (path

indicated by doned line).
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Residues which have high concentrations ofCa are typically low in CI and S, indicating a

dependence orCa on some other mio~ i.e., carbonate species. Na and K are both

present in these residues, together with relatively high Al and in one case high Si. These

decrepitates represent LVMS inclusions. This is inferred from previous daughter minerai

identifications in which multiple (more than two) associated solids, sorne containing Na,

K, Al and S~ were observed. One ofthe two Ca-deficient sets consistendy shows an

excess negative charge while the other shows positive charge imbalance. NaIK and SICI

ratios aOO reflect the differences between the two groups (Fig. 5-8), with decrepitates

dominated by K and S having positive charge surplus, and those that are Na-rich and

dominated by the cr ion having a negative charge imbalance. As LV inclusions are

solid-free, and minerais identified in LVS inclusions cannot be halides (both

birefringent), it is suggested that LV (ap) inclusions are represented by the chloride­

dominated decrepitates, whüe LVS inclusions produced the Sa, K·rich decrepitates. One

ofthe solids in LVS inclusions is therefore interpreted to be arcanite, while the positive

charge imbalance suggests that the other solid is composed ofcarbonate, and in the

absence ofCa, may be nahcolite or kalicinite (IŒICÛ).

Analyses ofresidues nom LV and VL inclusions in quartz suggest that the tluids

were NaCI brines which canied significant sulfur and smaU proportions ofFe. Potassium

is present in much smaUer proportions than in other fluid inclusions, which have

NalNa+K ratios consistently above 0.9 (Fig. 5-8).

Analyses ofdecrepitate residues can be used in conjunetion with

microthermometric data to provide quantitative estimates oftluid compositions. Element

concentrations were calculated using salinities determined nom microthermometry, the

ratio ofCl concentration in analyses ta Cl concentration in fluid inclusions and the

relationship between Cl and the various cations in decrepitate analyses (Appendix 1). The

proportions ofCÛ2 and CIL were calculated using FLINCOR (Brown, 1989) and

estimated by the method ofBurrus (1981), respectively. The concentration ofHCÛ)- was

calculated on the assumption that it is the dominant species and accounts for all anion

deficiency in the decrepitate analyses.

Molal concentrations ofseleeted elements in inclusion fluids in apatite are:
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LV (ap):

LVS:

LVMS:

Chauler 5 - Fluid Evolution oCAmba Dongar

Na 1.44 K 0.17 Fe 0.05 Ba 0.008 Cl1.9 S 0.53

Na 6.13 K 10.65 Fe 0.45 Cl1.9 S 14.48 HC03- 7.86 CÛ2 >1.06 CIL <0.45

Na 4.91 K 5.25 Ca 12.62 Ba 0.08 Al 8.46 Cl 2.30 S 4.69 OC03. 11.87 CO2 3.15.

Although Ca, HCOJ· and Al have high concentrations in LVMS inclusions, the

large volume percentage ofdaughter minerais containing these components indicates that

the values are not unreasonable. The absence ofhalide minerais in inclusions suggests

that salinitYestimates are also reasonable. The ratios of ions would, however, remain the

same at any [Cil, as their values are set by decrepitate analyses and an inerease or

deerease in [Cil would only raise or lower the absolute concentrations ofother ions

accordingly.

The lack of solids in quartz-hosted inclusions simplifies the ealculation of

absolute fluld \:ompositions based on fluid inclusion microthermometry and decrepitate

residucs The l'erage molal concentrations of selected elements in quartz-hosted fluid

inclusion~ Irc

LV (qtzt

LV (qtz):

LV (qtz):

Cl 1 J Na 0.89 S 0.143 K 0.07 Ca o.os Fe 0.04 Ba 0.02

Cl 09 Na 0.66 S 0.14 K 0.02 Ca 0.14 Fe 0.02 Ba 0.004

Cl 0.6 Na 0.42 Ca 0.41 K 0.33 S 0.10 Fe 0.04 8a .01

for high, medium and low grade feoites, respeetively.

Fluid Evolution

The distinct compositiona} and temperature trends point ta the presence ofat least

three physically separate tluids during the formation ofthe Amba Dongar carbonatites.

The occurrence ofCÛ2-bearing and CÛ2-ftee inclusions at tirst glance suggests the
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possibility ofC02 immiscibility, a phenomenon which bas been shown to be more

common in geologic fluids than originaUy thought (Johnson, 1991; Duan et al., 1995).

The solws position at temperatures comparable to those ofentrapment (see below),

however, indicates that the concentrations ofeCh in LVS and LVMS inclusions, <0.02

XCÛ2 and <O.06X CÜ2, respectively, are much too low to represent the exsolution of

CÛ2-rich tluids from C~-bearing brines (Shmulovich and Plyasunova, 1993; Duan et al.,

1995). As well, the expeeted differences in salinity between the aqueous and C02

endmembers are not evident; LV, LVS, LVMS and even VL inclusions have overlapping

salinity ranges. The fluids are therefore not considered to have been in equilibrium with

each other and represent an evolutionary history ofone or more fluids.

The chemical charaeteristics of the inclusion fluids provide the strongest evidence

for the presence of an evolving orthomagmatic fluid during carbonatite emplacement at

Amba Dongar. It can be assumed that hydrothermal fluids responsible for fenitization

were exsolved during carbonatite emplacement and therefore represent an evolved fonn

of one or more parental hydrothermal solutions. Given this assumption a number of

chemical indicators can be used to describe the evolution ofthe fluids.

Figure S-9a-c are ternary diagrams representing the composition ofthe four fluids,

Lv (ap), Lv (qtz), LVS and LVMS in the Na-K-Cl, Na-K-S and CI-S-HCÛ)- systems. In

all cases, the tluids show a consistent evolutionary trend, from least evolved to MOst

evolved, ofLVS~LVMS~LV (ap) ~LV (qtz). In figure S-9a this sequence corresponds

to a trend of increasing NaIK with inereasing C~ while in figure S-9b the sequence is

marked by a trend ofdecreasing S with mereasing NaIK. The same sequence offluids is

repeated when Cl and Sare compared to HCû)-. Figure S-9c shows that LVS tluids

evolve to LVMS tluids by decreasing S and inereasing HCOJ- at relatively constant Cl,

and then decreasing HCÛ)- and increasing Cl.

Locations of fluid inclusion populations on a T-Salinity diagram also provides

evidence ofevolving hydrothermal tluids. In Figure SalO it can be seen that the slope of

the trend for LVMS and LV(ap) inclusions continues through to the LV (qtz) inclusions

ofhigher homogenization temperatures. A sharp decrease in salinity ofLV (qtz)

inclusions, however, occurs over the lower temperature range and corresponds to lower

grades offenitization. This may be a resuIt ofdilution and cooling of tluids through
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Figure 5-9 Ternary diagrams showing compositional trends of apatite- and quartz-

hosted tluid inclusions in calciocarbonatite and feDite, respectively, The sytems A) Na-K­

er and B) Na-K-S, and e) cr, S and HeÛ)·,
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Figure 5-10 Temperature versus salinity diagram for apatite- and quartz-hosted fluid

inclusions showing an inferred fluid path for LVMS and LV (ap) fluid inclusions (dotted

Une). LVS inclusions are not part ofthe proposed path as isochoric corrections place

them at higher pressures than either LVMS or LV (ap) inclusions.
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interaction with surrounding meteoric waters which would have effectively haked

fenitization. This is confirmed by decrepitate analyses of low grade fenite-hosted

inclusions (Fnt-3, Table 5-5) which indicate bigber Ca concentrations and low formation

temperatures «200°C), conditions similar to those determined for meteoric tluids by

Palmer (1994) which were, in part, responsible for tluorite mineralization. The LVS

inclusions, although represented on the graph are not involved in this particular fluid

path. Isochoric projection ofLVS inclusions indicate that they were formed at

significantly higher pressures than LVMS or LV (ap) inclusions (see below).

Pressure and Temperature

Estimation ofpressure and temperature conditions ofevolving tluids is difficult.

Earlier analyses ofthe stratigraphie location ofthe Amba Dongar carbonatites and CÜ2

content oftluid inclusions by Palmer and Williams-Jones (1996) has shown that

emplacement ofthe carbonatite was at shallow depth corresponding to pressures between

75 and 100 bars. Average homogenization temperatures (Th) were determined to be 335,

521 and 254°C, for LVS, LVMS and LV(ap) inclusion~ respeetively. Ifit can be

assumed that tluid trapping occurred during or after final emplacement ofcarbonatite,

then the trapping temperatures are roughly equivalent to the homogenization

temperatures. However, because ofthe low pressure the Th values ofLVS inclusions are

much lower than expeeted, given that they represent the initial fluid and would have been

trapped at near magmatic temperatures. Il therefore follows that they were trapped al

relatively high pressure~ ie., before emplacement ofthe carbonalites. Although

homogenization temperatures ofLVMS inclusions are within the range ofthe currently

accepted eutectic temperatures for synthetic cubonatites in the system CaQ-CÜ2-020

(Wyllie, 1989), it is likely that they were somewhat higher, ie., that LVMS inclusions

were also trapped at much higher pressures than those of final cubonatite emplacement.

The same argument was used by Andersen (1986), Poutiainen (1995) and Samson et al.

(1995a) to explain low homogenization temperatures ofprimary tluid inclusions in

apatite for other complexes.
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In arder to reüably estimate pressure fram fluid inclusions, temperature data must

be evaluated independently. Studies by Palmer and Williams-Jones (1998, Chap. 4) of

mett inclusions in apatite hosting the tluid inclusions indicate eutectic temperatures of

approximately 700°C for calciocarbonatite and üquidus temperatures in the range 1050­

IISOoe. It is therefore reasonable to conclude that the exsolution oforthomagmatic tluid

would have taken place between these two temperatures, ie., after significant

crystallization but before complete soüdification ofthe magma. Assuming that this

temperature was below 1000°C, the corresponding pressures would have been less than

12.5 Kb (Fig. 5-11). This pressure is equivalent to a depth ofapproximately 35~

indicating that entrapment occurred near the base ofthe crust.

Figure S-11 describes a probable P-T path followed by the tluids ailer exsolution,

and the predicted sequence oftrapping of tluid types along this path. Based on this

reconstruction, the earüest aqueous Ouids were ofthe LVS type, and were trapped at

temperatures between 900 and 1000°C and at pre~'"UI'es between Il and 12.5 Kb. The

rapidly ascending LVS tluid eventually intersected isochors for LVMS inclusions at an

estimated maximum temperature of 875°C and a pressure of8 kbars. With

decreasing pressure and temperature the evolving fluid traversed the conditions under

which LV (ap) inclusions were trapped, estimated by the melt inclusion eutectic

temperatures, to be <4 kbars and <650°C, and eventually intersected the pressure­

temperature conditions offenite formation, at <500 bars and <262°C, respectively.

Fluid Model

From the physico-chemical conditions discussed above, it is proposed that

exsolution ofan aqueous tluid at Amba Dongar occurred at temperatures between 900

and 1000°C and pressures approaching 12.5 Kb, equivalent to a depth ofapproximately

3Skms, and was recorded by trapping ofLVS inclusions. 'Ibis early formed fluid was

s- and K-rich and contained significant Na, Fe, HC~·, CÛ2 and CIL. Although cr was

not the dominant anion in solution, it was present in sufticient quantities for the tluid to

be considered a moderate salinity briBe. The subsequent evolution ofthis fluid was

towards higher HCÛ3· and C02 concentrations and lower S, K, Na, Cl and Fe
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Figure 5-11 lsochoric projection ofLVS, LVMS, LV (ap) and LV (qtz) fluid

inclusions. The heavy dotted line represents the assumed p.T path ofthe melt based on

melt inclusion studies from Amba Dongar by Palmer and Williams-Jones (1998). The

lighter dotted line represents the possible path ofthe fluid based on tluid inclusion

homogenization and assumed melt temperatures. Isochores for the NaCI-H:zo-C~ and

CO:z-free systems were calculated using FLINCOR (Brown, 1989). The maximum

temperature oftrapping was estimated ftom melt inclusion studies ofPalmer and

Williams-Jones (1998).
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Chapter 5 - Fluid Evolution ofAmba Dong01'

concentrations as recorded by LVMS inclusions, which were probably trapped at

temperatures and pressures below 87SoC and 8 Kb, respectively. The most

distinguishing features ofthe fluid at this stage were that it contained high concentrations

ofCa and was CIL-free, the latter indicating a change in tluid composition towards a

higher oxidation state. The fol1owing reactions can be used to explain the changes which

are inferred to have t&ken place in the tluid:

H20 + CÛ2 <av +-+ HCÜJ- + If (3)

With saturation ofCÛ2 in tluids represented by LVS inclusions, the loss ofCO2

(g) effectively reduced Ca. concentrations through Reaction 1. VL (ap) inclusions are

inferred to represent entrapment ofthe escaping volatiles. The escaping CÛ2 would alsa

have had the effeet ofdriving Reaction 2 to the right, producing additional Ca2
+, and with

decreasing temperature the C(h would have reaeted with H20 to produce RCO]· via

Reaction 3. The acidity required to drive these reactions could have been produced by

the oxidation ofthe S-bearing LVS tluid through Reaction 4, or through the

disassociation ofspecies due to decreasing temperature. The increasing NaIK ratio from

LVS to LVMS inclusions may indicate progressive reaction ofthe fluid with wall rocks

as the magma ascended, ie., fenitization at depth. This potassic metasomatism would

have acted to drive tluid compositions toward higher NaIK ratios, which is supported by

the most evolved fluids, ie., those trapped as LV (ap) inclusions, which have NaIK ratios

greater than unïty.

The marked reduction in Ca, HCÛ)·, CÛ2, and most other ions from LVMS to

LV(ap) fluids was probably caused by continued reaetion ofwall rocks as weB as the

crystallization and removal ofthe Ca-, Na- and K-bearing mineraIs, observed in LVMS
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inclusion~ as the evolving aqueous fluid cooled. These two processes could have

effeetively increased NaIK ratios and reduced the overall content ofdissolved species to

produce fluids which were trapped as LV (ap) type inclusions. The upper ümits of

temperature and pressure under which LV(ap) inclusions were trapped are constrained to

have been below the lower estimate ofconditions for LVMS inclusions «650°C and <4

Kb), while the lower ümits would have intersected the field of fenitization «500 bars,

<260°C). At shallow depths the reaction ofthe more evolved f1ui~ represented by

LV(ap) inclusions, \\ith quartzitic sandstone caused extensive growth ofpotassium

feldspar at the expense ofquartz which severely depleted the fluid in its remaining K and

AL creating high Na/K ratios in the fluid. These fluids were trapped as LV (qtz)

inclusions and became progressively less concentrated with distance from the intrusion.

The outer limit offenitization was marked by interaction ofthe carbonatite-derived tluids

with Ca-bearing meteoric waters, which diluted them further and re-introduced Ca. The

temperaturc banier. formed by the meteoric water ceU, stopped fenitization from

pro!!n:,~in~ tunher.

ConciulioDs

Fluid inclusions trapped by apatite and calcite in calciocarbonatite and quartz of

potassi~ reDites of Amba Dongar record the complex evolution ofan orthomagmatic fluid

exsolved from carbonatite magma. Three types offluid inclusion were observed in

apatite and consist ofLVS inclusions, which contain liquid, vapour and up ta two solids

(arcanite, nabcolite?), LVMS inclusions containing Iiquid, vapour and more than two,

and up to tive, solids (calcite, ankerite, arcanite, nahcolite?, Fe-oxide) and LV inclusions

which contain only liquid and vapour. In calcite andq~ inclusions are limited to LV­

types.

LVS inclusions represent the first tluid exsolved by carbonatites, and were

trapped at temperatures between approximately 900 and 1000°C and pressures between

11 and 12.5 Kb, correspondîng to depths of3O-35 kms. Later tluids consisted, in order of

trapping, ofLVMS and LV(ap) types and were trapped at pressures <8 Kb and <4 Kb

«22 and <11 kms), respectively and temperatures between 650 and S7S0C and 300 and
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650°C. Temperatures offenitization, based on the homogenization ofLV inclusions in

quartz, decreased with increasing distance ftom the intrusion, starting at approximately

260°C for higher grade fenites and declining to 120°C for the lowest grade feDites.

Pressure conditions offenitization were less than 500 bars and probably closer to 100

bars (Palmer and Williams-Jones, 1996), corresponding to depths of< 1.5 km.

Based on decrepitate analyses and bulk salinities, early aqueous fluids,

represented by LVS inclusions, had moderate salinity (IS-4 wt.% NaCI-KCl), were K­

rich, Na- and Fe-bearing, and contained high concentrations OfS04
2
- and lesser HCÛ]­

and cr. Carbon dioxide was the main dissolved gas species and was accompanied by

minor Methane. During ascent, the fluids evolved towards lower K, Na, Fe and S

concentrations, lower salinities (12-6 wt.% NaCI-KCl), higher /02 (loss ofCR.) and

higher concentrations ofCa, HC03-and CO%. LV(ap) inclusions represent the final stage

in the evolution ofthe Ouid in equilibrium with the carbonatite magmas. This stage was

marked by an increase in the concentration ofNa relative to K and a greater anionic

dependence on cr, although the salinity range was lower (11-3 wt.% NaCI). Sulphur was

present in much lower concentrations and CÛ2 was absent.

The reaction ofthe aqueous tluids, represented by LV(ap) inclusions, with

sandstones surrounding the complex removed appreciable quantities ofK, S and Ca, from

the Ouid, and resulted in much higher Na/K ratios. The salinities ofthese fluids,

determined from LV (qtz) inclusions, were lower (8-1 wt.% NaCI eq.), and decreased

with mcreasing distance from the margin ofthe intrusion.. Approximately 150m from

the contact, fenitization was efJeetively halted by dilution and cooling offenitizing Ouids

through interaction with Ca.bearlng meteoric tluids.
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Bridge to Chapter 6

In the previous chapter, the PTX conditions ofaqueous fluids exsolved ftom

carbonatite were determined by microthermometric experiments and decrepitate analyses

ofprimary fluid inclusions. In Chapter 6, the compositions offluids responsible for

fenitization are inferred ftom mass balance calculations based on analyses ofbulk rock

composition and compared to those ofthe tluid types discussed in Cbapter S. This

method ofdetermining fluid composition is particularly useful for trace clements and

REE, which are typicaUy in low concentrations, and are not reliably obtained frOID fluid

inclusion analyses. The quantification ofthe mass changes which accompanied

fenitization allowed for the calculation orthe water-rock ratio, based on the amount of

quartz removed and sillca solubility at the conditions of fenitization. This, in tum,

permitted the concentrations ofthe trace elements and the REE in the fluid to be

detennined by supplying the multipHer needed to extract these data from the mass

changes experienced by the fenites.
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Abstract

The Amba Dongar complex, India, consists ofa carbonatite ring structure which

was introded ioto Deccan basalts and Late Cretaceous, quartz-rich (>96 wt. % Si02)

sandstones orthe 8agb formation. The aqueous tluids exsolved during crystallization of

the carbonatite were responsible for intense fenitization ofthe surrounding sandstone,

manifested as the replacement ofquartz by potassium feldspar.

The quartz-rich nature ofthe sandstone precursor facilitates the characterization

of feoites, and permits accurate estimation ofthe mass exchanges that occurred between

sandstone and fenitizing tluids. Mass balance calculations based on Gresens' (1967)

volume factor method and the isocon method ofGrant ( 1986) indicate that fenitization

was accompaoied by significant losses of Si and additions ofK,~ Ca, Ba, Fe, La, Ce, F,

Rb, Sr, Y and HREE. Given the precursor composition, mass additions must necessarily

have come nom tluids, and this suggests that carbonatite-derived hydrothermal fluids

contain significant ~ Al, Ca, Ba, Fe, f, Rb, Sr, Y and REE, particularly the LREE.

Water-rock ratios calculated from the solubility ofsilica under the conditions of

fenitization and mass balance estimates of SiÛ2 loss indicate that a minimum of72.2

litres ofsolutionllOOg ofroek was required ta produee bigh grade fenites (W/R =722).

Calculations based on the feldspar hydrolysis reaetion and the volume ofwater required

for fenitization indicate that a minimum of 1.2 x lO-8m ofdissolved Al was present in the

initial fenitizing solutions. By contrast, ealculations based on the mass ofAl added

during alteratioD and the water/roek ratio, indicate that the minimum concentration ofAl

in the fenitizing tluid was 1.6 xiO·lm. This latter value is considered a more reasonable

estimate of the true concentration ofAl in the tluid. Concentrations oftrace elements and

REE calculated using mass changes in conjunetion with the water-rock ratio yjeld values

comparable to those reported for geothermal waters in alkaline igneous settings.

Introduction

The almost ubiquitous presence ofmetasomatie alteration haloes surrounding

carbonatites provides an indirect method ofstudying carbonatite-derived 8uids through
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their interaction with country rocks. Large volumes of literature have been published on

this fenitization (McKie~ 1966; Cume and Ferguso~ 1971; Kresten and Morogan, 1986;

Viladkar~ 1986; Wyllie~ 1989; Roelofsen, 1997). However, onlya few studies have

quantified mass changes (Palmer and Williams-Jones, 1998b, Chap.8; Morogan 1994),

the others being restricted to qualitative descriptions ofthe mineralogical and gross

chemical changes offenites.

Compatisons ofthe major and trace element compositions offenite and its

unaltered equivalent can be used to quantify the exchanges ofmass between rock and

fluid by performing simple mass balance calculations (Gresens~ 1967; Grant, 1986). This

method makes it possible to determine the true gains and losses ofelements during

fenitization possible by taking into account mass or volume changes which accompanied

the alteration.

This paper uses feDites ofthe Amba Dongar comple~ India to reconstmet the

compositions ofaqueous tluids which were responsible for potassic fenitization ofthe

surrounding country rocks. These intrusions are in an ideal setting in which ta study

tluids generated by carbonatite magmatism owing to the raet that they are hosted by

sandstone containing >96 wt.% SiÜ2. This simple mineralogy ofthe precursor enables

the mineralogical and chemical changes that accompanied fenitization to be quantified

with unprecedented accuracy.

Geology

The Amba Dongar alkaline complex was intruded into the western part ofthe

Deccan province, India during the Late Eocene (Fig. 6-1) and is temporally and spatially

associated with Deccan volcanism (Karlwe and Srivistava, 1989; Simonetti et al., 1995).

The complex is hosted by Deccan tlood basalts as weU as quartzitic sandstones and

limestones ofthe Late Cretaceous 8agb formation.

The complex is dominated by a carbonatite ring structure SUJTounded by

numerous syenitic intrusions. Emplacement ofcarbonatite was initiated as an injection of

tluidized calciocarbonatitic liquid wbich formed a carbonatite breccia, and was foDowed

by intlUsion ofthe main outer ring ofcalciocarbonatite. In the western halfofthe ring,

134



Chapter 6 - Fenitization at Amba Dongar

Figure 6-1 The geology ofthe Amba Dangu complex and surrounding area

(modified from Deans et al, 1972).
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numerous small plugs and dykes ofankeritic ferrocarbonatites were, in tum, emplaced

aiong the outer margins ofthe calciocarbonatite. During the waning stages ofcarbonatite

magmatism, tluids were exsolved trom the crystallizing carbonatites and were

responsible for the formation ofa weil developed feDite aureole in the sandstones

surrounding the complex as well as deposition ofeconomic quantities of tluorite within

carbonatite (11.6 Mt., 30% CaF2) (Deans et al., 1973; Palmer and Williams-Jones, 1996).

Carbonatites

Calciocarbonatite at Amba Dongar is composed ofmedium- to coarse-grained

calcite occuning as an interlocking arrangement ofequigranular crystals. Porphyritic

varieties ofcalciocarbonatite, consisting ofcoarse euhedral calcite crystals set in a finer

grained calcitic matrix, occur local1y. Accessory minerais are common, and consist of

ubiquitous apatite and local disseminations ofpyrochlore and fluorite.

The plugs and dykes of ferrocarbonatite, which were intruded during the last

stages ofcarbonatite magmatism, are fine--grained, red-coloured and are predominantly

composed ofankerite. Locally, pseudomorphs ofhematite after magnetite can make up

to 50% ofthe rock. Accessory mineraIs include, in decreasing order ofimpottance,

barite, fluorite, monazite, bastnaesite and pYr0chlore.

Bagb Formation

Unaltered Late Cretaceous 8agb sandstones and limestones surround the complex

to the east, we&t and BOrth. In the vicinity ofthe comple~ sandstone consists almost

entirely ofquartz (>96 M.% Si02) with grains ranging in size ûom that ofsilt to those of

small pebbles. Quartz grains are subround to round with irregular grain boundaries and

are generally weil sonecl

Limestone oecurs to the nonhwest ofthe ring and is separated nom carbonatites

by sandstone. It is composed ofthinly to moderately bedded mar~ which displays gentle

folding.
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FeDites

Potassic, sodic and sodic-potassic fenites have been reported trom Amba Dongar

(Deans et al., 1972; Viladkar, 1986; Roelofsen, 1997). In earlier studies only the potassic

feDites, which are exposed on surface, were descnoed. However, sodie and sadie­

potassic feoites were later located during diamond drilling in the nonhem portion ofthe

ring. The precursor in all cases was originally thougbt to have been quanzitic sandstones

ofthe 8agb Formation (Viladkar, 1986), however, fenitized examples ofvolcanic and

plutonic ijolitic rocks are DOW known (Roelofse~ 1997)

Potass;c Fenites

Potassic fenitization occors along the western, n~rthem and castem margins ofthe

ring complex in the surrounding sandstones and deereases in intensity with increasing

distance fram the carbonatite. The highest grade reoites are composed almost entirely of

microcline and orthoclase (up to 90°4»), the former minerai being predominant

(Roelofsen, 1997). Microcline oecors as subhedral, tabular crystals whicb preserve the

grain-size ofthe original rock, while orthoclase crystals are more poody formed and

enclose significant quantities ofdisseminated sericite. The grain size, bowever, is

similar. Minor proportions ofeouse muscovite occur along both quartz-quartz and

quartz-feldspar boundaries and rare albite grains can be found interspersed among K­

feldspar crystals. Much ofthe quartz in renite appears more ragged than that in the

unahered sandstone and almost invariably contains fine, petVasîve fractures. In some

cases, however, reliet quartz grains have been manded by a sheD ofeuhedral quartz,

imparting a hexagonal farm to the grains.

Sodic Fenita

Sodie and sodie-potassic feoites have been observed only in deeper sections ofthe

complex and are classüied into three groups based on mineraJogy (Viladkar, 1986;
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Roelofsen, 1997). The most sadic variety is referred to as ultrasodic fenite, and consists

ofan assemblage ofanhedral to subbedral albite with minor reüct quartz and rare, fine­

grained aegirine-augite (Viladkar, 1986). Sodic fenite, which bas only been found in one

location, is composed of albite (greater than 50%), subordinate aegirine-augite and relict

quartz grains (Viladkar, 1986). The third group is represented by sodie-potassic fenites,

and has been subdivided into two sub-types comprising an orthoclase-aegirine-apatite­

calcite variety and a microperthite-aegirine-augite-orthoclase-albite variety. It has been

proposed, based 00 feldspar mineralogy (Viladkar, 1986), that the assemblage containing

orthoclase is lower temperature and therefore related to carbonatite-derived hydrothermal

fluids white the microperthite-orthoclase-albite assemblage represents higher

temperatures and was formed by aqueous tluids exsolved ftom an unexposed ijolite. The

precursor to sodic and sodie-potassic fenites was originally thought to be the quartzitic

8agb sandstones (Vüadkar, 1986), however, Roelofsen (1997) bas shown that MOst

samples ofthese fenites were originaDy ijolite.

Alteration Chemistry

The major, trace and rare earth element compositions ofsamples ofaltered and

unaltered sandstooe were analysed in arder to evaluate mass changes that accompanied

fenitization (Table 6-1). Major elements were analysed by X-ray Fluorescence (XRF)

while trace element and rare earth element (REE) concentrations were determined by

XRF and Instrumental Neutron Activation Analysis (INAA).

Figures 6·2 and 6-3 show the concentrations ofselected major and minor

elements, respectively, plotted versus the concentration ofSi02, an indicator ofalteratioo

intensîty. As might be expeeted, Si<h content decreases towards the complex, i.e., with

increasing intensity ofalteratioD. This is alsa readily apparent in normative minerai

calculations (CIPW, Newpet) ofprogressively fenitised rock which show a large decrease

in quartz towards the complex (Fig. 6-4).

Major element plots (Fig. 6-2) show, not surprisingly, continuous increases in

Al20 3 and K20 with decreasing Si(h, while the content ofNa20 rises only süghtly, and

remains effectively constant in the more intensely fenitized sandstone. The
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Figure 6-2 Major element compositions ofprogressively fenitised Bagb sandstone

(indicated by decreasing concentration ofSi02).
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Chapter 6 - Feniti:ation at Amba Dongar

Figure 6-3 Minor element compositions ofprogressively fenitised 8agb sandstone

(indicated by decreasing concentration ofSiÛ2).
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ChaRter 6 - Feniti=ation al Amba Dongar

Figure 6-4 Normative mineralogy ofprogressively fenitised Bagh sandstone.
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Chapter 6 - Fenitization at Amba Dongar

concentrations ofeaO and F~ÛJ also rise sharply, but only where alteration is the most

intense. The MgO and fluorine contents are essentially constant (The MgO concentration

is below detection) except in the most altered renite, which is strongly enriched in these

components (Figs. 6-2 and 6-3). Rubidium concentration, like that ofK10, increases

steadily with increasing degree ofalteration while Ba behaves similarly to Ca, with only

slight increases in peripheral fenites and sharp increases in samples proximal to the

carbonatite intrusion (Fig. 6-3). Nb displays a trend ofincreasing concentration with

increasing intensity ofalteration, but is not enriched to the same degree in the high grade

fenite as other elements.

The concentration ofla (representing the LREE) shows a relatively steady

increase with increasing degree offenitization (Fig. 6-3). By contrast, Y, which is a

surrogate to the HREE has a low, and essentiaUy unchanged concentration in aU samples

except for the highest grade feDite in which it is highly enriched.

Chondrite normalized REE profiles of feDites are LREE enriched and lack a Eu

anomaly (Fig. 6-5). The most elevated LREE values occur in the highest grade fenites

and REE content consistently increases with increasing intensity of fenitization.

However, HREE distributions are more inegular with some higher grade fenites having

lower HREE contents than lower grade renites.

Mass Balance

The isocon method ofGrant (1986) and Gresens' (1967) volume factor method

were cbosen to illustrate and calculate mass exchanges which occurred between unaltered

Bagb sandstone and fenitizing tluids. For this purpose it is necessary to identify an

immobile element or assume a volume factor.

Selecting an immobile element is inherently ditlicult in clastic sedimentary rocks

because ofthe heterogeneous distribution ofdetrital grains, particululy zircon and rutile.

This produces large variations in the precursor concentrations ofa number ofpotentiaUy

immobile elements, and coupled with the extreme reactivity ofcarbonatite fluids, poses

an almost insurmountable problem in identifying volume changes between altered and

unaltered sedimentary rocks. However, the simple nature orthe precursor, almast pure
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Chapter 6 - Fenitiza!ion at Amba Dongar

Figure 6-5 Chondrite-normalized rare earth element (REE) profiles for unaltered and

altered 8agb sandstone, where Fnt-l is unaltered sandstone and Fnt-12 is the most

strongly fenitized sample.
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Chapter 6 - Fenitization al Amba Dongar

quart~ and the uncomplicated nature ofthe alteration, replacement ofquartz by

potassium feldspar, allows volume changes to be roughly estimated thereby fixing

isocons. Petrographie studies ofunaltered and altered sandstone show that there were no

changes, other than mineralogical, which would have compromised volume relationships

(e.g., porosïty). Based on the densities ofquartz and microcline, the volume difference

between the quartz-rich host rock and a feoite which bas undergone complete

replacement by potassium feldspar is, at most, 4%.

Rougit correlations between common immobile elements, sucb as Ti and Cr, and

y and Th, also support the assumption ofminor volume changes. However, in 8agb

sandstone, the distn'bution ofthese elements is very heterogeneous because oftheir

concentrations in beavy minerais and this is refleeted in volume factors based on best fus

of isocons to immobile clements (no volume change in low grade feoite and up to 38%

volume loss in higher grade fenites). Therefore, volume changes are better estimated

petrographically. As well, the assumption ofneu volume for volume replacement errs

on the side ofcaution and produces values which can be considered minima.

Isocon diagrams for seveD progressively fenitised 8agb sandstones are presented

in Figure 6·6. These samples represent a section oriented perpendicular to the

sandstone/carbonatite contact and extending approximately 1SOm from the contact to

allow the full speetrum ofrcoite grades ta be charaeterized. The solid tine on each graph

represents an isocon of slope MAtMJ, and is defined by the largest number ofpotentially

immobile elements. This tine relates to Gresens' (1967) volume factor through the

equations:

and

(âCïlC~) =(MAtMJxc1/C~) -1 (2)

and, finally
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Chapter 6 - Fenitization al Amba Dongar

Figure 6-6 Isocon digrams for six progressively fenitized Bagb sandstones (Fnt-3, 7,

8, 10, Il, 12) versus unaltered sandstone (Fnt-l) (c.r. Grant, 1986). Elements which plot

above the dotted line (isocon) were added and those which plot below were removed

during fenitization. The line of constant volume (lighter dotted line) is plotted for

reference.
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where M is mass, Ci is the concentration ofelement ~ pis specifie gravity, Iv is the

volume factor and A and 0 are the ahered and original rocks, respectively. Elements

above the line have undergone mass gains during fenitization, while those below have

been depleted. The isocons in samples Fnt-3 and 8, Fnt-IO and Il and Fnt-12 correspond

to mass factors of0.99, 0.98 and 0.97, respectively, and therefore mass losses of 1, 2 and

30/0. Results ofmass change calculations are given in Table 6-2.

Mass IOlses

During fenitization, Si<h underwent the greate&1 mass loss, and the largest

absolute mass change with 0.9 to 36 g of SiÛ2 removed per 100 8rock. Although the

precursor consisted almost entirely ofquartz, other elements were present in small

proportions and their mass changes can also be determined. CaO undelWent losses of

between 2000 and 2700 pp~ corresponding to changes of -74 and -100% ofthe initial

concentration of2700 ppm, but only in the lower grade fenites. Ta and Co experienced

minor losses that were independent of the intensity offenitizatioD. The same is true for

Zr and Sc, except in the high grade fenites where there was a large gain in Zr (1842 pp~

Fnt-II) and a small gain in Sc (8 ppm, Fnt-12). Sc and Ta gains are within the range of

acceptable error, howeverthe Zr gain is unexpeetedly large and is probably an artifaet of

an anomalously high primary concentration ofdetrital zircon.

Mass Gains

The replacement ofquartz by feldspar during fenitization at Amba Dongar

requires that there was addition ofK20 and AhÛ3 to the unaltered sandstones. These

elements show gains between 0.9 and 12 gllOOInxt compared to a concentration of 0.06

gllOOg in the unaltered rock, and 1 and 14 gllOO 8ro:k, compared to a concentration of

O.18g1100g in the precursor, respectively, with the larger additions corresponding to

higher degrees offenitization. B.O and F show gains ranging ftom 745 to 12 172 ppm

and 21 to 2 957 ppm, respeetively, compared to concentrations in the precursor of82 and

130 ppm, while CaO shows significant inereases, 0.76-1.81'1008 in the mid to high grade
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feuites, compared to the original concentration of0.27 g/100g. Rb and Sr show large

mass gains in all samples, 21-233 ppm and 18-1 100 ppm, respeetively, when compared

to initial concentrations in the precursor of2 and 9 ppm Although Th was lost in the two

least altered samples, fnt-3 and Fnt-7, it was gained (1-60 ppm) in ail other feoites. AlI

REE experienced mass gains, in all samples, with the largest gains being recorded by La,

Ce and Nd, with values of 165, 1 325 and 87 pp~ respeetively, in the highest grade

feoite. These gains are well above the initial concentrations of La, Ce and Nd in

unaltered sandstone of7, 12 and 10 ppm, respectively.

Discussion

As mentioned above, the quartz-rich nature ofBagh sandstone permits accurate

estimations ofthe mass exchanges which occurred between rock and fenitizing fluids.

An important feature of fenites is that they yield valuable information on the trace

element contents of fenitizing tluids, data which are difficult ta obtain with any accuracy

from tluid inclusion studies.

Mass Changes During FenitizatioD

Mass balance calculatioDs for fenitized sandstone confirm that there were major

additions ofK20, Ahü), Ft:203, Ba, and significant additions ofLa, Ce, F, Rb, Sr, Y, and

HREE, and that the sizes ofthese additions ta sandstone increased with increasing

intensity of fenitizatioD. The addition ofCa occurred only in higher grade fenites (Fnt­

10,11,12) and Na, althougb conSÎstendy added, was not present in significant

concentrations, and showed no evidence ofincreasing concentration, with increasing

intensity offenitization. SiÛ2 is the only component which underwent consistent, and

progressive, lasses with inereasing degree ofalteration, and in raet experienced the

greatest mass transfer ofaU components (-39 glIOO8rock, Fnt-12). Magnesium was only

detected in the highest grade fenite (Fnt-12), and only a limited concentration (0.69

wt.%).
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The quartz-rich composition ofthe ftesh sandstone (almost 98 wt.% Si(2) used in

the calculations requires that all elements added during fenitization were almost entirely

introduced by the fenitizing fluids. Although Ca was a signifieant component ofthe

fenitizing fluids, it was quick.ly removed during the initial stages ofaheration, probably

due to tluorite precipitation (Richardson and Rolland, 1979). Sodium, a major element

in the fenitizing fluids (Palmer and Williams-Jones, 1998a, Chap. S), was not added in

significant amounts to rocks. This is consistent with the absence ofalbite and can be

explained by the relatively low temperature ofthe fenitization, <300°C (Palmer and

Williams-Jones, 1998a, Chap. S). At 300°C, a KlNa ratio of<O.1 is required to ~abilize

albite based on calculations using SUPCRT92 (Johnson etaI., 1991). By contrast, the

KlNa ratio ofthe fenitizing fluid is estimated, ftom analyses offluid inclusions by Palmer

and Williams-Jones (1998b, Chap.5), to have been =::0.2. The stable alkali feldspar for

this tluid composition at 300°C is microcline with a composition> Or95 (Rubie and

Gunter, 1983)

Water-Rock Ratios

The removal oflarge amounts ofquartz ftom sandstones during fenitization

indicates that the tluid was extremely undersaturated with respect to sillea. Maximum

water-rock ratios can therefore be determined for the alteratioD ifthe solubility ofquartz

is known al the conditions of fenitizatio~. Quartz solubility is dependent almost entirely

on temperature, except at high pH (>8) or high ionie strengths (>3 molai NaCI; Rimstidt,

1997). Fluid inclusion studies offenites by Palmer and Wi1liams-Jones (1998b, Chap. 5)

have determined the temperatures under which a number of renites formed as a function

ofdistance from the earbonatite. Approximately 2Sm ûom the margin ofthe intrusioD,

the temperature ofthe fenitizing fluid was approximately 260°C, an~ could not have

been greater than 320°C beeause the confining pressure was =s100 bars and there is no

evidence ofboiling (lloedder, 1984). Thermodynamic calculations (Johnson et al, 1991),

based on a temperature of300°C, indieate that fenitizing fluids eould contain op to

O.009~ or 54Oppm, SiÛ2(aq). Therefore, the removal of39 glI008rock, or 390 OOOppm, of

SiÛ2 ûom sandstone during the formation ofhigh grade feDite, determined from mass
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balance calcu1ations, would require a water- rock ratio of722. However, it must be

remembered that inherent in this calculation ofwater/rock ratios are assumptions that the

initial fluids were silica-free and that the removal ofquartz by dissolution occurred at

100% efficiency. The tirst assumptio~ although probably not entirely valid, is

reasonable given the source ofthe fluid, Le., a carbonatite magma largely devoid of

silica. The second assumption is also considered reasonable as the unaltered rocks

consisted almost entirely ofquartz, and the kinetics ofquartz dissolution al high

temperature (>200°C ) are rapid, Le., equilibrium is quicldy attained (Mountain, 1992;

Rimstidt, 1997).

Calculated Fluid Composition

On the basis ofthe mass balance calculations presented earlier, the principal

elements added to the sandstone during fenitization were K and Al. The concentration of

K in the Ouid \\as estimated trom fluid inclusion data to be 0.27 (palmer and Williams­

Jones. 1QQSa. Chap. S) and that ofAl can be calculated from the solubility of K-feldspar.

The laller. ho"C"er. requires independent estimates ofm Si and pH. As discussed above,

m SiO: \\as' O.OOQm and pH can be estimated from the faet that high grade feDites

contain muscovite, i.e., conditions were close to the feldspar-muscovite boundary.

At 3000
( the K-feldspar-muscovite boundary occurs at a pH ofapproximately

5.4, based on the reaetion:

2i( + 3KA1ShOs ... KAhShOlo(OH'h + zr + 6Si~

(Log K calculated using SUPCRT92; Johnson et al., 1991). However, this is 1 minimum

value because it assumes quartz saturation. Ifthe aetivity of sillel were one or two orders

of magnitude lower, pH would inerease to 8.4 and 11.4, respeetively.

The concentration ofAl in equilibrium with potassium feldspar was ealculated

from the reaction:
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using a hydrolysis constant for potassium feldspar at 300°C determined using

SUPCRT92 (Johnson et al., 1991) and thennodynamic data for a1uminum hydroxide

complexes ftom Shock et al. (1997). The complex Al(OHh0 was used to represent

dissolved Al, as it is the dominant form ofaluminwn at the pH range ofthe fenitizing

tluid (Castet, 1991). Activity coefficients ofdissolved species were determined using the

computer program EQ3 (Wolery, 1992). The concentration ofdissolved Al in equib"brium

with potassium feldspar at 300°C was calculated to he approximately 1.2 x 10-8m. This is

a minimum value because, as noted earlier, the molality ofSiÛ2 used in the calculation

was that ofquartz saturation, whereas the actual concentration may have been orders of

magnitude lower. Another method ofdetermining the minimum concentration ofAl in

fenitizing solutions is to divide the number ofmoles ofAhÛ3 added to bigh grade fenites

by the volume ofwater calculated ftom the water-rock ratio (722). Based on this

calculation, the fenitizing fluids must have had approximately S orders ofmagnitude

more dissolved Al (1.6 x 10·] m) than the value calculated above. We believe that this

latter value provides a much more realistic estimate ofthe concentration ofAl in the

fenitizing fluids on the grounds that the water/rock ratio is reasonable, i.e., similar to or

less than that calculated for hydrothermal alteration elsewhere (Wood and Williams­

Jones, 1994; Reed, 1997). The former value implies an extremely unrealistic water/rock

ratio of 107
. We therefore conclude that the concentration ofAl was probably ofthe arder

of 10·Jm, which is similar to values measured for acid-sulphate geothermal waters

(Giggenbach, 1997).

As mentioned earlier, mass balance calculations provide an opportunity to

estimate concentrations oftrace elements in fenitizing tluids, something that is usually

not possible ftom analyses offluid inclusions. Table 6-3 presents the minimum molal

concentrations ofseleeted trace elements and REE in the fenitizing solutions, based on a

water-rock ratio of722, or 72.2 litres per 100g ofrock and the mass gains repol1ed in

Table 6-2. The most abundant minor elements in solution are P, f, Ba and Sr, having

miDimum concentrations of2.13xI0..·., 1.9xl0·~" 9.7xIO·s and l.S3xlO·5~ respeetively,

followed closely by Rb, Nb and Y, at minimum concentrations of3.3xI0~, 1.3xlO~ and
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Table 6-3 Concentration of trace elemants in fenitizing solutions

basad on 77.2 litres of water per 100g of rock.

Element Mass Gain Concentration

g/100grock moles molality

P20S 2.33 0.016 2.13E-04

BaO 1.15 7.49E-03 9.71E-OS

F 0.28 0.015 1.90E-04

Rb 0.022 2.57E-04 3.34E-06

Sr 0.10 1.18E-03 1.S3E-OS

Nb 9.46E-03 1.02E-04 1.32E-06

Th 5.65E-03 2.44E-OS 3.15E-07

y 7.10E-03 7.99E-OS 1.04E-06

Sc 8.24E-04 1.83E-oS 2.37E-07

La 0.016 1.12E-04 1.46E-06

Ce 0.125 8.93E-04 1.16E-OS

Nd 8.23E-03 S.71E-OS 7. 39E-07

Sm 2.29E-03 1.52E-oS 1.97E-07

Eu 7.87E-04 S.18E-06 6.70E-Oa

Yb 2.70E-04 1.56E-06 2.02E-oa

Lu 4.64E-OS 2.65E-07 3.43E-OS
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l.Oxl0-6~ respectively. Th and Sc have the lowest minimum concentrations, 3.2xl0·7

and 2.4xIO-7m, respeetively.

The LREE elements La and Ce display minimum concentrations of 1.2xIO·5 and

l.Sxl0-6~ respeetively, while the remaining REE, Nd, Sm, Eu, Yb and Lu, are at very

low concentrations, 7.4 xIO·7, 2 x 10.7, 6.7 X 10-8, 2.0xI0-8 and 3.4xIO·9m, respeetively.

These values are very similar (less than one log unit düference) to those determined by

VanMiddlesworth (1997) for REE in thermal waters ofthe Bitterroot lobe ofthe Idaho

Batholith and to Salton Sea and East Pacific Rise thermal waters (Michard et al., 1983,

1984; Michard, 1989). La values determined for fenitizing fluids are also comparable to

those in aqueous fluid associated with the Copper Flat porphyry system determined by

Norman et al. (1989).

CODclulioDS

The Amba Dongar complex contains a weB developed aureole ofpotassic fenites

in sandstones surrounding the carbonatite ring. Fenitization was characterized by

additions, to the rock, ofK, Al, Ca, Ba, Fe, F, Rb, Sr, Y and REE, particularly the LREE

and lasses of Si, while Na concentrations remained unchanged. The quanz-rich nature of

sandstone allowed for accurate estimation ofthe mass changes ofthese elements which

occurred during fenitization.

Thennodynamic calculations ofAl concentration in fenitizing tluids, based on the

hydrolysis ofK.feldspar reaClion, indicate that a minimum ofapproximately 1.2 X 10-8 m

Al was present in fenitizing solutions. By contrast, the concentration calculated from the

mass ofAl added to the rock during fenitization and a water/rock ratio estimated from

quartz solubility and SiÛ2 mass 1055 is 1.6 x IO·3m. lbis value is similar to that measured

in geothermal waters and is considered to provide the better estimate ofthe aetual

concentration ofAl in the fenitizing tluid. Minimum trace element concentrations,

including those ofthe REE, calculated from mass changes and the water/rock ratio are

also comparable to those measured in modem geothermal systems.
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Bridge to Chapter 7

The preceding three chapters used solid inclusions, fluid inclusions and fenitization to

characterlze the melts and aqueous fluids that were present during the emplacement of

the Amba Dongar complex, India. It was concluded that carbonate-carbonate liquid

immiscibility was responsible for the formation ofcalciocarbonatite and ferrocarbonatite.

The evolution ofthe aqueous fluids was documented, with respect to temperature,

pressure and composition, from exsolution ofthe fluids al depths of35 km until final

emplacement ofthe carbonatite near surface.

The following chapters use similar methods to investigate the melt and fluid evolution

ofanother carbonatite-bearing complex, the Phalaborwa complex, South Africa. This

complex ditfers from Amba Dongar in tbat it is dominated by pyroxenite and contains a

copper deposit within the carbonatites. Atso, whereas the evidence for aqueous fluids al

Amba Dongar is plentiful, carbonatite melts at Phalaborwa appear to have contained

much less dissolved water. The information obtained is used to determine the controls

on copper mineralization in carbonatite.
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Abstract

The Phalaborwa comple~ South Aftica, is composed ofboth silicate and

carbonate lithologies which were intruded into Archean granites and granitic gneisses.

The complex is host to a large (=400 Mt) copper deposit, with an average grade orO.69%

Cu. Copper mineralization can be divided into early bomitc (phoscorite, banded

carbonatite) and Iate chalcopyrite (transgressive carbonatite) stages.

Numerous solid inclusions are present in apatite hostcd by phoscorite and

transgressive carbonatite. Consistent compositions and high temperature phase

relationships indicate that solid-vapour and solid-liquid-vapour inclusions represent

trapped samples ofmelt.

Solid-vapour inclusions in phoscorite are composed oftwo solids which show

compositiona) and petrographic similarities to calcite and magnetite, and a third high

magnesian silicate. The proportions ofcalcite and the magnesian silicate in the

inclusions are similar, while Magnetite comprises less than 10% orthe volume ofan

inclusion. A smaU proportion «S%) ofvapour can usually be observed. Analyses of

some solid-vapour inclusions also reveal spectral peaks for Cu and S and indicate that a

Cu-Fe sulphide is also present. Apatite in transgressive carbonatite hosts two populations

ofsolid inclusion comprising solid and solid-liquid-vapour. The solids comprise calcite

and a magnesian silicate, with calcite making up weU over SO% ofthe inclusion. Fluid

present in solid-liquid-vapour inclusions, typically comprises less than 10% orthe

inclusion volume and is a saline Mg-, Fe- and S-bearing NaCI-KCl brine (=22 wt.% NaCI

eq.). NalNa+K ratios are consistently between 0.4 and 0.6.

Heating ofsolid-vapour inclusions in phoscorite produces initial melting at

temperatures ofaround 4S0°C. In the temperature range 740 to SOO°C, two immiscible

liquids are present with silicate and carbonate compositions. At temperatures above

SOO°C the inclusion homogenizes to a single liquid plus vapour, and on cooling separates

again into two liquids. Solid inclusions in transgressive carbonatites have initial melting

temperatures in the range SSO to 670°C and homogenize above 7S0°C. Temperatures of

initial and final melting ofsolid-liquid inclusions overlap those ofsolid-vapour

inclusions.
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Consistent compositions and high temperature phase relationships indicate that

solid-vapour and solid-liquid-vapour inclusions represent trapped samples ofmelt. These

melt inclusions provide evidence that silicate-carbonate üquid immiscibility occurred in

the liquids which were responsible for the formation ofcarbonate-bearing lithologies.

Although liquid immiscibility was important in removing Si from the carbonate-rich

meh, silicate and carbonate rocks are not related by liquid immiscibility. Fractionation is

still considered to have been dominant in the formation ofthe Phalaborwa complex. The

presence ofCu-bearlng sulphides in solid-vapour inclusions hosted by phoscorite

indicates that PhaiabotW8 magmas were enriched in Cu before emplacement. Solid­

liquid-vapour inclusions provide the first evidence ofa separate magmatic aqueous tluid

phase at Phalaborwa and support a hydrothermal origin for copper mineralization in

transgressive carbonatite.

Introduction

Numerous theories have been proposed for the formation ofcarbonatite magmas

over the last 40 years with the two most widely favoured being silicate-carbonate liquid

immiscibility (freestone and Hamilton, 1980; Kjarsgaard and Hamilton, 1988; Lee and

Wyllie, 1996, 1997, 1998) and direct melting ofthe mantle (Wallace and Green, 1988;

Gittins, 1988; Sweeny, 1994; Hanner and Gittins, 1997). The subsequent evolution of

the carbonatite magma is typically ascribed to fractionation ofthe parental üquid,

although there have been some suggestions that carbonate-carbonate immiscibility May

also play a role (Brooker and Hamilton, 1990; Mitchell, 1997; Nielsen et al., 1997;

Palmer and Williams-Jones, 1998a, Chap. 4).

Silicate-carbonate üquid immiscibility has been shown to occur in numerous

synthetic systems (freestone and Hamilton, 1980; Kjarsgaard and Hamilton~ 1988; Lee

and Wyllie, 1996, 1997) and examples have also been reported for naturai systems

(Rankin and Le Bas, 1974; Amundsen, 1987; Nieisen etai., 1997). In naturaI and

experimental systems, silicate and carbonate üquids co-exist at similar temperatures,

ranging between 900 and <1300°C (Rankin and Le Bas, 1974; Freestone and Hamilton;

1980; Hamilton and Kjarsgaard, 1993; Lee and Wyllie; 1997; Nielsen et al., 1997). The
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composition ofsilicate and carbonate liquids produced experimentally are diverse, and

include nephelinite, melilitite and phonolite and natrocarbonatite and calciocarbonatite,

respectively (Freestone and Hamilton, 1980; Kjarsgaard and Hamilton, 1988; Lee and

Wyllie, 1997). Reports ofnaturally occurring imiscible melts are restricted to melilitite,

basak and peridotite and calciocarbonatite, magnesiocarbonatite and natrocarbonatite,

respectively (Amundsen, 1987; Nielsen et al., 1997)

New data trom solid inclusions identified in apatite trom phoscorite and

transgressive carbonatite ofthe Phalaborwa complex, South Aftica, indicate that they are

samples oftrapped meIts which existed during emplacement ofthe respective lithologies.

The behaviour ofthese melt inclusions suggests that, although silicate-carbonate

immiscibility played an important raie in the formation orthe host phoscorite and

carbonatite, it cannat explain the presence ofthe large volumes ofsilicate rocks at

Phalabof\\'a. Rather, liquid immiscibility served only ta remove sillca from early

carbonale-ri,h liquids.

Geology

The Phalaborwa complex is located in the northeastem part ofSouth Afiica's

Transvaal pro\·ince and is composed ofboth silicate and carbonatite lithologies (Fig. 7-1).

The cornplex.. "uicb bas been dated at between 2047 and 2061 Ma (Eriksson, 1989;

Reischmano, 1995), was intruded into Archean granites and granitic gneisses

(Hanneko~ 1965) and began with the formation ofa large kidney shaped lobe of

pyroxenite which was tater cored by phoscoritic md carbonatitic magmas. Numerous

smaU bodies ofsyenite were emplaced within the surroundiDg Archean granites and

gneisses both during and after intrusion ofthe complex. Late NE-SW ttending diabase

dykes eut bath the complex and the country rocks, and are thought to be Precambrian in

age (~1900 Ma) (Briden, 1976). An aureole offenitization is wealdy developed in

granites and gneisses around the carbonatites, suggesting that hydrothermal tluids were

present during emplacement ofthe complex (Frick, 1975; Eriksson, 1982; Palmer and

Williams-Jones, 1998b, Chap. 8).
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Figure 7-1 The geology orthe Phalaborwa complex, South Afiica (modified trom

Hanekom et al., 1965 and Frick, 1975).
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Economie quantities ofcopper mineralization make Phalaborwa unique among

carbonatite intnlsions. Initial reserves were calculated at over 400 Mt, grading, on

average, 0.69% Cu (palabora Mining Company, 1976) as bomite and chalcopyrite. Gotd,

platinum and zircon are recovered as by-produets from the copper ore. Economie

deposits ofvermiculite and phosphate aIso occur in the complex, and are hosted by

pyroxenite.

Pyroxenite

Pyroxenite is the dominant lithology ofthe complex and can he subdivided into

four main types based on mineralogical and texturai charaeteristics. These four

pyroxenite types may he distinguished by the foUowing descriptors: massive; micaceous;

pegmatitic~ and feldspathic. Contacts between one pyroxenite type and another are sharp.

Recent studic:s by Eriksson (1989) suggest that ail four pyroxenite subtypes were formed

by primil'1' ~~ stallization from the parental magmas, and not, as was tirst thougbt for

phlo~oplte-ri~h p~Toxenites, by secondary hydrothermal proeesses (Eriksson, 1982). AlI

p~To'enitc:s ,onsiSl dominantly ofdiopsidic pyroxene and contain variable proportions of

phlo~opiteand calcic plagioclase. Apatite is an ubiquitous accessory mineraI. Massive

pyroxenites are mineralogically homogeneous and contain minor proportions ofapatite

and phlogopite interstitial to diopside, while micaceous pyroxenites differ only through

an increase in phlogopite content. Pegmatitic pyroxenites comprise serpentine-bearing

and non serpentine-bearing varieties ofphlogopitic pyroxenite, located in the nonhem

and southem sections ofthe complex, respectively. Feldspathic pyroxenite is

characterized by large (up to several centimetres in diameter) anhedral microcline

crystals. The spatial restriction ofthis pyroxenite to the margins ofthe main pyroxenite

body is interpreted to indicate a cumulate origin (Eriksson, 1989).

Phoscorite

Separating pyroxenite and carbonatite is a unit referred to locany as phoscorite

(Fig '-2), composed ofa thick (up to 40Om) ring ofapatite-ric~ magnetite-
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Figure 7-2 The geology of Palabora Mining Company's open pit.
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carbonate-magnesian silicate-bearing rock originally thought to represent gradational

zoning between pyroxenite and carbonatite. More recent studies, however, (Palabora

Mining Company, 1976), have identified sharp contacts between pyroxenite and

phoscorite and a primary origin for phoscorite involving cogenesis with carbonatite, is

now proposed (Eriksson, 1989).

The average modal composition ofphoscorite, calculated by Hannekom (1965)

from mill data, is 35% magnetite, 25% apatite, 22% carbonate and 18% olivine­

serpentine and phlogopite. Accessory baddelyite, commonly replaced by magnetite (Van

Rensburg, 1965), and copper sulphides are also present.

Carbonsôte

Carbonatites are the youngest members ofthe main complex and consist ofan

early banded variety, named for its distinctive concentric bands ofmagnetite which

parallel the outer ring ofphoscorite, and a later transgressive variety, which was intnlded

along WNW and ENE trending fractures (Fig. 7·2). Both carbonatite types are composed

of fine- to coarse-grained calcite with accessory copper sulphides, apatite and olivine.

Magnetite can reach abondances locally ofwen over 50%.

The two carbonatite types are readily distinguished by their sulphide mineralogy,

with banded carbonatite containing dominantly bornite, and transgressive carbonatite,

which hosts the bulk ofthe copper mineralization, containing dominantly chalcopyrite.

The composition ofcalcite, which is more magnesian in transgressive carbonatite, bas

also been proposed as a means ofdiscriminating between carbonatite types (Eriksson,

1989). Although magnetite concentrations are similar in the two carbonatite types, there

are differences in the textures ofmagnetite. Magnetite in banded carbonatite is often

found in massive lenses with individual crystals aligned parallel to the outer margin of

the carbonatite. In transgressive carbonatite, magnetite crystals lack a preferred

orientation, although they do occur locally in massive pods.
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Apatite

Apatite, which hosts the sotid inclusions investigated in this study, is found in aU

lithologies ofthe complex. It occurs as abundant, variably sized (mms to cms), euhedral

to subhedral crystals in both carbonatite and phoscorite and may be interstitial to or occur

as included solids in the major rock-forming minerais (Aldous, 1980). Aldous (1980)

divided apatite into three types based on its occurrence in pyroxenite, phoscorite and

carbonatite and concluded that, although it is probably primary magmatic minera~ a

hydrothermalorigin cannot be ruled out. Our discovery ofpossible melt inclusions in

apatite oftransgressive carbonatite and phoscorite, confirm its primary origin in both

these lithologies.

SoUd inclusioDs

Numerous multiphase solid inclusions were identified in apatite hosted by

phoscorite and transgressive carbonatite at Phalaborwa. Only solid-vapour inclusions

were recognized in phoscorite, while solid-vapour and solid-liquid-vapour types were

found in transgressive carbonatite (Fig. 7-3).

Solid-Vapour InclusioDs in Pbo.corite

Randomly dispersed throughout apatite crystals in phoscorite are numerous,

small «601-1), ovoid to cigu-shape~ solid-vapour inclusions containing three separate

solid phases and one tluid phase (Fig. 7-3a). The two dominant solids divide the

inclusion in almost equal parts, and consist of a tight green, strongly anisotropie minerai

and a colorless minerai with no obvious birefiingence. At the boundary between these

two solids there is almost invariably a small, hexagonal opaque which occupies no more

than 20% by area orthe section orthe inclusion viewed in the microscope. Between the

inner wan and the outer surface orthe inclusion, generally at the contact between the two
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Figure 7-3 SoUd inclusions in apatite from phoscorite and transgressive

carbonatite. Photomicropgraphs of A) and B) solid inclusions from phoscorite containing

magnesian silicate (S), calcite (Sar), magnetite (Mt) and a vapour phase (V); C) a solid

inclusion from transgressive carbonatite containing calcite (SBr) and subordinate

magnesian silicate (S) and a large vapour (V) phase; and D) a solid inclusion nom

transgressive carbonatite containing calcite (Sar), magnesian silicate (dark upper saUd),

an undetermined third soUd and a mixture ofliquid and vapour 820 (H2Ov+L).
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dominant solids, is a small, dark, irregularly shaped phase which, upon heating, proves to

be vapour.

Solid-Vapour Inclusions in Tranlgressive Carbonatite

SoUd inclusions hosted within apatite crystals oftransgressive carbonatite are

small «20J,1), irregularly shaped bodies which contain only three phases, two solids and a

vapour phase. The two solids comprise a colorless, highly birefiingent phase, which

generally occupies over SO vol.% ofthe inclusion, and a weakly colored green soUd of

indeterminate birefringence which rarely occupies over 10°/'0 ofthe inclusion volume.

The Ouid phase, which is usually iJTegularly shaped due to the crystallization ofthe soUd

phases, can occupY as much as 40°4 ofthe inclusion's section.

Solid-Liquid-Vapour -Bearing Inclusions in Transgreslive Carbonatite

A number of liquid and vapour-bearing soUd inclusions were identified within

apatite oftransgressive carbonatite. These inclusions contain up to four soUds and

consist ofa large, colorless birefiingent minera~ occupying over 50% ofthe inclusion

volume and three smaller, irregularly shaped, non birefiingent solids. The tluid phase

consists ofboth vapour and liquid which are invariably in contact with at least two ofthe

smaller soüds. Visually, the volume ofaqueous fluid never exceeds 10°,4 ofthe total

volume ofan inclusion.

Composition of Solid lDelusions

In order to identify the saüd phases in the inclusions, electron microprobe energy

dispersive spectrometrie (EDS) analyses were performed on samples of apatite from

phoscorite and transgressive carbonatite which had been poüsbed to the level ofthe

inclusion (Table 7-1, 2, 3,4).
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Table 7·1 Semi-quantitative analyses of calcite and dolomite in opened melt inclusions (phoscorite)

cation°,4 C·1 C·2 C-3 C-4 C·5 0-1 0-2 0·3 D-4

wL-'" calcite dolomite

Si02 0.15 0.66 0.75 1.76 - - - 1.79 1.27

MgO 0.63 2.72 2.18 0.64 0.49 14.49 21.61 7.21 5.39

MnO - - - - - - - 1.08 1.02

FeO 0.73 - 1.74 0.40 0.53 9.57 4.29 - 0.60

CaO 93.87 92.81 82.29 85.67 93.84 55.55 52.75 61.62 65.10

Na20 - 0.36 - 0.43

K20 0.45 0.84 0.40 -- - - - - 0.56

BaO - 1.45 1.03 - 0,16 - - 0.77 0,99

503 0.77 - 0.41 2.49 0.60 0.61 0.83 1.43 14.68

CuQ 0.86 0.76 - 1,18 - 0.41 - 1.40 0,83

La203 - - 3.16 - 0.61 - 1.39 0.40 2.33

Ce2O, - - 3.00 - 0,19 - 3.19 - 0,66

P20& 1.37 - 4.05 7.31 2.05 18.60 15.47 19.10 4.83

cal%

Si 0.00 0.01 0.01 0.02 - - - 0.05 0,03

Mg 0.01 0.04 0.04 0.01 0.05 0.58 0.80 0.33 0,21

Mn - - - - - - - 0.03 0.02

Fe 0.01 - 0.02 0.00 0.00 0.21 0.09 - 0.01

Ca 0.98 0.93 0.93 0.96 0.95 1.21 1.11 1.58 1.70

Na

K 0.01 0.01 0.01 - - - - - 0,02

Ba - 0.01 0,00 -. - - - 0.00 0,01

S 0.01 - 0.01 0,03 0.03 0.01 0.01 0.02 0.18

- not detected

e
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Table 7-2 Semi-quantitative analyses of magnesian silicate ln opened melt inclusions (phoscorite)

cation% 0-1 0-2 0-3 0-4 0-5 Q.6 0-7 0-8 0-9

WI.% olivine

8102 38.25 13.39 19.56 21.98 25.47 38.31 31.57 37.30 23.33

MgO 57.96 53.98 50.31 42.75 34.06 58.68 42.35 53.00 56.38

MnO 0.64 8.05 11.86 6.10 6.73 - - - 7.49

FeO 3.11 - 5.71 1.32 3.06 3.01 6.92 2.71

NazO - - - 2.85 - - - 0.17 1.60

KzO 0.04 - - - - - 2.78

BaO - 5.79 - 3.39 - - 4.14

S03 - 5.31 5.88 0.68 6.12 - 3.64 0.32 2.28

CuO - 10.45 - 12.46 21.11 - 8.60 3.07 8.09

lazO, - 3.02 4.24 6.27 3.06 - - 3.43

caL%

Si 0.90 0.36 0.53 0.60 0.15 0.90 0.84 0.91 0.57
Mg 2.03 2.16 2.03 1.73 1.50 2.05 1.69 1.94 2.05

Mn 0.01 0.18 0.27 0.14 0.17 - - - 0.15

Fe 0.06 - 0.13 0.03 0.08 0.06 0.15 0.00

Na - - - 0.15 - - - 0.01 0.08

K 0.00 - - - - - 0.09

Ba - 0.06 - 0.04 - - 0.04

S - 0.07 0.07 0.01 0.08 - 0.01 0.00 0.03

Cu - 0.21 - 0.26 0.47 - 0.17 0.06 0.15

La - 0.03 0.04 0.06 0.03 - - 0.03

U_
0.95 1.00 0.94 0.98 0.97 0.97 0.92 0.91 1.00

-- not detected

e



Table 7-3 Semi-quantitative analyses of Fe-oxides and chalcopyrite in

opened melt inclusions (phoscorite)

cation% F-1 F-2 F-3 F-4 CP-1 CP-2

wt.°A. Fe..()x Cpy

Si02 1.61 0.05 0.08 0.05

MgO 11.46 10.20 0.87 3.98 1.11 0.69

FeO 64.96 79.72 57.48 55.99 18.84 18.46

CaO 9.11 4.55 38.71 35.82 9.82 17.50

Na20 0.28 1.13 1.22 6.02 3.42

K20 0.32

BaO 0.81

S03 0.36 0.53 0.05 25.63 22.90

CuO 0.04 1.80 0.14 19.18 13.91

La20 3 1.74 0.11 0.75 1.79

Ce203 2.17 0.53 0.75

P20 S 7.44 2.48 1.02 1.25 15.54 22.07

Si 0.03 0.00

Mg 0.28 0.25 0.02 0.10 0.10 o.oa
Fe 0.90 1.11 0.80 0.78 1.00 1.16

Ca 0.67 0.04 0.02 0.61 0.17

Na 0.01 0.04 0.04 0.74 0.50

K 0.03

Ba 0.02

S 0.00 0.01 0.00 1.22 1.29

Cu 0.92 0.79

- not detected



Table 7-4 Semi-quantitative analyses of melt Ieakage on apatite surface (Phoscorlte)

cationD~ m-1 m-2 m-3 m-4 m-5 m-6 m-7 m-8

wt.%

Si02 4.61 3.13 49.46 0.74 0.41 9.08 42.94

AI20 3 4.85 3.84 1.48 14.27 7.59

MgO 5.38 3.60 0.49 1.77 4.04 1.89 0.81 35.49

FeO 3.58 3.16 0.53 2.67 1.51 0.54 0.64

CaO 38.48 39.22 93.84 9.56 73.64 68.78 44.77 18.43

Na20 0.39 0.82 12.10 0.31 4.46

K20 0.06 0.58 0.27 0.65 0.42

BaO 0.16 0.16 0.80

50} 11.71 2.31 0.60 0.18 0.48 0.68 0.58 0.02

CuQ 093 0.37 0.11 0.03 0.17

~~Ol 0.61 0.66 2.25

Ce..O, 0.80 0.19 0.66

P:O~ 29.06 42.59 2.05 7.23 17.81 23.13 31.49 3.12

CJL%

SI 0.08 0.05 0.82 0.01 0.01 0.15 0.71

AI 0.10 0.08 0.03 0.28

Mg 0.13 0.09 0.01 0.04 0.10 0.05 0.02 0.88

Fe 0.05 0.04 0.01 0.04 0.02 0.01 0.01

Ca 0.33 0.18 1.64 0.01 1.09 0.94 0.41 0.28

Na 0.01 0.03 0.39 0.01 0.14

K 0.00 0.01 0.01 0.01 0.01

Ba 0.00 0.01

S 0.15 0.03 0.01 0.00 0.01 0.01 0.01 0.00

Cu 0.00

La 0.15

- not deteded



Chapter 7 - MeU Inclusions trom Pha[aborwa

Solid.Vapour Inclusions/rom Phoscorïte

Phase compositions are remarkably similar among soUd inclusions in phoscorite­

hosted apatite. The highly birefiingent solid, which dominates the inclusion, consists ofa

Ca-ricb, Mg-bearing minerai with a Mg/Ca cation ratio between 0.12 and 0.72. This

minerai is probably calcite, Mg-calcite or dolomite (Table 7-1). The colorless

birefringent phase is a magnesian silicate, with average Mg and Si cationic proportions of

1.9 to 0.7, respeetîvely (Fig 7-4a, Table 7-2). Unfortunately, the small opaque minerai

was never observed on the polished inclusion surface, however, mong peaks for Fe were

obtained (cation proportions> 1) in a number ofanalyses, and it is inferred to be an iron

oxide (Table 7-3). Aldous (1980), identmed small chalcopyrite crystals associated with

magnetite in oüvine-hosted solid inclusions from pboscorite. The presence ofCu, Fe and

S in analyses ofopened solid inclusions in apatite (Table 7-3), indicates that opaque

minerais in inclusions may also include chalcopyrite. In a number ofcases, solid

inclusions leaked during heating and analyses ofthe leak products contirmed the

presence ofCu, Fe and S (Fig. 7-4b, Table 7-4).

The analysis ofmaterial which leaked tram inclusions during heating provided

further quantification ofbulk compositions (Table 7-4). Although proportions are

variable, analyses indicate that solid inclusions are composed maûl1y ofCa, Mg and Si

Calcium generally dominates the composition ofmelt leaks followed by S~ then Mg with

average cation proportions of 0.34,0.21 and 0.13, respeetively.

So/id·Vapour InclusionsIrom TrtUlsgrasive Carbonatite

Energy dispersive speetra for polished inclusions and the precipitates of melt

leaks indicate that the bulk composition ofsoIid-vapour inclusions is dominated by Ca

(cation proportions of0.88 to 0.98), has elevated S (0.16 ta 0.33) and minor

concentrations ofSi, Mg (0.02 and 0.03, respectively) (Table 7-5). As for inclusions

from phoscorite, the two solid phases present in solld-vapour inclusions nom

transgressive carbonatite are calcite and a magnesian silicate. Although chemical
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Figure 7-4 SEM photomicrographs of A) Mg-Si salid in opened meh inclusion in

apatite ofphoscorite. Spot ()'l corresponds to an analysis in Table '-2; and B) melt

leakage on aparite surface (phoscorite). Spots m-1,2,3 and 4 correspond to analyses in

Table 7·4;

17S
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Table 7-5 Semi quantitative analyses of melt inclusion leakage residues (ML) and solids (S) on apatite of transgressive carbonatite

ML-l ML-2 ML-3 ML-4 ML-S ML-6 5-1 5-2 5-3 5-4 5-5

cat.% melts soUda

Si - - -- - 0.02 0.01 0.04 1.26 0.47 -- 1.15

AI 0.01 0.01 0.01 0.00 0.00

Mg - -- --- - 0.03 0.07 0.15 2.37 2.41 0.02 1.24

Mn

Fe - 0.01 0.01 0.00 -- - 0.00 0.15 0.10 1.63 0.09

Ca 0.98 0.95 0.93 0.97 0.88 0.89 0.80 0.09 1.00 1.46 0.69

Na - - 0.01 0.02 0.02 - -- -- -- 0.33

K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 -- 0.02 0.04 0.02

Ba 0.00 0.02 0.01 --- -- 0.03 0.00 0.07

5 0.23 0.22 0.33 0.33 0.16 0.16 0.00 0.14 0.01 0.00 0.00

Cu - 0.01 0.03 - - - -- - --- 0.49 0.01
La - - - - - - 0.00 - - 0.03 0.12

Ce --- - -- - 0.03 - -- 0.06 -- 0.01 0.69

Mineral ID calcite olivine Cc+OI Cc+Cpy olivine

Cc - calcite; 01- olivine; Cpy - chalcopyrite
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components are almost identical to those ofsolid inclusions from phoscorite, the

concentrations of Si and Mg are much lower, corresponding to very smaU proportions of

magnesian silicate within these inclusions.

The two dominant phases in solid-liquid-vapour inclusions in transgressive

carbonatite, are aOO calcite and a magnesian silicate. 8owever, the presence ofan

aqueous fluid implies a somewhat more complex bulk composition. In orderto

determine the composition ofthe associated aqueous phase, solid-liquid-vapour

inclusions were decrepitated and the residues analysed by EDS (Table '-6). Results

indicate that the aqueous fluid is a NaCI-KCI brine with minor proportions ofMg, Fe and

S. NalNa+K ratios are consistendy around 0.5. Charge balance calculations indicate that

the tluid contains unaccounted for anionic species, probably HCOJ-or CÛJ2-.

Microthermometric Results

High temperature phase changes in solid inclusions were investigated using a

Leica 1350 heating stage calibrated using the melting points ofpure NaCI (SOO.4°C),

NaS04 (884°C) and Au (1024°C) and the transition from Œ quartz to ~ quartz (S73°C).

Temperatures ofphase changes in aqueous Ouid-bearing inclusions were measured on a

U.S.G.S gas-flow fluid inclusion stage using üquid and gaseous nitrogen as a cooling

medium. Calibration was accomplished using synthetic 820 and C02 fluid inclusions,

achieving an accuracy of±O.2°C.

Solid-Vapour Inclusions in P"oscorite

The tirst changes in solid-vapour inclusions in phoscorite consistently occurred al

temperatures between 429 and 480°C (Fig. ,-Sc), and consisted ofa reduction in the size

ofthe vapour bubble and its disappearance. Melting ofsoliels commenced at

temperatures between 635 and 690°C and appeared to occur simultaneously in both

carbonate and silicate saHels (Fig. 7-5d). At the same time as melting begins, a vapour

bubble appeared in the liquid fraction. With continued heating, greater quantities of

liquid are produced and the presence oftwo immiscible liquids becomes apparent, one
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Table 7-6 Semi quantitative analyses of melt inclusion decrepitates on apatite of

transgressive carbonatite

0-1 0-2 0-3 0-4 0-5 0-6 0-7

cal°A.
CI 26.76 40.00 45.91 45.31 46.79 49.04 44.46

S 0.66 2.03 0.35 - 0.39 0.55 0.59

Na 17.99 21.57 24.55 19.13 31.91 27.72 22.67

K 17.77 25.29 28.52 32.57 19.11 22.09 31.57

Ca 33.49 4.23 --- - - --- 0.36

Mg 2.86 4.40 0.30 1.15 0.69 --- 0.16

Fe 0.21 -- 0.30 - 0.65 0.06 0.14

Ce - - -- - 0.42 -- 0.04

Si 0.27 2.49 0.08 0.49 0.04 0.34

AI -- -- - 1.35 - 0.20

NalNa+K 0.50 0.5 0.5 0.4 0.6 0.6 0.4

Na/CI 0.67 0.54 0.53 0.42 0.68 0.57 0.51

charge 26.95 10.15 7.28 6.96 4.70 0.51 9.81

e
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Figure 7-5 Melting behaviour ofmelt inclusions in phoscorite-hosted apatite. A) solid

inclusion at 20°C in plane polarized light. 8) same inclusion in cross polarized light

showing the inclusion divided approximately in halfby birefringent (Ca-carbonate) and

non-birefiingent (Mg-Si soUd) phases. The central opaque is assumed to be magnetite

while the dark area in the lower right band edge behaves like a vapour phase. C) At

4i6°C the vapour phase is almost gone. D) Initial melting in transparent solids begins at

approximately 689°C. E) Production ofvapour with continued melting at 706°C. F) The

presence oftwo liquids becomes apparent (764°C ). G) Increased melting is accompanied

by an increase in the size ofthe vapour bubble (767°C). H) Only two liquids and vapour

remain (793°C) and 1) quenched liquids with vapour.
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green in color and the other colorless, with the vapour bubble tending to stay within the

colorless üquid (Fig 7-St: 7-6c). Between temperatures of740 and 8000 e no soüd

material remains. Magnetite, which is the last phase to disappear, melts at temperatures

ofup to 800°C (Fig 7-Sb). Homogenization ofthe two liquids to one occurred at

temperatures in excess of SOO°C (Fig. 7-6f) but even with heating to 1250°C, the vapour

bubble did not dissolve. Cooling ofthe homogenous Iiquid caused it to separate back

into two tiquids at temperatures between SOO and 650°C confirming the occurrence of

Iiquid immiscibility (Fig. 7-6g). The two phases were interpreted to be liquid as their

outer boundaries would change shape in response to movement ofthe vapour bubble.

Solid-Vapou, Iltclusions;1I Trallsgress;ve Carbonatite

On heating, the vapour phase within soüd-vapour inclusions hosted by apatite in

transgressive carbonatite began to increase in size at temperatures between 420 and

460°C, at times occupying greater than halfthe visible area ofthe inclusion. Melting of

the large carbonate solid commenced at temperatures between approximately 5SO and

670°C and continued to between 700 and 774°C, at which temperatures the small

colorless solid (magnesian silicate) started to melt. Melting terminated between 7S0 and

SSO°C with only Iiquid and vapour remaining. There was no evidence for two separate

liquids either during heating or cooling ofthe inclusions.

Solid.liquid-vapou, IIICI"siolls ill T,allsgress;ve Ca,bollatite

During heating ofaqueous Uquid-vapour -bearing solid inclusions in apatite

hosted by transgressive carbonatite (Fig 7-7), two orthe soüds began to dissolve at

temperatures between 200 and 266°C and 300 and 388°e, respeetively, and by 4S0°C

both solids had dissolved completely. The decomposition ofthe solids was intetpreted to

represent dissolution not melting because ofthe low temperatures and the presence of

aqueous tluid. Homogenization ofvapour to aqueous üquid occurred at temperatures

between 430 and S42°C. Changes in the shape ofthe dominant soUd, calcite, OCCUll'ed

between 604 and 668°C and were interpreted to represent initial melting ofthe former
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Figure '-6 Melting behaviour ofmelt inclusions in phoscorite-hosted apatite showiDg

immiscible separation on cooling. A) Inclusion at 20°C in plane polarized Iight showing

two solids and a dark area ofvapour. The upper solid is Ca-carbonate while the lower

solid is an Mg-Si mineraI. D) Initial melting ofcarbonate phase at 716°C. C) Final

melting ofthe carbonate phase and cODtinued melting ofthe Si-bearing solid at 760°C. D)

Two coexisting liquids (773°C). E) The carbonate liquid dissolving in the silicate liquid

(821°C). F) The two liquids homogenized to a single liquid at 897°C. G) On cooling the

homogeneous liquid separates back into two Iiquids (668°C). H) and 1 ) Showing the

birefringent nature ofquench solid S2.
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Figure 7-7 Dissolution and mehing behaviour ofaqueous liquid-vapour-bearing meh

inclusions in transgressive carbonatite.
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melt fraction ofthe inclusion. AlI inclusions homogenized to a single Iiquid plus vapour

at temperatures below S50°C. As with the solid-vapour inclusions, there was no evidence

ofa second liquid. The behaviour ofthe aqueous fluid during melling was not observed

cleuly, as inclusions with fluid volumes ofgrelter than 2-3%, typically decrepitated at

temperatures between 450 and 550°C. Those inclusions which did not decrepitate had

lesser proportions ofaqueous tluid, and the interactions between aqueous Ouid and melt

were not easily resolved due to the small size ofthe inclusions.

Low temperature microthermometry was performed on aqueous Ouid-bearing

inclusions in order to determine the composition ofthe aqueous phase. Temperatures of

initial and final melting ofice, in aU inclusions, fell within a restrieted range of

temperatures between -21.3 and -24. 1°C consistent with the system NaCI-KCI-H20 and

cOtTesponding to salinities of approximately 22 M.% NaCI-KCI (HaD et al., 1988).

Decrepitate analyses confirm that the fluids are chloride brines, and indicate that the

NalNa+K ratios are between 0.4 and 0.6 and that there are minor, but consistent,

concentrations ofMg, Fe and S (Table 7-6).

Discussion

Solid inclusions in apalite ofboth phoscorite and transgressive carbonatite

displayed consistent, and reproducible, melting behaviour and chemical compositions,

and are therefore interpreted to represent trapped samples ofmek. The evidence

provided by melt inclusions trapped in phoscorite indicates that immiscible silicate and

carbonate liquids were involved in the formation ofthe Phalaborwa compleXe The

compositional data suggest that one ofthe liquids had a bulk composition similar to a

magnesian calcite and the otber a bulk composition dominated by Mg, subordinate Si and

signiticant Fe, Mn and S, hereafler referred to as the high magnesian silicate liquid.

Magnetite was also present and microthermometric data presented above suggest that it

was in faet the tirst minerai to crystallize ftom phoscoritic meks.

Olivine-hosted mek inclusions in phoscorite slUdied by Aldous (1980) are

compositionally difTerent from those in Ipatite, with the main silicate phase consisting of

phlogopite. Although temperatures ofinitial melting were documented by Aldous
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( 1980), homogenization ofinclusions was not observed due to darkening ofthe host

minerai at high temperatures. He concluded that oüvine was the mst minerai to

crystallize ftom the magma based on petrographie relationships (Aldous, 1980).

However, the presence ofa high magnesian silicate liquid in apatite-hosted melt

inclusions would suggest otherwise, i.e., that apatite crystallized prior to olivine, trapping

the parentalliquid ftom which olivine crystallized.

Melt inclusions in transgressive carbonatite comprise two types which differ only

in the proportions ofaqueous fluid. CompositionaUy, solid phases in the two groups of

inclusions are similar with Ca-carbonate predominating. Evidence ofsmall proportions

ofa Si-Mg phase are provided by analyses ofopened inclusions, although separate

liquids were not observed upon heating ofthese inclusions. This is predietable, however,

as inferred bulk compositions are not suggestive of systems which are favourable for

liquid immiscibility, i.e., low Si(h, high CaCO] (Lee and Wyllie, 1997, 1998). Initial

melting and homogenization temperature ranges also overlap for both aqueous fluid­

bearing and solid+vapour inclusions and the two types ofinclusions are thought to

represent samples ofthe same mek. The variable content ofaqueous tluid is interpreted

to reflect heterogeneous mechanical trapping ofa physically separate aqueous phase.

CrystallizaÛOD Bistory

The formation ofphoscorite at Phalaborwa occurred through a process ofsilicate­

carbonate immiscibility which produced a magnesian calciocarbonatitic liquid and a high

magnesian silicate liquid, which crystallized calcite and olivine, respectively. Magnetite

and apatite are thought ta represent liquidus phases ofthe parental melt and therefore

began crystallizing before separation occurred. The process ofHquid immiscibility,

rather than being responsible for the formation ofcarbonatite, is considered to have

essentiaUy refined the composition ofthe existing silica-bearing, carbonate-rich melt

which then crystallized banded carbonarite. The separation ofthe high magnesian silicate

liquid, which produced olivine, may also have been responsible for reduclng the

concentration ofMg in the carbonate liquid to levels where a magnesiID calcite, rather

than dolomite, crystaUized. This may indicate, in this case at least, that calciocarbonatite
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can fonn from an originally Mg-rich melt, ifthe magma exsolves a silicate liquid into

which Mg is preferentially partitioned.

One ofthe implications ofthe above discussion is that liquid immiscibility was

not responsible for the formation ofpyroxenite and only occurred in the melt which

crystallized phoscorite and carbonatite. The generation ofpyroxenite by liquid

immiscibility would have required that fractionation ofcarbonates ftom the conjugate

carbonate liquid take place, in order to produce buJk compositions suitable for liquid

immiscibility to re-occur. This is unlikely as silicates are the fust phases to crystallize in

the conjugate carbonate mek, driving the üquid away from the miscibility gap (Lee and

Wyllie, 1998). Eriksson (1982, 1989) also concluded that, althougb the relationships

between phoscorite and carbonatite are poorly understood. the main lithologic features of

Pbalaborwa were not a result ofliquid immiscibility.

The late stage transgressive carbonatite is notable in that il is the only carbonate­

rich mek to contain signiticant amounts ofwater, indicated by the absence ofaqueous

liquid-vapour-bearing mek inclusions and tluid inclusions in banded carbonatite. This,

together with compositional difTerences from banded carbonatite, more magnesian calcite

but lower proportions ofmagnesian silicate, indicate that transgressive carbonatite

probably represents the final fraetionated aliquots ofcarbonatite Iiquid which were

forcefully injeeted ioto earlier banded carbonatite.

The development ofthe Phalaborwa complex is therefore thought to have

involved intrusion ofpyroxenite foUowed by later intrusions ofa silicate-carbonate

liquid. This üquid crystaUized magnetite and apatite, the latter trapping samples ofthe

melt, and then separated ioto two immiscible liquids, one carbonate-rich and the other

silicate-rich. Magnesium was partitioned into the silicate üquid, and crystallized olivine

upon coaling. The Mg-depleted carbonate melt also crystaUized oüvine, as predicted by

experimentally determined phase diagrams (Lee and WyUie, 1998), and then crystallized

magnesian calcite. Dolomite was not stable in banded carbonatite due to the removal of

significant Mg through sepuation ofthe Mg-rich silicate mek. Continued fraetionation

ofthe carbonate liquid, at depth, produced the tater Mg-enrlched. olivine poor,

transgressive carbonalite which was injeeted along fractures in the crystaUizing banded

carbonatite and phoscorite.
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Copper MineralizatioD

The absence of fluid inclusions or aqueous fluid-bearing melt inclusions in apatite

ofbanded carbonarite and phoscorite and the presence ofcopper sulphides in melt

inclusions hosted by phoscorite supports a primary magmatic origin for the early bomite

copper mineralization.

The presence ofa prevîously unidentified aqueous phase in transgressive

carbonatite provides fiuther support for the hydrothermal origin ofcopper mineralization

in transgressive carbonatite (Hanekom, 1965; Van Rensburg, 1965; Aldous, 1980).

Although copper was not identified in residues from solid-liquid-vapour meh inclusion

decrepitates, the presence of S and Mg in the NaCI-KCI brine would sugge. that this

tluid could have been responsible for the deposition ofcopper sulphides as weil as the

dolomitization ofcalcite surrounding chalcopyrite minerafization.

Early copper mineralization at Phalaborwa was probably the resuh ofprimary

crystallization ofbomite from a carbonate melt which was euriched in Cu and S (no

evidence for the presence ofan immiscible sulphide Iiquid was found in melting

experiments). This style ofmineralization dominated the early phoscorite and banded

carbonatite but was replaced by deposition ofchalcopyrite from hydrothermal Ouids in

the later ttansgressive carbonatites. Transgressive carbonatite magmatism probably

represented a late stage fraetionation ofthe melts which crystallized banded carbonatite.

These late stage products were probably water saturated, or at least enriched in H20

compared to earlier melts, and provided the aqueous tluids which transported Cu and S.

Cone1usioDs

Three types of soUd inclusions were identified in apatite ho.ed by carbonate­

bearing lithologies ofthe Pbalaborwa complex and are comprised ofsolid-vapour

inclusions in phoscorite, consi.ing ofequal volumes ofcalcite and mapesian silicate

with subordinate iron oxide, Fe-Cu sulphides and vapour; solïd-vapour inclusions in

transgressive carbonalite, composed ofcalcite with subordinate magnesilD silicate and
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vapour; and solid-liquid-vapour inclusions in transgressive carbonatite, consisting of

calcite, subordinate magnesian silicate and vapour and a small volume ofaqueous fluid

containing two daughter minerais.

Solid-vapour inclusions in phoscorite represent the trapping oftwo immiscible

liquids ofcarbonate and silicate compositions. Temperatures of initial melting were

determined to be between 635 and 690°C, while the two liquids coexisted at temperatures

between 740 and SOO°C. Above temperatures of SOO°C onlyone liquid (+ vapour) was

present, which separated back into two liquids during cooling.

Solid-vapour and solid-Iiquid-vapour inclusions show no evidence ofliquid

immiscibility and formed oolyone liquid during heating experiments. Temperatures of

initial meking, were between SSO and 670°C and 604 and 668°C, respeetively for solid·

vapour and solid-Uquid-vapour inclusions, while homogenization occurred at

temperatures above 7S0oe and below SSO°C, for both types ofinclusions.

The consistent phase ratios and relationships for solid inclusions indicate that they

are samples ofmelts trapped in apatite during crystallization ofphoscorite and

transgressive carbonatite. <>wing to the occurrence ofcarbonate-sillcate liquid

immiscibility in phoscoritic melts, it is suggested that liquid immiscibility was not

responsible for the formation ofpyroxenites and cubonatites at Phalaborwa but occurred

in phoscorite magma only to the extent ofremoving unwanted sillca. Following

separation the carbonate liquid evolved ioto banded then transgressive carbonatite. The

evolution ofthis carbonate-bearing liquid resulted in an increase in dissolved water in

later melts which were exsolved as an aqueous fluid.

The presence ofcopper sulphides in melt inclusions in phoscorite and the blebby

nature ofbornite miDeralization in banded carbonatite suggest that it was crystallized

directly ftom these melts. However, the presence ofan aqueous tluid in transgressive

carbonatite magmas, and the localization of chalcopyrite mineralization along fractures,

with accompanying dolomitization ofcalcite, suggest that late copper mineralization was

precipitated ftom hydrothermal tluids.
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Bridge to Chapter 8

In chapter 7, melt inclusions identified in apatite hosted by phoscorite and

transgressive carbonatite are analysed, and the data used to show that silicate-carbonate

immiscibility occurred in melts which produced phoscorite, and that ftactionation was

responsible for the formation ofthe younger carbonatites. The presence ofcopper

sulphides in melt inclusions ftom phoscorite suggests that early-stage copper

mineralization is primary magmatic in origin. Although no primary fluid inclusions were

observed in aparite, melt inclusions in traosgressive carbonatite contain an aqueous tluid

which was analysed microthermometrically, and the data used to interpret its

composition.

Fenites surrounding pyroxenite and carbonatite are characterized in Chapter 8 and the

miss ,han~es to these rocks, that accompanied feoitization, are used to intetpret the

chemiSll)' of the fenitizing ftuids. This allowed further characterization ofthe aqueous

fluids idcatifiecl in Cbapter 7, as well as identiticaùon ofthe fluids exsolved from

pyroxenite Witb this information, late-stage copper mineralization is linked to aqueous

fluids.
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Abstract

The early Proterozoic Phalaborwa complex, South Africa (2060 Ma) consists ofa

large kidney shaped intrusion ofpyroxenite which was later cored by phoscorite and

subsequently intruded by banded (early) and transgressive (Iate) carbonatites. The

carbonate rocks are host to 400 Mt ofearly bomite and late chalcopyrite ores grading, on

average, 0.69% Cu. A zone offenitization is developed in Archean granites and granitic

gneisses surrounding the complex, indicating that hydrothermal fluids were active during

its emplacement.

Two episodes of fenitizatioD can be discemed based on chemical and

mineralogical changes, and consist ofregional fenitization associated with pyroxenite

emplacement and contact fenitization associated with carbonatite intrusion. Whole rock

compositions of fenitized granite and granitic gneiss indicate that regional and contact

fenitization were accompanied by signiticant gains in K, Ca, Ba, Mg, Fe, Sr, Th and

LREE, and losses in Si and Na. However, the replacement ofdiopside by richterite and

chemical changes in potassium feldspar in both fenite types indicate that fluids

responsible for contact fenitization were enriched in Mg, and probably contained more

Na, compared to pyroxenite-derived tluids.

Dolomitization ofcalcite sunounding chalcoPYrite veinlets in transgressive

carbonatite suggests that Mg-enriched orthomagmatic fluids exsolved ftom carbonatite

were responsible for copper mineralization. The primary magmatic nature ofbomite

mineralization in early banded carbonatites suggests that late chalcopyrite ore was either

hydrothermally remobilised ftom primary sulphides or formed by panitioning ofCu, Fe

and S ftom the meh into an aqueous tluid.

Introduction

The Phalaborwa copper deposit in South Africa is a rare example ofcopper

concentration in a carbonatite, and the on1y one in which this concentration reached

economic levels (Palabora Mining Company, 1976). Twotheories OD the genesîs ofthe

copper mineralizatioD have received serious consideration, namely the deposition of
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copper minerais wholly by hydrothermal tluids (Hanekom et al., 1965; Heinrich~ 1970;

Palabora Mining Company, 1976) and a hybrid primary magmaticlauto metasomatic

model (Aldous, 1980). The Iocalization ofchalcopyrite mineralization along fractures in

late carbonatite intnlsives (transgressive carbonatite) is convincing evidence for

hydrothermaJ deposition (Hanekom, 1965; Palabora Mining Company, 1976; Aldous,

1980)~ however, Aldous (1980) also interpreted copper sulphide-bearing melt inclusions

in early carbonate-bearlng rocks (phoscorite) as evidence for primary crystallization of

bomite ± chalcopyrite in early carbonatite intrusives (banded carbonatite).

In orderto evaluate the processes which were responsible for copper deposition at

Phalaborwa, it is necessary to unravel both the magmatic and hydrothermai evolution of

the carbonatites. Aldous (1980) was hampered by the lack offluid inclusions in apatite

within carbonatite and was obliged to work only with the abundant melt inclusions hosted

by diopside and olivine ofthe pyroxenite and phoscorite, respectively. The results,

bow~·er. pro\'ided direct evidence ofprimary magmatic copper sulphides in pyroxenite

and phoscorite mclts. Palmer and Williams-Jones (1998b, Chap. 7) observed melt

inclusions in apltite orthe phoseorite and identified aqueous fluid-bearing meh

inclusions in trlDsgressive carbonatite, providing the first evidence oforthomagmatic

Ouids associated v.ith carbonatite. The aureole offenitised rock surrounding the complex

supplies funher e\;dence that a hydrothermal system was active during emplacement of

silicate and!or carbonate-bearing rocks.

The objective ofthis study is to characterise aqueous tluid(s) responsible for

fenitization ofcountry rocks, determine their source(s) and estabtish their relationship to

coppeT mineralization. Buik rock analyses offenites and their precursors, manipulated

using the methodology ofGresens (1967) and Grant (1986) were employed to quantifY
the mass changes which occurred between tluid and rock. SmaU seale mineralogicai

changes, which were not recognized by whole rock analyses, provided additional

information on rock/tluid interactions. The calculatioD ofmass changes in feDites proved

to be an accurate method ofinterpreting the composition of fenitizing tluids.
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Geology

The Phalabonva complex is located in the northeastem Transvaa~ South Africa

and consists ofearly Proterozoic (2060 Ma) (Reischmann, 1995) silicate and carbonatite

rocks which intmded Archean granites and granitic gneisses (Hanekom et al., 1965;

Eriksson, 1982). Intrusion ofthe complex began with a large-kidney shaped lobe of

pyroxenite which was later cored by phoscoritic and carbonatitic magmas (Fig 8-1).

During both syn and post-intrusion periods, numerous smaU bodies ofsyenite were

emplaced within the surrounding Archean granites and gneisses. This was followed by

intnlsion ofa large number ofsouthwest trending diabase dykes thought to be

Precambrian in age (=1900 Ma) (Briden, 1976). An aureole ofweakly fenitized granite

and gneisses surrounds the complex, suggesting that hydrothermal Ouids were present

during the emplacement ofthe complex (Frick, 1975; Eriksson, 1982).

The Phalaborwa alkaline complex is unique in that it contains the only known

economic copper deposit hosted by carbonatite. Mineralization consists ofbomite- or

chalcopyrite-rich ore with initial reserves ofover 400 Mt, grading, on average, 0.69% Cu

(Palabora Mining Company, 1976). By-produets ofAu, Pt and Zr are recovered from the

copper ore, and economic deposits ofvermiculite and phosphate (as apatite) are hosted by

pyroxenite and phoscorite, respeetively.

Pyroxenite

Pyroxenite fonns the earliest, and volumetrically, the dominant, lithology ofthe

complex and can be sub-divided into massive, micaceous, pegmatitic and feldspathic

varieties. Contact relationsbips are typically sharp between pyroxenites and the host

granites and gneisses. Recent studies ofthe pyroxenites by Eriksson (1989) suggest that

they were formed by primary crystallization ofthe parental magmaSt and not, as was first

thought for phlogopite-rich pyroxenites, by secondary hydrothermal processes (Eriksson,

1982).

Common to ail varieties ofpyroxenite is the presence ofdiopsiclic pyroxene and

accessory apatite. Phlogopite contents are high1y variable and range ftam minor
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Figure 8-1 The geology ofthe PhalabolWa comple~ South Atiica (modified from

Hanekom et al., 1965 and Frick, 1975).
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(massive pyroxenites), to major (glimmerites). Feldspathic pyroxenites contain abundant,

large (up ta centimetres in size), anhedral microcline crystals and are spatially restricted

to the margins ofthe main pyroxenite body. Eriksson (1989) considers feldspathic

pYfoxenite ta be of cumulate origin.

Phoseorite

Forming a barrier between pyroxenite and the central carbonatites is a tbick (up ta

400m) ring ofan apatite-rich, magnetite-carbonate-olivine rock, locally called phoscorlte

(Fig. 8-2). This lithology was originally thought to represent a gradational transition

between pyroxenite and carbonatite, however, geologists ofthe Palabora Mining

Company (PMe), have observed sharp contacts between pyroxenite and phoscorite and a

primary origin, linking phoscorite ta carbonatite, is now proposed (Eriksson, 1989).

The average modal composition ofphoscorite, calculated by Hanekom et al.

(1965) ftom mill results, is 35°10 magnetite, 25% apatite, 22% carbonate and 18% olivine­

serpentine and phlogopite. Baddelyite, which is commonly replaced by magnetite (Van

Rensburg, 1965), and copper sulphides are the main accessory minerais.

Carbonatite

Carbonatites are the youngest members ofthe main complex and were intruded in

two phases. The earliest intrusion was banded carbonatite, named for its distinctive

concentric layers of magnetite, which are oriented paraDel to the outer ring ofphoscorite.

Later intrusions produced transgressive carbonatite, wbich was preferentiaUy intruded

along WNW and ENE trending fractures (Fig. 8-2). Both banded and transgressive

carbonatites are composed offine- to coarse-grained calcite with accessory copper-iron

sulphides, aparite and olivine. Magnetite, which is always present as an accessory phase,

locally reaches abundances ofover SO%.

The principal feature distinguishing the two carbonalite types is their sulphide

mineralogy. Banded carbonalite has bomite as ils dominant sulphide minera~ while

ttansgressive carbonalite, which hosts the majority ofthe copper mineralizatioD, contains
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Figure 8-2 The geology ofthe Phalaborwa open pit.
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predominantly chalcopyrite. Calcite compositions can also be used to distinguish

between carbonatite types, with transgressive carbonatite containing the more magnesian

varieties. Although magnetite concentrations are similar in the two carbonatite types, in

banded carbonatite, magnetite crystals are commonly aligned parallel to the outer

margins ofthe carbonatite, whereas, in transgressive carbonatite, magnetite crystals are

randomly oriented.

Copper mÎDeralization

Two stages ofmineralization can be distinguished; an early bomite-dominated

stage, associated with banded carbonatite; and a later chalcopyrite-rich stage hosted by

transgressive carbonatite. Although bornite and chalcopyrite are dominantly early and

late, respectively, they are commonly round together in both stages. Accessory sulphide

minerais include pyrrhotite, pentlandite, tetrahedrite, sphalerite, galena and pyrite.

Early copper mineralization occurs as smaU disseminated blebs ofbornite, which

are locally associated with magnetite, apatite and olivine. Somite, in banded carbonatite,

is not spatially associated with late fractures and is considered to be a primary magmatic

minerai (PMe, 1976). Chalcopyrite in transgressive carbonatite is more typicaUy found

either as isolated, discontinuous veinlets (Fig. 8-3a) or swarms ofveinlets up to tOm wide

in whicb individual veinlets rarely exceed 1cm in width. While sulphide crystals show

no preferred orientation, veinlets tend to be associated with fine fractures in the

carbonatite (Aldous, 1980). The introduction ofchalcopyrite, and associated magnetite,

was often accompanied by the replacement ofcalcite by dolomite in the surrounding

calciocarbonatite (Fig. a-3a,b). Veins and dykes oftransgressive carbonatite, which cut

banded carbonatite, show a similar style ofmineralization to the luger bodies of

transgressive carbonalite.

FenitizatioD

The host granites and granitic gneisses are only weakly fenitized near their

contacts with the alkaline comptex, although evidence offenitization bas been observed
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Figure 8-3 Features oftransgressive carbonatite A) Chalcopyrite with an alteration

halo consisting ofdolomite after calcite. 8) Photomicrograph showing dolomite that has

replaced calcite surrounding magnetite which was introduced with chalcopyrite.
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up to 5 km away from the margins (Eriksson, 1982). Unahered gneiss is a white,

medium- to coarse-grained equigranular rock composed oforthoclase, albite, quartz and

biotite, while the later granite is pink in colour and Jacks biotite. Two styles of

fenitization can be distinguished, namely contact fenitization, which surrounds

carbonatite dykes, and regional fenitization, which surrounds pyroxenite. Regional

fenitization at PhalabolWa has not significantly ahered the appearance ofthe precursor

lithologies except for impaIting a slight greenish hue due to the addition ofgreen

diopside « 10%), which commonly occurs as small « 1cm) disseminated grains or tb.in

«lcm) veinlets. Contact fenites, which have only been observed in granite, are

noticeably difJerent from their precursor, having lost almost all oftheir original quartz,

along with the addition ofpyroxene (Fig. 8-4)

Frick (197S), in seeking to explain the origins ofthe syenitic bodies, provided the

only detailed descriptions offenites at Phalaborwa. He described the fenitization as the

growth oforthoclase at the expense ofquartz and plagioclase along quartz-orthoclase and

quartz-plagioclase boundaries, and therefore considered it to be whony potassic in nature.

Petrographie examination ofboth granite and granitic gneiss feDites, during the course of

the present study, however, bas provided evidence that the fenitizatioD was ofa sodi­

potassic nature.

Earlier pyroxeDite veinlets and disseminations have been observed in which

pyroxene has been partially or completely replaced by a blue alkali amphibole (Fig. 8­

5a,b), varying in composition nom richterite to winchite and edenite. Single

disseminated crystals ofpyroxene in contact and regional fenites are eommonly only

replaced partially by amphibole, typically with sharp contacts between the two minerais,

while veinlets in contact Cenites are preferentially replaced along their margins. The

proportion ofamphibole mereases signifieant1y near carbonatite dykes which cut granite,

however, pyroxene in regional fenites is commonly replaced.

Granite or granitic gneiss surrounding pyroxene veinlets commonly eontains a

halo of clouded feldspar (Fig. 8-Sc), suggesting alteration by aqueous tluids associated

with the veinlet. The halo itself is typically halfthe width ofthe vein but is continuous

along its length.
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Figure 8-4 Normative minerai plots for A) fenitized granite and 8) fenitized granitic

gneiss. See Figure 8-2 for sample locations.
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Figure 8-5 Photomicrographs showing partial replacement ofA) a disseminated

diopside (Diop) crystal by sodie amphibole (richterite· Rich) and B) a pyroxenite veinlet

by riehterite. C) Photomicrograph of clouded (altered) potassium feldspar (K·fsp)

surrounding pyroxenite (pyx) veinlet.
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Methodology

In arder ta determine bulk rock compositions, major elements were analysed by

X-ray Fluorescence (XRF), while trace elements and rare earth element concentrations

(REE) were detennined by Instrumental Neutron Activation (INA). Mineral

compositions were obtained by Wave Length Dispersive Spectrometrie (WDS) analyses

using a mOL 8900 superprobe equipped with a Tracor Northem energy dispersive

system WOS analyses were performed at IS kV, with a beam diameter of 10f.1.

Chemistry

FeDite Chemistry

In order to quantify the chemical changes which attended fentization ofcountIy

roc~ sample profiles ofgranite (Table 8-1) and granitic gneiss (Table 8-2) were co8ected

and analyzed. Sampling ofregional feoites was carried out on successive benches ofthe

open pit towards the contact ofthe fenitized rocks and the feldspathic pYfoxenite. Two

samples ofgranite in close proximity ta carbonatite dykes were alsa included in the set ta

represent contact fenitization associated with carbonatite (Table 8-1).

In arder to represent chemical changes in progressively fenitized felsic rock SiÛ2

was used as a reference, with high values representing the lowest grade offenitization.

The silica undersaturated character ofboth ijolite and carbonatite orthomagmatic fluids

has been weU documented through other studies offenitization, and the relationship of

decreasing Si02 concentrations to increasing intensity offenitization is weU estabUshed

(Kresten and Morogan, 1986; Morogan, 1994; Palmer and Williams-Jones, 1998a, Chap.

6). Normative minerai calculations for progressively fenitized granite (Fig. 8-4a) and

granitic gneiss (Fig. 8-4b) suppon this conclusion.
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Table 8·\ Chcm"lf}' uf femlllCd Granlle

Sam.r.1e Pf·1J PF·I::! 6c 6 S PF·7 PF-14 PF-6 Pf·8 Pf·1I PF-Sc PF·Sd

....~
S.O, 74.94 7456 74.40 74.30 74.22 73.71 73.70 73.19 73.13 72.99 60.88 59.93

TIO, 0.067 0.065 0.093 0.066 0.072 0.087 0.043 0.071 0.052 0.095 0.077 0.065

AIJO} 13.91 14.35 14.44 14.15 13.75 14.04 14.55 13.63 14.27 14.43 16.68 16.58

FeJO) 0.53 0.58 0.63 0.69 0.66 0.69 0.64 0.70 0.44 0.80 1.14 1.07
MnO 0.007 0.008 0.005 0.008 0.008 0.012 0.012 0.012 0.007 0.010 0.020 0.020

MgO 0.02 0.06 0.06 0.08 0.07 0.15 0.05 0.20 0.06 0.16 0.51 0.50
caO 0.75 0.90 0.67 0.78 0.90 0.90 0.80 0.95 0.71 1.05 3.26 3.54
Nap 4.56 4.86 4.89 4.70 3.87 4.32 5.10 3.33 3.46 4.54 0.43 0.48
K,O 4.95 4.51 4.84 4.90 5.86 5.36 4.67 6.78 7.10 5.24 14.38 14.24

?JO~ 0.036 0.049 0.046 0.052 0.050 0.044 0.098 0.045 0.052 0.046 0236 0.274
C02 0.2 0.25 0.1 0.1 0.23 02 0.2 0.88 0.18 n.d. 1.96 1.7

Total 100.01 100.30 100.28 99.82 99.88 99.67 99.98 99.87 99.62 98.62 100.13 98.96

.....
BaO 354 317 315 278 696 558 480 763 707 1501 3636 J584

F 210 320 210 180 580 330 200 290 170 200 400 480

CrJÛJ 26 39 37 28 27 1 45 20 7 25 21 23
Cu 4 n.d. 7 5 3 3 28 88 15 20 n 21
V 7 n.d. 6 3 n.d. 7 3 4 2 n.d. n.d. n.d.

Nb 9.9 10.5 11.0 8.4 6.8 10.4 15.1 5.6 7.6 3.9 3.2 2.6
Pb 24.1 20.8 13.1 21.7 18.8 11.2 20.9 18.5 11.1 20.7 2.6 2.9
Rb 203.2 157.4 168.8 178.6 177.0 176.5 126.3 208.2 238.8 159.7 372.0 371.4
Sr 114.2 123.6 133.3 94.1 172.8 221.5 107.1 214.4 313.1 361.0 669.7 727.9
Th 4.3 1.1 5.1 2.7 9.3 4.8 1.3 7.0 3.6 13.2 13.1 13.2
U 11.5 7.3 6.9 7.8 6.1 6.1 8.7 6.2 7.7 3.7 5.1 3.6
Y 15.3 13.5 17.5 18.7 11.8 13.8 15.0 17.9 8.6 13.9 6.3 7.3
b 26.3 13.2 31.5 29.5 89.1 60.0 173 64.0 6.9 72.6 59.5 64.2
Sc 1.7 2.6 2.5 1.5 2.5 2.7 1.2 1.3 1.3 0.8 2.9 2.8
La 9.1 5.6 15.2 9.6 21 17.6 13.4 16.7 8 32.6 37.5 42
Cc 19 12 32 22 41 34 24 33 14 58 78 84
Nd 8 n.d. n.d. n.d. 10 10 10 10 8 17 38 43
Sm 1.3 0.9 1.9 1.5 2.5 2.1 15 2.3 1 3.4 5.9 6.6
Eu 0.4 0.3 0.2 0.4 0.6 0.4 0.4 0.6 0.4 0.6 1.3 1.•
Yb 0.9 0.9 1.1 1.2 0.5 0.8 07 1 0.6 0.6 0.5 0.3
tu 0.14 0.14 0.16 0.12 0.07 008 OOB 0.1 0.07 0.1 0.06 0.05

n d "'" delecled
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Table 8-2 Chcmisuy o(Fenltizcd Granilic: Gneiss

Sample PF-I 4 PF4A PF·IO PF·3 Pf-2 2 PF·9

wt.%

SiO: 73.48 73.32 73.21 73.17 72.95 72.46 72.11 72.03 71.85 70.a.4

TiO: 0.159 0.161 0.246 0.211 0.170 0.187 0.1 .... 0.193 0.155 0.223

Alla' '4.03 14.10 14.06 14.17 14.32 13.57 14.02 14.07 14.24 13.89

FCIO, 1.32 1.48 1.38 1.35 1.43 1.20 0.80 1.39 1.01 1.29

MnO 0.014 0.015 0.017 0.016 0.015 0.014 0.018 0.020 0.014 0.022

Ma<> 0.24 0.25 0.26 0.24 0.26 0.25 0.24 0.29 0.18 0.89

CaO 1.21 1.28 1.24 1.13 1.23 1.99 0.78 1.10 0.78 1.62

NalO 3.99 3.93 3.92 4.11 4.17 3.61 3.15 3.45 3.02 3.26

KlO 4.50 4.51 5.21 4.97 5.08 8.08 7.53 6.45 8.03 7.42

P:O~ 0.046 0.041 0.105 0.062 0.060 0.054 0.037 O.osa 0.039 0.101

CO:! 0.08 0.3 0.48 0.2 0.7 0.3 0.58 0.33 0.03 0.18

TOUll 99.30 99.84 100.38 99.85 100.61 99.95 99.65 99.68 99.67 99.87

pp.
BaO 1170 1305 1225 943 956 1043 1220 1626 2074 1759

F 280 290 4aO 400 400 380 320 460 140 390

CrlC, 4 31 5 -te 41 14 13 28 40 52
Cu n.d. n.d. 16 1 15 3 n.d. 8 11 71

V n.d. 11 9 9 11 9 8 9 n.d. 10

Nb 8.1 6.8 8.8 8.9 5.2 7.9 5.6 7.9 5.3 8.9

Pb 22.7 22.2 22.4 23.3 21.5 13.5 11.0 19.5 5.1 9."
Rb 183.9 181.7 193.6 185.8 167.4 194.4 230.0 217.5 233.5 217.7

Sr 223.9 251.6 257.3 223.5 220.3 255.6 291.4 255.5 528.4 410.1

Th 22.0 20.1 16.8 12.6 19.8 8.0 6.3 13.8 7.5 14.3

U 4.3 4.8 5.8 s.a 5.5 4.7 4.4 5.7 3.4 4.•

Y 13.9 12.6 13.8 13.2 13.7 9.7 18.7 12.5 11.4 13.5

Zr 142.3 138.8 174.5 119.8 133.3 109.9 48.7 132.0 32.1 71.7

Sc: 2.4 1.9 2.3 2 2.8 2.3 2.5 2.2 1.1 2."
La 48.4 42.5 45.9 36.1 41.8 33 24.4 34.5 18.2 47.2

Cc 78 89 8S eo 73 87 53 62 34 96

Nd 22 18 26 19 23 25 23 20 12 33

Sm 4.3 3.5 4.5 3." 4.1 3.9 3.7 3.8 2.2 6.1

Eu 0.7 0.7 0.7 0.6 0.7 0.7 0.6 0.7 0.4 1

Yb 0.7 0.5 0.7 0.7 0.8 0.5 1 0.7 0.4 0.7

Lu 0.12 0.1 0.12 0.1 0.1 0.05 0.18 0.11 0.07 0.08

n.d. notdeteeted
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Whole Rock Chemistry

Regional fenites derived from both precursors show a narrow range ofSieh

content tram 7S to 71 wt.%, while contact fenites contain only 60 wt.% SiÛ2. Plots of

major and minor elements versus Si02 are presented in Figures 8·6 and 8-8 and 8-7 and

8-9, for fenitized granites and granitic gneisses, respeetively. Among all the oxides

analyzed in granite only Na20 decreases in concentration with decreasing SiÛ2 content of

the roc~ while concentrations ofNa20 and Fe203 decrease with decreasing SiÛ2 content

in granitic gneiss, suggesting their removal along with sillca (Fig. 8-6, 8-8). MgO shows

flat trend with SiÛ2, in granitic gneisses. Progressively fenitized granites show very good

negative correlations between K20, FC2Û3, MgO and BaO and SiÛ2, consistent with

addition ofthese elements (Fig. 8-6). Although the trends ofK, MgO and BaO in

granitic gneiss are less weU defined, they are alsa consistent with these elements having

been added during fenitization (Fig. 8-8). The behaviour ofCaO during fenitization is

less obvious, CaO would appear to have been added to granite, wbile for granitie gneiss

no trend is apparent (Fig. 8-6, 8-8). Trace elements patterns show less correlation with

Si02 than the major element oxides, however, some trends are apparent. Cu

concentrations in granite are consistent with its addition during fenitization (Fig. 8.7),

while Rb shows a good negative correlation in granitic gneisses (Fig. 8-9). Cu and Rb

show no relatioDship with SiÛ2 in granitic gneisses and granites, respeetively (Fig. 8-7).

Strontium shows a strong negative correlation with sillca in both granites and gneisses

(Figs. 8-7, 8-9). The behaviour ofREE is contrasted between the two lithologies with La

conelating positively with sillea in granitic gneiss (Fig. 8-9), while the reverse is true for

granite (Fig. 8-7). UREE concentrations, represented by Lu and a surrogate in the form of

Y, show a strong decrease with decreasing Si02 content in granite (Fig. 8-7), while their

concentrations in granitie gneiss display a weak positive correlation with Si~ contents.

Two samples ofgranite which represent contact fenitization continue the

elemental relationships deseribed above to values as low as 60 M.% Si~. For ail

elements the contact fenites conform with the sense ofthe correlations, either positive or

negative, but offthe expeeted Iinear trend indicated by the regional fenites.

207



Chapler 8 - Fenitiza!ion al Pha/aborwa

Figure 8-6 Major element plots for progressively fenitized (decreasing SiÜ2) granite.
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Figure 8-7 Minor element plots for progressively fenitized (decreasing Si02) granite.
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Figure 8-8 Major element plots for progressively fenitized (decreasing SiOz) granitic

gneiss.
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Figure 8-9 Minor element plots for progressively fenitized (decreasing Si(2) granitic

gneiSS.
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Mineral Chemistry

The replacement ofpyroxene by amphibole in fenitized country rocks provides

additional constraints on fenitization. Marked chemical differences occur between

amphiboles grown in contact fenitised rocks and those in regional feuites (Tables 8-3a,b

and 8-4, Fig. 8-10). The most noticeable differences include higher concentrations of

Mg, Na and Fe, and significandy lower concentrations ofCa and Al in amphiboles

occuning near carbonatite dykes (samples Sc,d; Fig. 8-10a,b). 'Ibere are also significant

chemical differences between the two contact feDites, samples Sc and Sd, which represent

average distances trom the carbonatite of S and 20 cm, respectively (Tables 8-3a,b).

With inereasing distance trom the carbonatite dyke, amphiboles become less magnesian,

more calcic and slightly more aluminous, while maintaining an almost constant Fe

concentration (Fig. 8-1Oa,b). l'hose amphiboles which show no local associations with

carbonatite, i.e., in regional feDites, represented by sample PF-7, are separated chemicaUy

ftom contact amphiboles and trend toward lower Mg and Fe, and higher Ca values. By

contrast, pyroxenes found in contact renites are almost indistinguishable, chemicaUy,

ftom those in feoites unrelated to carbonatite dykes.

Alteration ofpotassium feldspar surrounding pyroxene veinlets was noted in a

nomber offenites, and feldspar was analyzed in order to determine the chemical changes

resulting from its interaction with pyroxenite-derived tluids. The compositions of altered

and unahered potassium feldspar are very similar, with Xor values ranging between 96

and 98 for both regional and contact fenites. However, the behaviour ofKand Na

displays a marked contrast between regional and contact fenites, and is best described in

terms ofmass changes.

Aside ftom the obvious differences in Mg and Ca associated with the

dolomitization ofcalcite SUlTounding chalcopyrite mineralization, dolomites also differ in

minOT element concentrations (Table 8-5). Iron is the most significant ofthe minor

elements comprising 0.31 wt.% FeO in calcite and between 0.45 and 1.96 wt.% FeO in

magnesian calcite and dolomite. The concentration of Sr is significantly lower in

magnesian calcite and dolomite than in calcite, it is between 0.64 and 1.44 wt.% srO in
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Table 8-3b Composition of pyroxenes and amhiboles in contact fenite (distal- PF-5d)
Pyroxene Amphibole

SiOz 53.34 53.17 53.01 52.63 56.11 55.70 55.46 56.02 56.40 56.42 56.22 56.18

AI20 3 0.25 0.31 0.27 0.32 0.43 0.44 0.45 0.42 0.38 038 0.36 0.37

TiOz 0.13 0.18 0.23 0.18 0.09 0.10 0.10 0.05 0.06 0.06 0.07 0.05
FeO 12.40 12.15 12.56 12.62 12.91 12.45 12.24 12.23 9.28 9.01 9.42 9.41
MgO 10.07 10.04 9.94 10.22 16.62 16.76 16.87 17.10 18.47 19.05 18.67 18.43
MnO 0.30 0.30 0.27 0.36 0.09 0.11 0.08 0.13 0.11 009 0.12 0.07
CaO 20.75 21.90 22.06 22.33 6.96 7.74 7.76 7.84 8.86 8.93 8.97 9.19
NazO 2.59 1.96 1.70 1.48 3.91 3.41 3.28 3.51 3.01 2.95 2.81 2.85

K20 0.02 0.01 n.d. 0.02 1.46 1.72 1.71 1.71 1.66 173 1.67 1.48
Baa n.d. n.d. n.d. n.d. 0.02 0.03 0.03 n.d. 0.02 0.02 0.03 n.d.
P20 5 n.d. n.d. n.d. n.d. 0.03 0.01 n.d. 0.01 0.00 n.d. 0.00 n.d.
Crl0] n.d. n.d. 0.01 0.01 0.01 n.d. n.d. 0.00 0.02 n.d. n.d. 0.02

CI n.d. 0.00 0.00 n.d. 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00
F 0.01 n.d. n.d. n.d. 0.19 0.21 0.23 0.21 0.23 0.29 0.30 0.26
Tota. 99.86 100.02 102.06 100.16 98.74 98.60 98.11 99.14 98.41 98.81 98.51 98.21

per6 oxygen per 23 oxygen
Si 2.01 2.00 2.00 1.99 7.98 7.95 7.94 7.94 7.95 7.91 7.92 7.93
AI 0.01 0.01 0.01 0.01 0.07 0.07 0.08 0.07 0.06 0.06 0.06 0.06
Ti 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
Fe 0.45 0.44 0.46 0.43 1.54 1.49 1.46 1.45 1.09 1.06 1.11 1.11
Mg 0.57 0.56 0.56 0.58 3.53 3.56 3.60 3.61 3.8B 3.98 3.92 3.88
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
Ca 0.84 0.88 0.89 0.91 1.06 1.18 1.19 1.19 1.34 1.34 1.35 1.39
Na 0.19 0.14 0.12 0.11 1.08 0.94 0.91 0.96 0.82 0.80 0.77 0.78
K 0.00 0.00 0.00 0.00 0.27 0.31 0.31 0.31 0.30 0.31 0.30 0.27
Ct 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 0.00 0.00 0.00 0.00 0.09 0.09 0.11 0.09 0.10 0.13 0.13 0.12

NaIt< 246 212 - 102 4.07 3.02 2.93 3.12 2.75 2.58 2.56 2.92
Mg/Fe 1.26 1.27 1.22 1.33 2.30 2.40 2.46 2.49 3.55 3.77 3.53 3.49

n.rnot detected
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Table 8-4 Composition of pxroxenes and amhiboles in repional fenites (PF-7)
Pyroxene Amphibole

5i02 52.03 51.96 52.25 51.92 50.96 50.71 49.89 50.81 51.15 49.77 52.66 52.31

AI20 3 0.58 0.57 0.76 0.77 3.15 2.80 3.57 3.11 3.70 3.67 0.89 1.81

Ti02 0.13 0.10 0.05 0.07 0.27 0.19 0.32 0.19 0.19 0.27 0.05 0.05

FeO 12.95 12.89 12.95 12.68 13.64 13.87 14.08 13.15 13.65 14.45 13.03 13.34
MgO 11.04 10.97 10.78 10.75 15.32 15.40 15.14 15.77 15.06 14.70 16.06 15.77
MnO 0.47 0.48 0.38 0.41 0.35 0.35 0.31 0.37 0.34 0.38 0.38 0.34
CaO 21.19 21.54 21.93 22.07 9.60 9.75 9.78 9.86 9.90 10.28 10.97 11.16
Na20 1.73 1.57 1.42 1.41 2.79 2.73 2.82 2.69 2.55 2.66 1.54 1.62

K20 0.03 0.01 0.02 0.01 1.30 1.37 1.23 1.31 1.34 1.26 0.65 0.81
BaO n.d. 0.02 n.d. 0.01 0.01 n.d. n.d. 0.00 n.d. 0.01 n.d. n.d.
P20 5 0.03 n.d. 0.02 0.03 n.d. n.d. 0.02 n.d. n.d. 0.02 n.d. 0.02

Cr20) n.d. n.d. n.d. n.d. 0.01 n.d. n.d. 0.01 n.d. n.d. n.d. 0.01
CI 0.01 n.d. 0.00 0.01 0.02 0.02 0.02 0.04 0.02 0.04 0.01 0.01
F n.d. 0.00 n.d. n.d. 0.52 0.48 0.50 0.57 0.41 0.45 0.36 0.38
Total 100.17 100.10 100.57 100.15 97.70 97.46 97.48 97.63 98.12 97.76 96.43 97.46

per60xygen per 23 oxygen
Si 1.98 1.98 1.98 1.98 7.42 7.43 7.39 7.32 7.42 7.31 7.72 7.61
AI 0.03 0.03 0.03 0.03 0.54 0.48 0.53 0.62 0.63 0.64 0.15 0.31
Ti 0.00 0.00 0.00 0.00 0.03 0.02 0.02 0.04 0.02 0.03 0.01 0.01
Fe 0.41 0.41 0.41 0.40 1.66 1.70 1.60 1.73 1.66 1.77 1.60 1.62
Mg 0.63 0.62 0.61 0.61 3.33 3.36 3.42 3.31 3.26 3.22 3.51 3.42
Mn 0.02 0.02 0.01 0.01 0.04 0.04 0.05 0.04 0.04 0.05 0.05 0.04
Ca 0.87 0.88 0.89 0.90 1.50 1.53 1.54 1.54 1.54 1.62 1.72 1.74
Na 0.13 0.12 0.10 0.10 0.79 0.78 0.76 0.80 0.72 0.76 0.44 0.46
K 0.00 0.00 0.00 0.00 0.24 0.26 0.24 0.23 0.25 0.24 0.12 0.15
CI 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00
F 0.00 0.00 0.00 0.00 0.24 0.22 0.26 0.23 0.19 0.21 0.17 0.18

NaIK 105 477 102 195 3.27 3.04 3.12 3.47 2.90 3.21 3.61 3.05
MglFe 1.52 1.52 1.48 1.51 2.00 1.98 2.14 1.92 1.97 1.81 2.20 2.11

n.d. not deteded
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Figure 8-10 Ternary diagrams ofA) Ca-AI-Na; B) Ca-Mg+Fe-Na+K; and C) Ca-Mg­

Fe for pyroxenes and amphiboles of fenitised granites (PF-Sc and d) and granitic gneisses

(PF-7).

216



SO°A»
AI

Mg

Ca

Pyroxene
+ Regional Fenlte

c.w-I

+ Contld Fenite 1
c.w-I

+ Contact Fenite 2
~l

Amphibole
• Regional Fenlt.
~.

t::& Contad Fenite 1
~,

â Contad Fenite 2,---,

40GA» Ca

SOGA» Ca



e e

Tûlea.s Musban" <Mn IISsocllltMl wiIh doIomltization~ caIcü SUfJounding cbIIcopyrile vein"

original altered "ed altered

calcite Mg-caldta MT "'Change dolomite MT ... Change dotomlt. MT 'l'Change

gI100g

WI.%

c.o 53.73 5026 -3.47 -6.46 29.69 -24.05 -44.75 29.72 -24.01 -45

srO 1.51 1..... -D.07 -4.71 0.71 -0.80 -53.08 0.64 -0.87 -57

F.o 0.31 0.45 0.15 48.20 1.94 1.63 534.75 1.96 1.65 542

MnO 0.31 0.26 -0.04 -13..... 025 -0.06 -18.03 0.23 -0.08 -26

MgO 1.2& 3.40 2.14 169.28 19.61 18.34 1452.34 2026 18.99 1504

Na20 0.03 0.04 0.01 40.00 0.01 -0.02 -76.67 0.01 -0.02 -53

tuO 0.01 0.01 0.01 71.43 0.02 0.01 142.86 0.02 0.01 200

BIIO 0.31 0.31 0.00 0.33 0.05 -0.25 ~2.41 0.02 -0.29 ·94

·C02 42.54 43.82 1.28 3.01 47.73 5.19 12.20 47.14 4.60 11

per60xygen

Ca 1.95 1.80 -0.16 -8.04 0.99 -G.B7 -49.49 0.99 -0.96 -49

Sr 0.023 0.021 0.00 -6.31 0.010 -0.01 .57.11 0.009 -0.01 -61

F. 0.01 0.01 0.00 45.70 0.05 0.04 480.30 0.05 0.04 489

Mn 0.01 0.01 0.00 ·14.90 0.01 0.00 -25.06 0.01 0.00 ·32

Mg 0.06 0.17 0.11 164.75 0.91 0.84 1319.16 0.94 0.88 1371

Ba 0.004 0.004 0.00 -1.36 0.001 0.00 -83.92 0.000 0.00 -94

C03 1.97 1.99 0.03 127 2.02 0.05 2.58 2.00 0.03 2

• C02 by dllerenc:e
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the former and I.S 1 wt.% in the latter. BaO contents~ although the same for calcite and

Mg-calcite (0.31 wt.%), are much lower in dolomite (0.02-0.0S wt.%).

Mass Changes

The chemical changes descn"bed above can be related to quantitative mass

changes through the use ofmass balance algorithms 50ch as those ofGresens (1967) and

Grant (1986). The results ofcalculations using such algorithms provide a much more

aeeurate representation of tluid-rock interaction by taking into account any volume

changes which attended alteration (Gresens, 1967). In order to perform these

calcu1ations, the volume change caused by alteration must first be established, typically

through the use of immobile elements. Ifan element is neither gained or lost during

metasomatism, its relative abundances in the unahered and ahered rocks can be used to

determine the volume change. When dealing with fenitizing tluids, however, many

elements which are normally immobile, such as the HFSE, are in fact quite mobile, due to

the presence ofhard ligands such as F and S04z-(Palmer and Williams-Jones, 1998a,

Chap.6). The mass factor, which is related to the volume factor (Gresens, 1967), can be

calculated however, using the isocon method ofGrant (1986)..

Whole rock

Figures 8-11 and 8-12 show a number ofisocon diagrams for granite and granitic

gneiss fenites, respeetively. In each diagram, elements which plot above the isocon ue

considered ta have been added during fenitization, while those below the line have been

last. Elements which plot on the tine have been neither lost nor added and are considered

ta be immobile. The slope ofthe isocon can then be used to calculate mass and volume

changes using a formula developed by Gresens (1967).
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Chapter 8 - Fenitization at Pha/ahorwa

Figure 8-11 lsocon diagrams (Grant, 1986) for progressively fenitised granites (PF-ll,

5, PF-6 and PF-Sc) versus the least altered granite(PF-13). Elements which plot below

the salid line (isocon) were removed during fenitization while those above were added.
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ChapteJ' 8 - Feni!ization at PhaJaho1WQ

Figure 8-12 lsocon diagrams (Grant't 1986) for progressively fenitised granitic gneisses

(PF-4a, PF-3 and 1) versus the least altered granitic gneiss (PF-I). Elements which plot

below the solid line (isocon) were removed during fenitization while those above were

added.
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Chapter 8 - Feniti=a/ion al Pha/aborwa

Mas Trllllsfers

The slope of isocons (and corresponding mass factors) were determined to be 1.09

(0.92), 1.09 (0.92) and 1.00 (1.00) for regionally fenitized granite samples S, Pf-6, and

Pf:.ll plotted versus unaltered granite (Pf-13), respectively, corresponding to mass lasses

offrom 8% ta 0%. The slope ofthe isocon for contact fenitized granite Pf-Sc is 0.99,

corresponding to a mass factor of 1.01 and therefore a mass gain of 1%. Fenitization of

granite is charaeterlzed by significant, and consistent, losses of the major element oxides

SiÛ2 and Na20, from 2 to 8 gllOOg and 1 to 4 gl100g, respeetively, and the trace

elements V, Nb, Pb and U in amounts of3-7, 2-S, 4-22 and S-8 glIOOOkg, respeetively.

Components that experienced significant increases include K:O (0.29-10g/100g), BaD

(280-3318 glI000kg), Sr (40-S70 glI000 kg), Th (2-9 gl1000kg) and the LllEE La (6-29

glIOOOkg), Cc (11-60 glIOOOkg) and Nd (1-31 gl1000kg) (Table 8-6). Significant

additions ofcopper (16-77 gllOOOkg) are estimated for three feDite samples, while one

sbo"'s no Ippr~ilble change and corresponds to the least altered feoite. The HIlEE, Yb

and Lu" IltbousJI reponing losses, do not change appreciably and can be considered

nearl)' immobile. Y, which closely follows the HREE, shows losses in three samples (1.4

- 8.9g/ IOOOkg) and a slight gain (l.lglIOOOkg) in one regional fenite sample. The mass

changes in the contact feuite were similar in many respects to those ofthe regional

fenites, witb tbe exception ofthat for Rb, which involved a large gain in the contact

fenite. The greatest gains and losses are typically recorded by the contact feDites, which

based on location, cao be considered the bighest grade fenites.

Isocons for regionally fenitized granitic gneiss samples Pf-4a, Pf.3 and 1, versus

unaltered granitic gneiss (Pt: 1), were determined to have slopes (and correspondïng

mass factors) of 1.04 (0.96), 1.04 (0.96) and 0.91 (1.10), respeetively, corresponding to

mass changes of-6%, -6% and +10%. Mass changes associated with granitic gneiss

fenites were grossly similar ta thase ofthe granite feDites (Table 8-7), e.8-, there were

lasses ofSiÛ2 and Na20 (3.8-6.3 gllOOg and 0.4-1.09 glIOOg, respectively) and a gain of

K20 (0.28-3.22 gllOOg). However, several elements experienced different mass changes

in the granitic renites. Rb was added to all fenites (13-62 gllOOOkg), Zr and Th
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Table 8-6 Mau lransfm (Ml) for fcniliz.cd granlle

PF-U 5 Pf~ PF-II PF-Sc
original allercd MT %chanlC ahercd Mf % change allercd MT % change allcrcd MT % change

Ifl...r....

Sial 74.94 7422 -6.85 ·9 73.19 -7.79 -10 7299 -1.95 -3 6088 -13.45 -lB

TiOI 0.07 0.01 0.00 -1 0.01 0.00 -J 0.10 OOJ 42 008 0.01 16

AI,o) 13.91 Il.75 -1.30 ·9 13.63 -1.41 -10 14.43 0.52 4 16.68 2.94 21

FeIO) 053 0.66 008 14 0.70 0.11 21 0.80 0.27 51 114 0.62 111
MnO 0.01 001 0.00 5 0.01 0.00 " 0.01 0.00 43 002 001 189

M8Ü 0.02 0.07 004 221 0.20 0.16 BI7 0.16 0.14 700 051 0.50 2476

caO 0.75 0.90 0.08 10 0.95 0.12 16 IDS 030 40 3.26 2.54 339
N.p 4.56 J.87 -1.01 -22 J.JJ -1.50 .JJ 454 -0.02 0 00 -413 -90

KIO 4.95 5.86 043 9 6.78 1.21 26 5.24 0.29 6 14.l8 9.58 193

P10S 0.04 0.05 0.01 27 0.05 0.01 IS 0.05 0.01 28 0.24 0.20 562

&I.....rl'O(I&

F 210 580 322 153 290 56 27 200 -10 -5 400 1904 92

BaO JS4 696 285 BD 163 346 98 1501 1141 J24 3636 J319 937

CrlOl 26 27 -1.23 ·5 20 -7.65 -29 25 ·1.00 -4 21 ... ,9 -18

Cu 4 3 -1.25 -JI 81 71 1918 20 16 400 17 74 1144
V 7 0 -7.00 -100 4 -333 -48 0 -7.00 -100 0 -700 -100

Nb 9.9 6.8 -3.66 -37 5.6 -4.76 -48 3.9 -6.00 -61 l2 -667 -67

Pb 24.7 18.8 ·1.45 -30 16.5 -9.56 -39 20.7 ....00 -16 26 -22 -89

Rb 203.2 117 -41 -20 209.2 -II -6 159.1 ....4 ·21 l72.0 I1l 85

Sr 114.2 173 44 39 214.4 82 72 3610 241 216 669.1 562 492

Th 4.l 9.3 4.23 98 7.0 2.12 49 13.2 8.90 207 13.1 893 208

U 11.5 6.1 -5.90 -SI 6.2 -S.81 .SI 37 -7.80 -68 5.1 -63S -SS

V 1S.3 12 ....47 -29 17.9 1.12 7 139 -140 -9 6.3 -894 -58
Zr 26.3 89 SS 211 640 32 123 72.6 46 176 59.S 34 129

Sc 1.7 2.S 059 35 1.3 -0.51 -3D 0.8 -0.90 -53 29 113 72

la 9.1 210 10 112 16.7 6.22 61 32.6 2" 2S8 l75 29 316

Cc 19 41 19 98 3l Il 59 SB 19 205 78 60 liS
Nd 8 10 111 IS 10 1.17 15 17 900 113 JI 30 380
Sm 13 2.5 099 76 2l 0.81 62 3.4 2.10 162 59 ".66 158

Eu 0.4 0.6 OIS 38 06 O.IS 38 0.6 020 SO 13 0.91 228
Yb 0.9 O.S -0.44 -49 1.0 0.02 2 06 -OlO ·ll OS -ol9 "'4
tu 0.14 0.07 -008 -S4 0.10 -0.05 -34 010 -0.04 -29 0.06 .() 08 -S7

NIA NOl Available
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Table 8-7 Mass transfers (Mn for fenitized granitie gneiss
PF-l PF-4A PF-J 1

original altered MT % change altered MT ~~ change aJtered MT 0/0 change

&1100& of rock

SiOl 73.48 73.21 -6.31 -9 72.46 -3.81 -s 71.8S -4.39 -6
TiÛt 0.16 O.2S 0.07 42 0.19 0.02 13 0.16 -0.01 -6
AllO] 14.03 14.06 -1.13 -8 13.57 -0.98 -7 14.24 -0.34 -2
Fel0] 1,32 1.36 -0.07 -5 1.20 -0.17 -13 1.01 -0.35 -26
MnO 0.01 0.02 0.00 11 0.01 0.00 -4 0.01 0.00 -4
MgO 0.24 0.26 0.00 -1 O.2S 0.00 a 0.18 -0.07 -28
CaO 1.21 1.24 -0.07 -6 1.99 0.70 S8 0.78 -0.46 -38
NalO 3.99 3.92 -0.39 -la 3.61 -0.52 -13 3.02 -1.09 -27
K10 4.50 S.21 0.28 6 6.08 1.35 JO 8.03 3.22 72
PlO, O.OS 0.11 O.OS 109 0.05 0.01 13 0.04 -0.01 -18

&llOOOq of rock

F 280 480 160 S7 360 66 24 140 -145 -52
BaO 1170 1225 -46 -4 1043 -167 -14 2074 824 70

Crl0] 4 5 0.59 15 14 9.46 231 40 34 862
Cu 0 16 15 NIA 3 2.88 NIA 11 Il NIA
V a 9 8.26 NIA 9 8.65 NIA 0 0.00 NIA

Nb 8.1 8.6 -0.21 -3 7.9 -0.50 -6 S.3 -3.00 -37
Pb 22.7 22.4 -2.15 -9 13.5 -9.72 -43 S.l -18 -78
Rb 163.9 193.6 14 8 194.4 23 14 233.5 61 37
Sr 223.9 257.3 12 5 255.6 22 la S28.4 284 121
Th 22.0 16.8 -6.59 -30 8.0 -14 -6S 7.5 -15 -67
U 4,3 S.8 1.02 24 4.7 0.22 5 3.4 -1.03 -24

Y 13.9 13.8 -1.24 -9 9.7 -4.S7 -33 11.4 -2.94 -21

Zr 142.3 174.5 18 13 109.9 -37 -26 32.1 -Ill -78

Se 2.4 2.3 -0.29 -12 2.3 -0.19 -8 1.1 -1.34 -S6

La 48.4 46 -6.29 -13 33.0 -17 -34 18.2 -31 -64

Ce 78 89 3.65 5 67 -14 -17 34 -45 -S8

Nd 22 26 1.85 8 25 2.04 9 12 -la -48

Sm 4.3 4.5 -0.17 -4 3.9 -0.55 -13 2.2 -2.18 -SI

Eu 0.7 0.7 -0.06 -8 0.7 -0.03 -4 0.4 -0.32 -45

Yb 0.7 0.7 -0.06 -8 0.5 -0.22 -31 0.4 -0.32 -45

Lu 0.12 0.12 -0.01 -8 0.05 -0.07 -60 0.07 -o.OS -44

NIA Not Available
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underwent depletions (36-112 and 7-1 S gl1000kg, respectively) and allllEE were either

depleted or experienced littIe change.

Mineral Mass Transfers

Pyrœcene.Amphibole

The replacement ofdiopside by richterite can also be quantified chemically

(Table 8-8). Mass balance calculations, based on minerai densities, indicate that the

conversion ofpyroxene to amphibole in contact fenites involved gains ofSiOz, MgO,

FeO, Na:O and K20, in amouots ranging between 3.4 and 7.0, 5.4 and 8.4, 0.52 and 2.49,

1.3 and 3.2 and 0.93 and 1.68 WIOag diqJsidc, respectively. The only significant loss was

that ofCaO. wbich was depleted by 13.6 to 16.4 gllOOg di",sidc. AhOJ was only slightly

atJectcd with gains rangïng between 0.07 and 0.23 glIOOg diqJsidc. As expected,

amphibole in ,onlaet reoite amphiboles nearer to carbonatite dykes has less MgO and

more Na:O addcd per mass ofmineral than in contact fenite further out. FeO was added

10 amphibole in proximal contact fenite (0.6 to 2.5 glI00g di~sidc) and depleted in distal

varieties (-0.7 10-1.5 g/1OOg di",lidc). The ranges of K20, Na20 and CaO additions

overlapped for proximal and distal varieties.

As \\'as the case for contact fenite, the replacement ofpyroxene by amphibole in

regional feDites (Table 8-8) was accompanied by the addition ofMgO, Na20 and K20

and loss oCCaO, however, the mass changes were smaller 2.1 to 4.4, 0.14 to 1.7,0.44 to

1.26 and - 10.6 to - 12.7 g/100g di",side, respectively. In contra&1, SiO: was lost (-1.9 to ­

4.7 gll OOg diop!oidc) and Al20J was added in appreciably higher amounts (0.14 ta 3.3

gllOOg diopsidc). Mass changes for FeO were variable ranging from -0.15 to 0.32

g/1OOgœopsid~.

Potassillm Feldspar

The slight changes in chemistry which accompanied potassium feldspar alteration,

caused by tluids exsolved by surrounding pyroxenite veinlets, in contact and regional
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Table 1·8 Mus lIlUfer (MT) caladaooftl for rcpllCCmCftl ofpxroxene by Imphibole ln rew0nallnd contICI renllCS
pyrolea~ ••phibok ••plUbole ••pllibok ••p"'bole

A MT % dwIac B Mf %chlnp C Mr %dwlle 0 Mr Of. chan,.

tllOOR of rock
RelDona! Fenuc (PF·7)

SiOz ~2.2~ ~2.41 ·194 -4 52.31 ·203 -4 49.~1 -4.12 ·9 ~115 ·llS -6

AlzO, 070 0.94 0.14 18 1.11 0.97 127 4.24 331 433 310 278 364
noz :) O~ 1)06 001 :0 OO~ 000 .- lU! 0.2~ ~2! 0.19 013 ""'M

FeO 1295 13.83 032 IJ.34 .0.15 ·1 13JO -0.18 ·1 Il.65 O.IS 1
MgO 10.78 IH5 213 20 15.77 4.36 40 14.59 3.23 30 15.06 l68 34
MnO 0.38 046 0.06 IS 0.3" -0.06 ·15 0.32 -0.08 -20 0.3" -0.05 ·14
CaO 2193 Il.14 ·10.56 -48 Il.16 ·1 III -51 9.59 ·1212 ·51 9.90 ·12.43 ·S7

NazO 1.42 100 0.50 36 162 014 10 3.24 1.70 110 2.5S 103 73

KaO 0.02 0.48 0.44 2081 0.81 0.7S J594 1.27 1.20 5706 1.34 1.26 6021

BaO n.cl n.d. NIA NIA n.cl NIA NIA 0.01 NIA NIA n.d. NIA NIA

PzOs 0.02 000 .o.cr- ·100 0.02 0.00 .21 n.d. NIA NIA n.d. NIA NIA
Cr20) n.cl n.d. NIA NIA 0.01 NIA NIA n.d. NIA NIA n.d. NIA NIA
a 0.002 003 0.02 1144 0.01 001 ..76 0.03 0.03 1340 002 0.02 160
F n.cl 027 NIA NIA 0.38 NIA NIA 0.4& NIA NIA 0.41 NIA NIA

Proxuntl Contael Ferule (PF-5c)

SiOa 53 b4 5S 39 HI 6 5~74 3.77 7 55.047 3.49 7 56.1" " 18 Il

AlzO, O~ 042 021 96 0.37 016 70 0.44 0.23 IDS 028 007 JI

TiOz 0.01 010 OOQ 724 007 0.05 458 0.04 0.03 209 0.05 004 JOJ

FeO 1140 1161 063 6 12.13 1.09 10 12.26 123 Il 1348 H9 ~

MgO 11'9 1713 CI OS 52 17 07 599 52 1691 590 SI 1646 Slo 46

MnO 0.23 006 .Q 17 ·74 008 .0.15 -63 0.07 .0.16 -68 011 .0 12 ·52
CaO 2174 790 ·13 60 -63 745 -1407 -65 6.96 -14.57 -67 sn ·1636 .75

NazO 202 J 18 125 62 152 160 79 US 1.84 91 506 3 19 151

KaO 002 165 1Cil 7988 140 1.43 6786 1.53 U6 7414 092 0.93 ""22
BaO 001 nd NIA NIA n.cl NIA NIA 0.01 0.00 -44 0.16 0.15 1398
P20 S nd 00.& NIA NIA n.d. NIA NIA 001 NIA NIA n.cl NIA NIA

Cr:O] 002 001 .Q 01 ·30 001 .001 .]5 n.d. NIA NIA 0.002 -0.02 -89

a 0001 001 001 518 0.01 0.01 621 0.01 0.01 724 0.01 0.01 930

F n.d. 019 NIA NIA 0.19 NIA NIA 0.21 NIA NIA 016 NIA NIA

Distal ContICt FClUle (PF-5d)

SlOz 5301 S546 632 12 55.70 6.5' 12 56.02 6.93 13 56.11 702 13

AlzO, 027 045 0.::2 81 0.44 0.21 77 0.42 0.11 61 0.43 019 71

TiOz 023 010 .(lU ·55 0.10 .0.12 ·54 0.05 .0.11 .79 0.09 -013 ·57

FeO 12.5C1 11.24 0.53 4 IH5 0.76 6 l2.n 0.52 4 1~91 115 10

MgO 9lU 1087 III 82 1676 7.99 .0 17.10 •.35 M 10.62 7M 79

MnO 017 001 .0 II -6a o. Il -0.16 ·58 0.13 .0.13 -49 0.09 -018 -â6

CaO 12.06 776 -1l.16 -62 7.74 -13.71 -62 1.•" ·13.61 -62 6.96 ·1462 -â6

NaaO 170 J 21 1.12 107 HI 1.96 lU J.SI 2.06 l21 3.91 2.4a 146

KaO n.d. 171 NIA NIA 1.12 NIA NIA 1.71 NIA NIA 146 NIA NIA

BaO n..L 003 NIA NIA 003 NIA NIA ad. NIA NIA 0.02 NIA NIA

PzO, nd nli. NIA NIA 0.01 NIA NIA 0.01 NIA NIA 0.0] NIA NIA

Cr:~ 001 nli. NIA NIA n.d. NIA NIA 0.004 0.00 -41 0.01 0.00 -6

a 0001 OOOol 0.00 328 001 0.01 970 0.01 0.01 649 0.01 0.01 649

F nd. 013 NIA NIA 011 NIA NIA 021 NIA NIA 019 NIA NIA

n. d. nor dctccted
NIA NOl A\'lIlablc
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fenites do not indicate that there was significant volume change. This is supported by the

isocons for altered and unaltered feldspar which were calculated as having a slope of 1

and therefore, a mass factor of 1.o. As a result, mass changes can be interpreted direcdy

trom chemical analyses (Table 8-9, 10). In contact fenites Ah03 and BaO were

consistently lost from feldspar (0.13 to 0.28 and 0.20 to 0.28 gllOOg ~ar, respeetively),

while sodium was added (0.09 to 0.23 gllOOg ~ar). Analyses for KzO record inconsistent

changes and overall K20 concentration probably remained unchanged. By contrast,

potassium feldspar proximal to pyroxenite veins in regional fenites shows consistent

losses ofNa20 (0.13 to 0.27 glIOOg k!tJar) and gains ofK20 (0.08 to 0.74 gllOOg q,ar)

(Table 8-10). Both BaO and AhÛ3 underwent mass changes similar ta those offeldspar

in contact feDites.

Calcite-Dolomite

The iSOCOD diagram for the replacement ofcalcite by Mg-calcite and dolomite is

shown in Figure 8-13 and the calculated mass changes in Table 8-5. The isocon for the

aheration ofcalcite to Mg-calcite has a slope ofapproximately 1and this value is used

throughout the calculations as little volume change should be associated with the

transformation ofcalcite ta dolomite (Gresens, 1967).

As was expeeted, MgO and CaO showed the greatest losses and gains,

respectively. Between 2 and I9g1100g c:alcilc ofMgO were added and between -3 and ­

4g1IOOg aùcitc ofCaO were lost during dolomitizatioD, compared ta their original

concentrations in calcite of 53 and 1.26 wt.%, respectively. The next lugest change was

in the concentration ofFeO which was added in amounts between 0.15 and 1.96g1100g

calcile, compared to the original concentration in calcite of0.31 wt.%. The minor elements

BaO and srO were 1051 during dolomitization, in amounts ranging between O.2S and

0.29g1100gca1c:ile and 0.07 and O.87g1100gcalcitc, respectively, compared to their original

concentrations of0.31 and 1.51 wt.%.
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Table 8-9 Mass transfers (MD for altered K·feklspar surrounding pyroxenite veinlet in contact fenrte

original attered altered attered attered

1-1 1-2 MT % Change 1-3 MT % Change 1-4 MT % Change 1·5 MT % Change

gl100g
SiOz 63.21 63.09 -0.12 0 63.44 0.23 0 63.57 0.36 1 63.56 0.35 1

TlOz 0.00 0.01 0.01 NIA 0.00 0.00 NIA 0.00 0.00 NIA 0.00 0.00 NIA
AllO" 17.78 17.56 -0.23 -1 17.66 -0.13 -1 17.51 -0.28 ·2 17.58 -0.20 -1

FeO 0.46 0.55 0.09 19 0.61 0.15 32 0.63 0.17 36 0.78 0.31 68

MgO 0.01 0.00 0.00 -80 0.00 -0.01 -100 0.01 0.00 20 0.00 -0.01 -100

CaO 0.00 0.00 0.00 -100 0.01 0.00 50 0.00 0.00 -100 0.00 0.00 -100

NazO 0.20 0.29 0.09 48 0.39 0.20 102 0.42 0.23 117 0.41 0.21 110

KP 17.21 17.51 0.30 2 17.17 -0.04 a 17.11 -0.10 -1 17.34 0.13 1

B80 0.54 0.31 -0.23 -i3 0.33 -0.20 ·38 0.26 -0.28 -51 0.27 -0.27 -50

srO 0.00 0.00 0.00 NIA 0.00 0.00 NIA 0.00 0.00 NIA 0.00 0.00 NIA
PlOt 0.01 0.01 0.00 0 0.00 -0.01 -100 0.00 -0.01 -100 0.00 -0.01 -100

per 32 Oxygens p.f.u.

Si 11.92 11.93 0.00 a 1194 0.01 0 11.96 0.04 0 11.94 0.01 0

AJ 3.95 3.91 -0.04 -1 3.91 -0.04 -1 3.88 -0.07 -2 3.89 -0.06 ·2

Fe 0.07 0.09 0.01 19 0.10 0.02 32 0.10 0.03 35 0.12 0.05 67

Ca 0.00 0.00 0.00 -100 0.00 0.00 50 0.00 0.00 ·100 0.00 0.00 ·100

Na 0.04 0.05 0.02 48 0.07 0.04 102 0.08 0.04 116 0.07 0.04 109

K 2.07 2.11 0.04 2 2.06 -0.01 0 2.05 -0.02 -1 2.08 0.01 0
Ba 0.04 0.02 -0.02 -i3 0.02 -0.02 -38 0.02 -0.02 -52 0.02 -0.02 -50

Or 98 Ra 97 96 97

Ab 2 2 3 4 3

NalK 0017 0.025 0.035 0.038 0.036

Sampfes 1-1 to 1·5 represent increasing proximity to vein
NIA Not Available



e e

Table 8-10 Mass transfers (MT) for attered K-feldspar surrounding pyroxenite veinlet in regional fenite

original altered altered altered altered

2-1 2-2 MT % Change 2-3 MT % Change 2-4 MT % Change 2-5 MT % Change

911009
SiOz 6479 64.98 0.19 0 65.03 025 a 65.41 0.63 1 65.52 0.73 1

liOz 0.00 0.01 001 NIA 0.00 0.00 NIA 0.02 0.02 NIA 0.00 0.00 NIA

AlzO, 18.63 18.63 0.00 a 18.47 -0.16 -1 18.26 -0.36 -2 18.21 -0.42 -2

FeO 0.01 0.04 0.02 192 0.01 0.00 -8 0.08 0.06 525 0.11 0.10 825

MgO 0.00 0.00 0.00 NIA 0.00 0.00 NIA 0.00 000 NIA 0.00 0.00 NIA

CaO 0.00 0.02 0.02 NIA 0.00 0.00 NIA 0.00 0.00 NIA 0.00 0.00 NIA

NazO 0.49 0.36 -a. 13 -27 0.31 -0.18 ·37 0.22 -027 ·55 0.25 -0.24 -48

KzO 16.89 16.97 0.08 0 17.22 0.33 2 17.63 0.74 4 17.55 0.65 ..
8aO 0.44 0.49 0.05 12 0.61 0.17 38 0.18 -0.26 -59 0.02 -0.42 -96

srO 0.00 0.00 0.00 NIA 0.00 0.00 NIA 0.00 0.00 NIA 0.00 0.00 NIA

P20~ 0.01 0.03 0.02 114 0.01 0.00 -14 0.00 -0.01 -100 0.00 -0.01 -100

p.f.u.

per 32 Oxygena

Si 11.92 11.92 0.01 0 11.94 0.02 0 11.98 0.06 1 12.00 0.08 1

Al 4.04 4.03 -0.01 a 4.00 -0.04 -1 3.94 -a.l0 ·2 3.93 -0.11 -3

Fe 0.00 0.01 0.00 191 0.00 0.00 -8 0.01 0.01 522 0.02 0.02 821

Ca 0.00 0.00 0.00 NIA 0.00 0.00 NIA 0.00 0.00 NIA 0.00 0.00 NIA

Na 0.09 0.06 -0.02 -27 0.05 -0.03 -38 0.04 -0.05 -56 0.04 -0.04 -49

K 1.98 1.99 0.00 0 2.02 0.03 2 2.06 0.08 4 2.05 0.07 3

Ba 0.03 0.04 0.00 11 0.04 0.01 38 0.01 -0.02 -59 0.00 -0.03 -96

Or 96 97 97 98 98

Ab 4 3 3 2 2
NaiK 0.044 0.032 0.027 0.019 0.022

Samples 2-1 to 2-5 represent lncreasing proximity to vein
NIA Not Available
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Figure 8-13 lsocon diagrams (Grant, 1986) for the replacement orcalcite (unahered)

by Mg-calcite and dolomite (altered). Elements which plot below the soüd line (isocon)

were removed during fenitization while those above were added.
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Chapter 8 - Feniti=ation at Pha/aborwa

Discussion

Fenitization at Phalaborwa was more complicated than that original1y reported by

Frick (1975). The spatial distnoution offenites at Phalaborwa makes it necessary to

consider the possibility that Ouids derived from either pyroxenite or carbonate melts were

involved in the fenitizing process. Numerous studies offenitization have dispelled earlier

theories that carbonatite- and ijolite-derived Ouids are responsible for ooly potassic and

sodic fenitization, respectively. They have also shown that both fluid types are sillca

undersaturated, especiaUy with respect to granitic rocks (Kresten and Morogan, 1986;

Morogan, 1994). The mass changes we recorded by whole-rock analyses should be

reflected by changes in mineraI chemistry. However, mineraIs may amplify changes for

some elements and consequently identify directions of mass change that were not

apparent from bulk rock chemistry. They may also provide evidence ofsequential

changes, ie., steps in the fenitizing process orthe occurrence ofmore than one fenitizing

event.

Regional fenitized rocks are volumetrically the dominant fenite type surrounding

the complex, however, numerous examples ofcontact fenitization associated with

carbonatite dykes have been observed. Gross chemical and mineralogical changes of

both fenite types indicate that these rocks have undergone predominantly potassic

metasomatism. Although sodium showed an overall depletion during fenitization, it was

added during the alteration ofpyroxene to amphibole in regional and contact fenites and

this suggests remobilization ofsodium dissolved during the breakdown ofplagioclase.

From bulk rock compositions it would appear that fenitization was accomplished

either by one tluid or that fluids exsolved from both pyroxenite and carbonatite melts

were indistinguishable. Mineralogical changes, however, indicate that two chemical1y

separate tluids may have been present. In regionally fenitised granite, potassium feldspar

surrounding pyroxenite veinlets bas undergone significant Na losses, however, in contact

fenitized rocks, aItered potassium feldspar surrounding similar veinlets show an increase

in sodium with inereasing alteration. This, coupled with the growth ofamphibole along

the edges ofpyroxenite veinlets in contact fenites suggests that carbonatite-derived

aqueous tluids, carrying significant Na, exploited fractures associated with pyroxenite
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veinlets. In comparing richterite in regional and contact feuites it was noted that, although

NaIK ratios are similar, they span a much broader range in the latter, 2.03-8.35 versus

2.90-3.61 in the former. This indicates a higher Na/K ratio in the fluid which

metasomatised granites in close proximity to carbonatite intrusions. At first glance this

suggests that metsomatism related to intrusion ofpyroxenite melts, represented by

pyroxenite veinlets, was less sodic than that associated with intrusion ofcarbonatite and

that alteration caused by emplacement of Iate carbonatite dykes ovetprinted this eartier

metasomatism. However, the different Na concentrations in amphibole ftom contact and

regional feDites can still be explained by a single fluid model owing to the remobilization

ofNa released during the dissolutioolreplacement ofplagioclase feldspar. Normative

minerai calculations (Fig. 8-4) show that contact fenitization was responsible for the

removal ofmuch greater quantities ofalbite tban was regional fenitization. Logically, the

increased Na in fluids responsible for the former style of fenitization would cause the

growth ofmore sadic amphiboles. However, a single fluid cannot explain the disparity of

other elements, such as Mg, Ca, Si and Fe, between richterites in contact and regional

fenites and this suggests that the amphiboles in the two settings were precipitated from

separate and chemically distinct aqueous fluids.

The dissimilarity in the chemistry ofalteration mineraIs in contact and regional

fenites does support the presence oftwo Ouids, one derived nom pyroxenite and the other

ftom carbonatite. Mass balance calculations indicate that tluids responsible for the

replacement ofdiopside by richterite during contact fenitization were enriched in Mg, Fe

and Si and depleted in Ca, compared to fluids responsible for the replacement of

pyroxene by amphibole in regional feDites. The breakdown ofminerais during the two

types offenitization cannot be used to explain the ditferences in their amphibole

compositions ifonly a single fluid were present. Therefore, two separate fluids must

have been present, one originating trom carbonatite, ie., contact fenitization, and the

other nom pyroxenite, ie., regional fenitization. In considering the relative contnllutions

orthe two tluids, mineralogical and mass changes suggest that aqueous fluids exsolved

nom carbonatite, although more reaclive, were volumetrically minor compued to those

exsolved &om pyroxenite. Only in close proximity to carbonarite, could the contribution

ofcarbonatite-derived tluids be expeeted to have been significant.
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"uid Compositions from Fenitization Studies

With the identification oftwo separate fenitising fluids, it is possible to qualify

their respective compositions based on mass transfers which must have occuned between

aqueous fluid and rock. Hydrothermal fluids exsolved from carbonatite caused

significant increases, in the granitic rocks, of ~ Ba, Mg, Fe, Sr, Th and the LREE but

must have been deficient, with respect to the precursor lithologies, in Si and Nb.

Changes in minerai compositions are consistent with these mass transfers, but also show

that Na, although not in high concentrations in early fenitising Ouids, was acquired by the

aqueous tluid through the destmetÎon ofalbite during alteration. Although Ca appears to

have been added to the contact feoites, the replacement ofdiopside by richterite was

accompanied by its 1055. The occurrence ofsmall pods ofcarbonatite as well as thin

carbonatite veinlets in contact fenites may expIain the large Ca gains obtained ftom these

rock analyses. The absence ofCa in carbonatite derived aqueous Ouids is not uncommon

and bas been reported by Palmer (1994), Yard and Williams-Jones (1993) and Samson et

al. (1995) for other alkalic complexes.

Mass transfers which occurred between granitic rocks and pyroxenite-derived

fluids to produce regional feoites are similar to those for contact fennes. Fenitising Ouids

added ~ Sr, Fe, Mg, Ca and LREE while removing Si and Na. Barium shows

contra_ing bebaviour in granite and granitic gneiss, having been added in the former and

removed in the latter. Mineralogical changes, however, indicate that the concentrations

ofMg and Fe were smaller, md that the content ofCa was greater, in these aqueous

tluids than thase exsolved by carbonatite.

Implications for capper mineralizatioD

The evidence presented above for the presence ofaqueous Ouid phases

strengthens the case that copper mineralization in transgressive carbonatite is ofa

hydrothermal origin. Mass change reconstruction confirms that these aqueous tluids

contained Mg, Fe and S, and, together with alteration studies ofminerais surrounding ore
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veinlets in transgressive carbonatite, indicate that the ore fluids were exsolved from

carbonatite.

Chalcopyrite mineralization in carbonatite is typically accompanied by dolomite

which replaced the surrounding calcite, and is manifested as dark grey alteration haloes

(Fig. 8-3a), which mande ore minerais, i.e., chalcopyrite and magnetite (Fig. 8-3b). Mass

changes which occurred during the replacement ofcalcite included large gains in MgO

and FeO and losses ofCaO. The higher Mg concentrations and the presence ofFe in

carbonatite-derived aqueous fluids as compared to aqueous fluids exsolved by

pyroxenite, inferred from the replacement of diopside by richterite, suggest that these

solutions were responsible for the growth ofdolomite.

Althougb the origin ofbomite mineralization in banded carbonatite is uncertain,

the absence ofan identifiable fluid phase and mineraI textures supports its being a

primary magmatic phase. The presence ofcopper-bearing sulphides in melt inclusions

(Aldous, 1980; Palmer and Williams-Jones, 1998b, Chap. 7) would also indicate a

magmatic origin for early copper mineralizatioD.

Copper mineralization is therefore thought to have resulted nom early primary

crystallization from melts which fonned banded carbonatite and tater as either

hydrothermal remobilization ofprimary sulphides in transgressive carbonatite or direct

precipitation from Cu- and S- bearing orthomagmatic fluids exsolved nom transgressive

carbonatite melts. The latter is supported by decrepitate studies ofPalmer and Williams­

Jones (1998b, Chap. 7) who concluded that onhomagmatic fluids associated with

transgressive carbonalite were enricbed in S. However, a combination ofremobilisation

and direct precipitation from onhomagmatic fluids remains a possibility.

Conclusions

The emplacement ofsilicate and carbonate rocks orthe Phalabo1Wa complex was

accompanied by fenitization ofthe host granites and granitic gneisses by aqueous t1uids

exsolved trom the respective mehs. The greate~ fluid flux was associated with

pyroxenite and gave rise to widespread potassic fenitizatioa Later carbonatite magmas

exsolved aqueous tluids which were also responsible for potassic metasomatism that
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locaDy overprinted the earlier fenitization, and was recognizable due to mineralogical

changes which refleeted higher concentrations ofNa and Mg. The proportions offluids

were highly disproportionate, with much greater volumes offluids being exsolved from

pyroxenite.

Studies of fluid inclusions and fenitization suggest that both fluids contained K,

Na, Mg, Fe, Sr and LREE, however, those associated with carbonatite had higher NaIK

ratios and greater concentrations ofMg. The higher Mg content ofcarbonatite-derived

aqueous fluids is thought to bave been responsible for dolomitization ofcalcite

surrounding chalcopyrite veinlets in transgressive carbonatite. It is therefore proposed

that late copper mineralization occurred through remobilization ofprimary sulphides by a

late orthomagmatic fluid exsolved by transgressive carbonatite.
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Conclusions

Carbonatite magmas and their associated tluids follow diverse, and complicated,

evolutionary paths before their final emplacement. Two complexes, Amba Dongar,

India, and Phalaborwa, South Aftica attest ta this complexity through observations of

solid and tluid inclusions, and fenitization ofsurrounding host rocks.

Salid inclusions were observed in apatite ofcalciocarbonatite at Amba Dangar,

and comprise ankerite (mottled inclusions); calcite ±ankerite ±barite (multiphase

inclusions); and monomineralic calcite varieties. Phase relationships observed during

heating experiments indicate that the monomineralic calcite inclusions were in fact

trapped solids. However, the temperatures of initial and final melting ofmottled and

multiphase inclusions, 610-660°C and >800°C and 680-740°C and >1100°C,

respectively, as well as their consistent compositions~ indicate a melt origin.

Based on the close spatial and temporal association ofthe mottled and multiphase

inclusions, it is proposed that carbonate-carbonate Uquid immiscibility occurred during

ascension ofcarbonatite magma, with one liquid bein! ofdominantly calciocarbonatitic

composition (multiphase inclusions) and the other offerrocarbonatitic composition

(mottled inclusions). Further supporting evidence is found in the formation ofsmall

volumes ofan immiscible ferrocarbonatitic liquid, within calcitic liquid, during heating

ofmultiphase inclusions.

Solid inclusions in phoscorite- and ttansgressive carbonatite-hosted apatite from

the Phalaborwa complex were similarly shown to represent ttapped melts, however, their

compositions are distinetly different from those at Amba Dongar. They consist of solid­

vapour and solid-liquid-vapour varieties, in which the solids are composed ofcalcite and

olivine. Magnetite ±Cu-Fe-bearing sulphide are also present in phoscorite-hosted

inclusions. The ratios orthe volumes ofolivine to calcite are variable and are

approximately 1, for phoscorite-hosted inclusions, and below 0.2, for inclusions in

transgressive carbonatite.

During heating ofmeh inclusions in phoscorite, two immiscible liquids were

produced, at temperatures above SOO°C, and were ofsilicate and carbonate compositions,

respeetively. Melt inclusions in transgressive carbonatite, however, produced only one
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liquid, which began to fonn at temperatures above 5SO°C. This is thought to indicate

that: 1) liquid immiscibility could not have been responsible for the formation ofthe

earlier pyroxenite; 2) silicate-carbonate immiscibility only aeted to remove sillca from an

already carbonate-rich melt; and 3) although liquid immiscibility took part in the

evolution ofthe carbonate liquid, fractionation was the dominant process acting in the

carbonatite magmas.

From melt inclusion studies, it is evident that the processes occurring in

carbonatite magmas are diverse, and include silicate-carbonate and carbonate-carbonate

immiscibility and fraetionation. As weil, these processes can work in tandem or alone to

produce the relationships ofcarbonatites seen at surface.

Aqueous fluids in equilibrium with carbonatite and silicate magmas are important

in the development ofalkaline complexes, and are manifested by fenitization and trapped

as fluid inclusions. A complex history offluid evolutioD is recorded by tluid inclusions

in apatite hosted by calciocarbonatite at the Amba Dongar complex. The first exsolved

tluids were, Na- and Fe-bearing and K·rich (Na/K <1), and were dominated by soi· and

HCO]- anions, with minor cr. C02 and minor CIL were a1so present as dissolved

species. These fluids evolved to lower S042-, K, Na, Fe, C02 and cr concentrations, and

higher concentrations ofHeO]· and Ca, and higher /02 (loss ofCIL). Na/K ratios

increased to be greater than l, in contrast to the eartier tluids. The final, most evolved,

tluid, albeit having a lower salinity, was Cl-dominated and possessed an even greater

Na/K ratio. Dissolved gas species feU below deteetion. The pressure-temperature

conditions ofthese fluids spanned a broad range, between 1000°C and 12.5 Kb for early

tluids to 300°C and 100 bars for the most evolved 8uids.

In contrast to the evidence suggesting large quantities offluids at Amba Dongar,

the carbonatites ofPhalaborwa were relatively dry, and primary fluid inclusions were not

observed. However, solid-llquid-vapour melt inclusions were present, and can be

interpreted similarly to fluid inclusions. Analyses ofthe aqueous phase ofthese melt

inclusions indicate that it is a concentrated NaCI-KCI brine (=22 wt.% NaCI-Kel), which

also contained Mg, Fe and S, and had NalKratios around 1.

Fluid inclusions provide an enormous amount ofinformation on the nature ofthe

aqueous fluids in equiborium with carbonatites, but cannot yet be analysed at the levels
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required to determine trace element compositions. Fen.itization, however, can be used to

this purpose ifmass changes can be quantified. At the Amba Dongar complex, the

precursor to fen.itization, an almost monomineralic quartz sandstone, provided an ideal

medium from which to detennine fluid composition based on water/roek interactions.

Petrographie observations indieate that fenitization was accomplished by the removal of

appreeiable quantities ofquartz and the addition ofK and Al in the form ofpotassium

feldspar. The mass changes refleet this alteration but also identify a number oftrace

elements, Ca, Ba, Fe, F, Rb, Sr, Y and REE, particularly the LREE, which were

significant components in the fluid. The water-rock ratio during fenitizatioB, based on

the determination of Si02 loss from sandstone and the solubility ofsilica at the conditions

of fenitization, was determined to be 722. Based on this water/rock ratio and the

estimated mass changes, minimum estimates were made ofthe concentrations ofthe

above elements in the fenitizing fluids. This method proved to be reasonably accurate for

the REE, which are estimated to have had similar concentrations (less than one log unit

difference) to those measured in modem hydrothermal waters ftom the Bitterroot Lobe of

the Idaho Batholith, the Salton Sea and the East Pacifie Rise vent field (Michard et al.,

1983, 1984; Michar~ 1989; VanMiddlesworth, 1997).

Fenitization ofcountry rocks surrounding the Phalaborwa complex is more

complicated to evaluate due to the close proximity ofthe fenites to both pyroxenite and

carbonatite. However, mass balance calculations involving both bulk rock and

mineralogical changes, e.g., replacement ofdiopside by richterite and alteration of

potassium feldspar, were effective in separating fenitizing events associated with

emplacement ofthe two lithologies. Fenitizing fluids derived from pyroxenite magmas

were responsible for potassic fenitization, and contained significant concentrations ofK,

Na, Mg, Fe, Sr and LREE. Although similar to pyroxenite-derived fluids, those

associated with carbonalite had higher NaIK ratios and greater concentrations ofMg.

Although magma compositions at Amba Dongar and Phalaborwa düfer

appreciably, the assoeiated aqueous fluids show little contrast Salinities ofearly fluids

are slightly higher for Phalaborwa carbonatites than those at Amba Dongar, however, the

components that are present in significant concentrations are remarkably simllar for both

localities, and include Na, K, Ba, Ca, Fe, S, Sr and the REE.
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A model involving early primary crystallization ofbomite and subsequent

hydrothermal remobilization and precipitation ofchalcopYrite has been proposed for

Phalaborwa. Evidence supporting the crystallization of bornite-dominated

mineralization from banded carbonatite magmas can be found in the isolated, blebby,

nature ofthe bomite, which is intimately associated with magmatic layering. The

presence ofcopper-iron sulphide minerais in phoscorite-hosted melt inclusions also

indicates that early copper-iron sulphides crystallized direetly from magmas. In contrast,

chalcopyrite-dominated ores in transgressive carbonatite are localized along fractures and

show evidence of dolomitization ofcalcite surrounding the veinlets, which is suggestive

ofhydrothermal aiteration. It is thought that the source ofthese aqueous fluids was the

transgressive carbonatite, based on the Mg-enrichment of transgressive carbonatite­

derived fluids, determined through studies offenitization, and the observation ofa,

previously unreported, aqueous-tluid phase in transgressive carbonatite.
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Contributions to Knowledge

The following are the most significant contributions made by this thesis:

1) This study is the fust to propose and provide evidence that ferrocarbonatites may be

the product of carbonate-carbonate liquid immiscibility.

2) Whereas silicate-carbonate Iiquid immiscibility is a mechanism that has been invoked

to produce carbonatite Iiquids, the case is made that, at Phalaborwa, the process acted

ouly to rid a carbonate-ricb melt ofunwanted sillca and was not responsible for the

pyroxenite-calciocarbonatite association.

3) The nature ofthe aqueous fluids in equilibrium with carbonatite melts, and their

evolution, bas been characterized in greater detail than in previons studies. This thesis

provides the first semi-quantitative data on the compositions ofthe fluids.

4) This study is one ofthe few that has quantüied mass changes associated with

fenitization, and is one of an even smaller number that has related mass changes to fluid

composition.

5) The thesis presents the tirst evidence that hydrothermal fluids were present during

intrusion ofcarbonatite at Phalaborwa, which supports the hypothesis that bydrothermal

fluids were responsible for late-stage chalcopyrite mineralization in transgressive

carbonatite.

6) Finally, the thesis presents evidence that granite and granitic gneisses surrounding the

Phalaborwa cODIIl1ex were fenitized by two separate fluids, one associated with

pyroxenite magma and the other ftam carbonatite magmas.
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RecommendatioDS for Future Work

A high priority for future work is in the experimental synthesis ofcarbonatites in

the system CaQ-Mgo-FeQ-CÛ2. The importance of ferrocarbonatites in carbonatite

complexes is well established and yet virtually nothing is known about their genesis. It is

hoped that the hypothesis presented in this thesis, that ferrocarbonatites are a produet of

liquid immiscibility, will prompt experimentalists to investigate further the role ofthis

mechanism in carbonatite genesis.

Carbonatite complexes are host to numerous ore deposît types, Many ofwhich are

hydrothermal in origin (Mariano, 1989). Aqueous fluids exsolved from carbonatite

magmas bave proved to be important al Amba Dongar, India in the formation of

economic fluorite deposits (Palmer, 1994) and at PhalabolWa, in producing the richest of

the copper ore zones.

The methods used in this thesis for charaeterizing aqueous fluids and fenitization,

i.e., ftuid inclusion analysis and chemical mass balance, are effective and practicaL and

can be applied to almost an complexes. The greater understanding offluid compositions

and alteration signatures, i.e., fenitization, which would result from new studies could

lead to practical exploration models for carbonatite complexes.
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Appendix 1: Calculation of Fluid Composition from Decrepitate Residues

and Fluid Inclusion Salinity
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Electron microprobe analyses ofthe residues ofdecrepitated fluid inclusions, used

in conjunction with salinities estimated microthermometrically, provides a relatively

reUable method for estimating the bulk composition ofthe trapped aqueous fluids.

Irrespective ofthe chemical system, i.e., NaC~ KCI, CaCh, salinity estimates can be used

to obtain the concentration ofthe chloride ion in the inclusion fluids. Ifthe ratio of

chlorine to other elements (X) can be determined, i e., from decrepitate analyses, their

concentrations can be established by the relationship:

[XtliDc] / [Xdeap] = [ClfliDç] / [C~]

However, this relationship can lead to spurious interpretations oWÎDg ta the semi­

quantitative nature ofdecrepitate analyses, e.g., highly variable [C~] values. This can

be overcome ifthe element in question shows a consistent relationship with Cl. The

equation for this relationship can then be substituted for [Ckeap], providing a control for

the concentration ofelements from decrepitate analyses.

Example for Sulphur

The simplest example is one in which [C~l displays a linear relationship with

some other element. This occurs between S and Cl (Fig. A-l) in the LV(ap) inclusions

frOID Amba Dongar, and is described by the equation:

[SdcaFl = -0.90 x [Clcscap) + 54.37

As can be seen in Figure A-l, the linear correlation between S and Cl is quitc

good (R2 =0.95), and it must be stressed that only thase clements which show such a

close relationship can be used by this method. Equation 2 can be used to solve for CI:

[cLtcap] = ([Sdazp] - 54.37) / -0.90
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Figure A-l Diagram showing the linear relationship between S and Cl.
The equation for the regression line (dotted line), and correlation
coefficient, are given (inset box).



and substituted into equation 1 to produce:

[Soïncl / [SdeŒp] = (Clruoc] / «(Sdcap] - 54.37) / -0.90

The average concentration ofS ftom the decrepitate residues for LV(ap) inclusions was

determined to be 12.76 cal.%, while the concentration of Cl in the inclusion fluids is

1.9m. Solving for [Sruncl produces:

[Soïncl =12.76 cat.% x 1.9m / «12.76 cat.% - 54.37 cat.%) / -0.90)

which gives a value ofO.S3m for S in inclusion fluids.
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Appendix D: Melt Inclusion Microthermometric Data

(Amba Dongar, India)
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Table A2 Melt Inclusion Micrathermometric Data (Amba Dangar)

Sample Type L+V Tmelt4 Tme1t3 Tmelt2 Tmelt1

Oc Oc Oc Oc Oc

AD061 multiphase 1181 1011 640

A0061 multiphase 1132 1050 1029 873 467

A0061 multiphase 1111 955 742

A0061 multiphase 1157 1036 916 639

A0061 multiphase 1147 1061 1004 888 711

AOO61 multiphase 1128 1079 907 691

A0061 multiphase 1128 1033 951 680

AOO61 multiphase 1107 1073 1056 735 697

A0061 multiphase 1153 1071 1058 940 744

A0061 multiphase 1143 1089 1047 974 769

A0061 multiphase 1124 937 751

A0061 multiphase 1124 1045 899 755

A0061 multiphase 1103 1020 918 688

A0061 multiphase 1149 1093 1017 962 697

A0061 multiphase 1139 1068 946 712

A0061 multiphase 1118 1046 886 723

A0061 multiphase 1131 1072 1065 985 728

AOO61 multiphase 1154 995 745

AOO61 multiphase 1135 1042 957 716

AOO61 multiphase 1171 1080 1044 895 708

A0061 multiphase 1114 1078 1033 881 699

A0061 multiphase 1147 974 710

A0061 multiphase 1104 1096 1031 900 685

A0061 multiphase 1117 1006 944 733

A0061 multiphase 1168 1100 1003 928 701

A0061 multiphase 1121 -14 868 701

A0061 multiphase 1157 1032 967 758

A0061 multiphase 1100 1051 977 707

A0061 mottled >800 704 611 438

A0061 mottled >800 787 655 438

A0061 mottled >800 668 613 524

A0061 mottled >800 713 811 432

AD061 mottled >800 744 631 590

A0061 mottled >800 753 620 582



Sample Type L+V Tmett4 Tmelt3 Tme1t2 Tmelt1

Oc Oc Oc Oc Oc
AD061 mottled >800 715 641 534

AD061 mottled >800 697 622 524

AD061 mottled >800 708 455

AD061 mottled >800 690 658 455

AD061 mottled >800 690 616 541

AD061 mottled >800 773 614 449

AD061 mottled >800 668 634 607

AD061 mottled >800 699 623 599

AD061 mottled >800 697 644 551

AD061 mottled >800 780 625 541

AD061 mottled >800 661 3 472

AD061 mottled >800 684 622 575

AD061 mottled >800 767 620 483

AD061 mottled >800 660 640 641

AD061 mottled >800 693 629 633

A0061 mottled >800 724 650 585

AC061 mottled >800 733 631 575

AD061 mottled >800 682 9 506

A0061 mottled >800 664 506

AD061 mottled >800 664 625 592

A0061 mottled >800 747 623 500

AD061 mottled >800 677 647 568

ADOS1 mottled >800 760 628 558

AD061 mottled >800 655 6 489

AD061 mottled >800 686 664 489

AD061 mottled >800 706 661 472

AD061 mottled >800 737 619 558

AD061 mottled >800 746 617 466

AD061 mottled >800 695 637 624

AD061 mottled >800 677 626 616

L - Liquid: V - Vapour; Tmelt - temperature of melting
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TaI* AJ AMlInCUllCln OItlilArrm.' TCiU Tala Th;I; Tme.s-. Hêlïï Type TIISI <la T. TeD1"C8
'C oc :ç oc oç "C "C "C

ADOI1 .... LVS >~20 2715 ~27 .....9
ADOIt .... LVS >520 273.8 >·27 .J.3
ADOIt apdle LVS 274 »·27 -6.1
ADOIl ...... LVS >520 27~.~ »·27 of ·59 1
ADOI1 .... LVS >~20 278.8 »·27 -2.9 -66.7
ADOI1 .... LVS >~O 2ao.3 >·27 -79
ADOI1 .... LVS »~20 281 »·27 .J.1
ADOIl .... LVS >~20 2aU »·27 .7a
ADOI1 .... LVS >520 2aU >·27 .... 5
ADOI1 .... LVS 283.11 >·27 .....7 -M.2
AOO81 .111 LVS >~ 341 '.'a -8.1 .~J

ADOI1 .... LVS >520 2&4.5 >·27 ·7 -M.2
ADOIt .... LVS >~2O 287.1 >·27 -8~

ADOI1 .... LVS >520 28lI.2 »·27 -2.1
ADOI1 ... LVS »~2O 288.1 ~27 -1.8
ADOIt .... LVS >~2O 30.7 »·27 .....5
ADOI1 .... LVS >520 292.7 >·27 .....8
ADOI1 .... LVS >520 292.7 >·27 .75
ADOIt ...... LVS >520 291.2 >·27 .....7 -M.~

ADOIt ...... LVS >520 2917 »·27 .73 ·57
ADOIt ..,. LVS ..9 2972 »·27 ·~.2 ·eT
ADOIt .... LVS >520 2975 »·27 .....9 ·eT
ADOIt .... lVS 5113 2971 »·27 -1.7
ADOIt .... LVS >520 298 »·27 .5.2 ·587
ADOIl .... LVS »520 300.2 >·27 .....3
ADOI1 .... LVS 4SU 301.2 »·27 .... 1
ADOI1 .... LVS »520 JO1.5 >·27 .J.5
ADOI1 .... LVS »520 302 >·27 -8.1
ADOIt ..... LVS >520 302.5 >·27 .... 11 -eT
ADOIt IPIIII LVS >520 30U »·27 .7
ADOI1 ..... LVS »52:) 30CS ».27 ·SI
AOOet .... LVS »520 J071 »·27 -I.a
ADOI1 .... LVS >520 JOlI.7 >·27 -82
ADOI1 ..... LYS >520 310 »·27 -73 -sa.a
ADOI1 ..... LVS >520 311.5 >·27 -9.7
ADOI1 ..... LVS >~2O 3118 >-27 -8.•
ADOI1 ... LVS >~2O 313.5 >-27 .7
ADOI1 .... LVS >~2O 314.1 >·27 -1.5 -6e.7
ADOI1 .... LVS >520 314.1 >-27 -Sl.4 -eT
ADOIt ... LVS >520 318.8 »·27 .7
ADOIt ... LVS >520 32t.1I >-27 ·7.1 .es.Il
ADOIl ..... l.VS >520 321.11 ..27 ·77
ACOIt ... l.VS >520 324.5 >-27 -8
ACOI1 ... l.VS »520 327.11 >-27 ·9.2
ADOI1 ... LVS >520 327.1 "27 -84 -6e2
ADOI1 ...... lYS >520 33U >-27 .J.1
ADOIt .... LVS 5197 332.7 "TT ·Sl4
ADOI1 .... LVS >520 331.1 >·27 -8
ADOI1 .... LVS >520 331.11 >-TT -8.7 .ese
ADOI1 ..... LVS >520 34t2 >·27 -9.7
ADOI1 .... LVS >520 45t.7 >·27 ·7.3
ADOI1 .... LVS >520 412.11 >·27 -8.7 -SSl1
ADOI1 .... LVS >520 474.1 »·27 -81
ADOI1 ..... LVS >520 483.2 »·27 ·7.1
AD081 ..... LVS »520 417 »·27 -8.3
ADOI1 ..... LVS »520 4874 ».27 -8.a -eT 3
ADOI1 .... LVS 434 158 2834 >·27 .....9
ADOS1 .... LVS 412 170 2852 >·27 .J.9
AD08t ..... LVS 423 17a 2871 >·27 of
AD081 .... LVS "2 183 2884 >·27 .J8
ADOS1 .... LVS 41 t 158 21a.s >·27 -1.1
ADOI1 .... LVS 43e 1ao 2U >·27 -8
ADOS1 ..... LVS 420 202 292.1 >·27 .....7
ADOIl ... LVS 40SI tl1 215.2 >·27 -71
AD081 ... LVS 411 1SJ au >·27 -8.1
AOOe1 ..... l.VS 431 leT 215.9 »·27 05.1
ADOI1 .... LVS 421 177 297.2 >·27 -6.•
ACOISl ..... LVS 291 >·27 ·7.1
ADOI1 ... LVS 433 154 291.3 >·27 ·7.7
ADOIl ... LVS 437 110 298.1 ..27 -6.8
ADOI1 ...... LVS 407 1110 300.3 >-27 -1.1
AD081 .... LYS 432 1• 300.• >·27 -8.5
ADOIl ... LYS 41e 111 JOU ..27 -8.1
ADOI1 .... LVS 413 184 D.l >-27 ·SI
ADOI1 ... LYS 401 214 D.2 >·27 ·78
ADOI1 ... LVI 424 le JOU ..27 -6
ADOI1 ... LVI 43lI ,. 310.1 >-27 -8.5

L· uepct v· VIpU; S· SoId: Tilla. f ......... of~ Th-~ of l'lDInGfIiiiIDIGI..
T•• EyIIctc ........:T-=-·~ of lIMIlcelnlllng



Sïni' Hôït Tp Tcau TdlU TdU TêiU 'fiïl_ T. Tmce f~
oc 'C 'C 'C 'C 'C "C "C

ADOS1 ...... LYS 311.& »·27 -6.1
ADOel ...... LYS 481 1&3 311.9 "'27 ·79
ADOel .- LYS 42S ,. 312.1 »·27 -a.9
ADOe1 ...... LYS 439 1~ 313 »·27 -9
ADOel ...... LYS ua 192 31H1 »·27 .75
ADOe1 .... LYS 408 167 3191 »·27 -8.2
ADele1 .l1li LYS 4815 158 319.4 »·27 ·9.2
ADele1 .... LYS 441 209 320 »·27 ·14
ADOe1 .... LYS 321.3 "'27 -G.4
ADOel .... LYS W 197 322.2 ~·27 ·112
ADOel .... LYS 429 1M 32ti.4 »·27 -97
ADOe1 .... LYS 444 193 3292 ~·27 ·94
ADele1 ape- LYS ~521 331 »·27 -a7
ADOel .... LVS 473 176 3311 »·27 ·105
ADOel ... LYS 428 207 JJ2 1 ~·27 -10.7
ADele1 .... LVS 447 173 333.2 ~·27 .9.9
ADOe1 .. LVS 450 \96 335 »·27 .11
ADOel .- LYS U3 \91 33S2 »·27 -113
ADOel ...... LYS 337 ~27 .e.3
ADOel .l1li LVS ~ »·27 -11.8
ADOel .... LVS 482 213 ~.3 >-27 ·U
ADOel .... LYS 471 208 3642 »·27 ·10.9
ADOe1 .- LYS JeU »·27 -14
AOOI1 .- LYS 410 558.7 ~·27 ·i5
ADOel .- LYS 479 444 571.3 »·27 ·11.1
ADOel ...... LYS 484 578.2 »·27 ·1011
ADOe1 ... LYS 4014 210 579.1 »·27 -3.5 -806
ADOel ...... LYS 184 584 4 "·27 ·7.3
ACOl51 ...... LYS 1111 513.3 »·27 ·10
ACOl51 .... LYS 449 111 593.7 »·27 ·101
ACOl51 ..... LYS -6111
ADCIIl ...... LVS -82.3
ADOel ...... LYS 253 2005 lSO

AOCIIl ...... LVUS 422 222 151 314 ··27 -8.7
ADOe1 ...... LVUS 410 lZ1 417 380 ··27 -6.5 -68
ADOe1 ...... L'JUS "' 2S8 142 3M »·27 -84
ADOII ...... LWS 438 232 129 - ··27 -u
ACOII .- L'JUS 403 Je5 364 141 420 »·27 -82
ADOII ...... L'JUS 451 341 2" 133 ua >-27 ·67
ADOel .... LVUS 447 350 131 452 »·27 -8.9
ACCl81 .... LVMS 431 Je., 1. 457 »·27 -61
ADOel .- LVUS 442 314 :Z11 112 45i »·27 ·U
AOCIII ...... LVUS 464 Je3 203 158 484 >-27 .1.8
AOCIIl ...... LVUS 421 383 22t 143 472 »·27 "'7
AD081 ...... LVUS 434 221 lCO 479 »·27 -8.1
ACOl51 ...... LVMS 475 311 231 121 '" ~·27 -6.1
ACOl51 ...... L'JUS 45& 418 3ot3 121 508 ~Z7 ·U
ADOel ... L'JUS 487 ~ 219 120 521 ··27 -e
AD081 .- LWS 485 234 174 523 ··27 -91
ADOl51 .- L'JUS 430 349 144 527 »·27 -48
AD081 .- L'JUS 435 348 124 !l28 »·27 -62
ADOel .- L'JUS 483 239 130 530 ··27 ·7
AD081 .- LVMS 474 Ja2 22& 123 m ··27 -4.9
AD081 ...... LVMS 427 347 214 1&3 545 »·27 ·72
AD081 ...... LVUS dlIa 444 ln ~7.Z ··27 ·7 -518
AOCII1 ...... LVIIS 48i 3S7 1114 ~1 ··27 ·7.1
ADC111 ...... L'JUS 471 213 134 S!2 ··27 -1.4
ACOl51 ...... L'JUS 4n 252 1113 !564 ··27 -1.8
ACOl51 ...... LVMS 443 215 110 510 »·27 ·77
ACOl51 ...... LWS 471 310 248 137 5&1 >-27 -a.1I
ACOl51 ...... LVMS 4.aa 354 1M 5A ..27 ·7.5
ADCIIl ... LVMS 480 351 178 - ...27 ·u
ACOl51 ... LVIIS 480 24& 159 577 "27 .7.1
ACOl51 ...... L'JUS 432 231 les 585 »·27 ·u
ACCl81 ...... LVUS 43a 3S5 127 587 ;0·27 -6
ADCIIl ...... LVMS 448 Z56 147 5aI ;0·27 ·7
ACOl51 ...... LVUS 470 3ef 175 591 >-27 -a.1
ACOl51 ..... LVMS 418 211 1S11 -»·27 ·1
ADOeI ...... LVIIS cu 342 248 172 8IXI ;0·27 ·g.3
ADOel ...... LVIIS 412 351 23S 170 a "27 -1
AC061 ..... LVMS 415 3S2 ISO 1114 »·27 -7.1
AD081 ...... LVMS 458 2411 149 lI2I »·27 ·IU
ACOl51 ...... LVUS dlIU 43lI 357 151 .~ ··27
ACCllIl ...... LWS SA 4785A1t 2IlI 218 .- "27

ACClOl .- LV 24111 "27 ....2
ACOOI ...... LV 274 »·21 ....2
ACOOl .- LV 2548 »·27 "'3

L·~V· VIpor. s· SaICt Tcau· T......... 01 clUOUCllt Th......... of hamDgInaICIn:
T•• EytICk.........; T... • ........lnoflNllC8~



-- Host Type TdA Telu Teta Teta ThII::l T. Tmca Tco,mce
oc 'C oc oc oc 'C 'c 'C

AD001 ..... LV 211.3 >-V ~.3

AD001 ..... LV 249.3 »·V ~.4

AD001 .''- LV 2tIO.6 »·V ~4

ADOQ1 ... LV 2734 »·27 ~.8
ADOQ1 .... LV 2536 ··27 ~7

AD001 .ne LV 2n8 ··V ~8

AD001 .,. LV 274 !S »·27 ~9

A0001 .- LV 2768 »·27 ~g

ADOQ1 .ne LV 2623 »·27 ·5
ADOQ1 1118'" LV 2663 »·V ·S
AD001 .- LV 272.5 ··27 ·S.I
AD001 .- LV 2871 »·V -SI
AD001 .- LV •.7 »·V ·S.2
ADOCJ1 .... LV 281.9 »·27 -S.2
AD001 epene LV 29U »·27 -S.2
AD001 1118- LV 2694 >-27 -S.J
.\CCC1 -- tV Z79tl "27 ·53
AD001 ..... LV 305.7 »·V -S.3
AD001 ...... LV 242.8 »·27 ·S4
A0001 ... LV 284.2 »·27 ·S5
AD001 .... LV 282.9 »·27 -S.I!
AD001 .... LV 298.2 ··27 ·515
AD001 epe... LV 2!SI.8 ··V -S.7
AD001 ...... LV 276.6 ··V -SI!
AD001 .... LV 279.5 »·27 -SI!
A0001 .... LV 2809 ··27 -8.1
A0001 .... LV 2898 ··V -8.2
AD001 .... LV 211.7 >-V -8.2
AD001 ...... LV 287.3 »·V -8.3
AD001 .... LV •.7 »·27 -8.3
AD001 .... LV 3043 ··V -8.4
AD001 ...... LV 2SIU ··27 -8.5
AD001 .... LV 3062 ··27 -8.8
AD001 ...... LV 292' ··27 -8.li
AD001 ça- LV 30U ··27 .71
A0001 .- LV 2991 »·27 ·73

AOOO2 ça- LV 2SIU ··27 ·53
AOOO2 .- LV 323.2 ..27 -S.5
AOOO2 ..- LV 313.4 »·27 -sa
AOOO2 .ne LV 312.8 ··27 -8.1
ADOO2 .... LV 311S.7 »·27 -81
AOOO2 .... LV 319.2 ··27 -8.1
AOOO2 epe'" LV JOU ··27 -8.2
AOOO2 ..- LV 3143 ··27 -8.2
AOOO2 ..... LV 2141 ..27 -8.3
AOOO2 epe'" LV 302.5 ··27 -8.3
ADOO2 .- LV 303.1 »·27 -8.
AOOO2 .- LV 3117 ··27 -8.4
AOOO2 .... LV 303.8 >-27 -8.5
AOOO2 ..... LV 302.4 ··27 -87
AOOO2 .- LV 323.3 »·27 .7
AOOO2 .... LV 323.8 "27 ·7.1
AOOO2 .... LV 3317 "27 ·7.2
AOOO2 .... LV 312.51 ··27 ·73
AOOO2 .... LV 313.8 "27 ·7.3
ADOO2 ...... LV 332 "27 ·75
AOOO2 .... LV 3198 "27 ·79
AOOO2 ...- LV 3419 ··27 ·79
A0002 .- LV 3277 »·27 .a
AOOO2 .... LV 3338 »·27 -81
AOOO2 -- LV 32!i!S »·27 -8.2
AOOO2 epe- LV 3382 »·27 -8.2

··27
··27

ACOO3 .... LV 14i3 »·27 -3.2
ACOO3 epe'" LV 1~9 ..v -33
A0003 ...... LV 1ee.2 ..v -34
AOOO3 .... LV 1e4 ··V -36
ACOO3 ..... LV 1&5 ··27 -37
AOOO3 ..... LV 1759 ··27 -3.a
AOOO3 .... LV 19 ··27 -3.9
ADOO3 ..... LV 193.6 ··27 -39
AOOO3 ...... LV 1948 ··27 -39
AOOO3 .... LV 1882 »·27 -4.1
AOOO3 .... LV 1956 »·27 ~1

ADOO3 .... LV 2027 ··27 -42
AOOO3 .... LV 1ee.1 ··V -43
ACOO3 .... LV 177.1 ..27 -43
ADClO3 .... LV 113.5 ..27 -45
ACOO3 .... LV 1lM ..27 -45
ADOO3 ...... LV 113.5 ··27 ~.7

ADOO3 .... LV 19&.4 >-27 oS
ACOO3 .... LV 2073 ··27 -5.2

L-lJ4'It v·v.pcu: s-SClId: TIJU -T........ 01~an: Th........of llamllglnlaton:
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SiîTiî' Hoa1 Tp TelU TCha TdiA TdIA TÇ Te Tmce Tco,mce
'C "C 'c " 'C 'C 'C "C

AD061 .... LV 232.8 »·27 -62
ADOI1 ... LV 236.5 »·27 -62
AOQ61 ça... LV 2379 »·27 04
ADOS1 .... LV 2379 »·27 ·5
ADOI1 ...... LV 239.3 »·27 -42
ADQe1 ..... LV 2418 »·27 -4.3
ADOS1 .... LV 2446 »-27 -4.1
ADOI1 ... LV 24U ».27 -45
ADOI1 ..... LV 24U ~-27 04
ADCMl1 ...... LV 2Q.1 ~-27 -44
AOO61 ... LV 2418 ~-27 -41
ADOII1 ...... LV 2418 ~-27 -S5
ADOI1 ...... LV 241.4 ~·27 -4.1
ADQe1 ...... LV 2508 ~·27 04.2
ADOI1 .... LV 2507 »-27 -68
ADOII1 ...... LV 2509 ~·27 ·59
ADOe1 .... LV 2518 »·27 -415
ADOe1 ..... LV 252.3 »·27 -u
ADOI1 ..... LV 2'124 »·27 045
AOO61 ...... LV 252.9 ~·27 ·54
ADOI1 ...... LV 2535 »-27 ... 8
AOO61 ...... LV 254.2 »·27 ·53
ADOI1 ..... LV 254.2 »·27 "'6
ADOI1 ..... LV 2513 »·27 -u
AC061 ...... LV 251.7 »·27 ·5
ACOe1 ...... LV 2578 »·27 04
ADOS1 ...... L.V 2583 »·27 .... 1
ADOI1 .... LV 2594 »·27 ·51
ADOe1 .... LV 259.7 »·27 ~1

ADOS1 ... LV 2125 »·27 ·49
ADOI1 .... LV 213 • »-27 ... ..
ADOS1 ..... LV 2I3lt »·27 -S6
AOO61 ...... LV 2e4 »·27 ...
AOO61 ...... LV 2645 »·27 ....7
ACClI1 .... LV 2S46 »-27 -S.7
AOO61 ...... LV 26U ».27 -&.5
ADOI1 ...... LV 21U ».27 ....5
ADOI1 ...... LV 28.1 ~-27 ·41
ADOI1 ...... LV 211.5 »·27 -&.•
ADOI1 ...... LV 211.8 10-27 "'9
ADOI1 ..... LV 2n
ADOI1 ..... LV ml
ADOS1 ...... LV 273.5 ».27 -1
ADOI1 ..... LV 278.9 »·27 ....8

NIIIJJJ ..... LV 280 "27 -1.1
NIIIJJJ ...... LV 281.1 10·27 -1
NIIIJJJ ..... LV 284.8 10-27 -S. 1
NIIIJJJ ...... LV 21U "-27 -1.•
~ ...... LV au "·27 -S.3
A4faO ...... LV 288.3 »,27 -1.5
~ ..... LV 288.4 »·27 -tI.1
~ ...... LV 2U "·27 -1.2
AdgIaO .... LV ZU5 "·27 -1.3
~ ..... LV 29" "-27 -&3
AdgIDO .- LV 2lt12 »·27 -S7
~ •• LV 2933 »·27 .e1
AdgIaO .... LV 2931 10·27 -62
~ .- LV 2947 »·27 -1
AdlJIlO ...... LV 291.7 »·27 -&8
~ ..... LV 2978 »·27 -1.2
NIIIJJJ .,.- LV 291.8 "'27 ·71
AdgIaO ...... LV 291.5 "·27 -S.i
AdgIaO ...... LV 219.1 ».27 .73
AdlJIlO .... LV 291,3 "·27 -S.8
AdgIaO ...... LV 2917 "·27 .7.1
~ ...... LV 300.2 "·27 -6.1
~ ...... LV 302.8 »·27 .5.1
AdlJIlO .... LV 302.7 »·27 .7
AdgIDO ...... LV 3048 »·27 -6.8
AdgIDO .. LV 30U »·27 .73
AlIIIIlIO ... LV 305.1 ».27 ·7.8
AdgIaO ...... LV 30!5.1 »·27 -&.8
~ ...... LV 301.4 ..·rt -1.8
NIIIJJJ ...... LV 301.1 ».27 -5.2
AdgIaO ...... LV 301.2 ».27 -1.7
~ ...... LV 301.5 ».rt -1.8
AdgIaO ... LV 311.4 .,-v -7.1
~ .- LV 313.8 ».27 ·7.7
A4glaO ...... LV 31!l.4 ».v -75
AdgIDO ...... LV 31!l.1 .,·v ·78
AlIIIIlIO ...... LV 3178 .,·v -Ilt
A4faO .... LV 3179 "·27 ·lS
AdgIaO ...... LV 3,a!l
AdgIaO ..... LV 31U "·27 ·78
AdgIaO ..... LV 322.8 "·27 ·u
~ ..... LV m
~ ....... LV 323.5 "·27 ·72
~ ..... LV 32., "·27 ·7.lt

L·1JlPt V· VIpcU': S·SGk Tilla· r........ or lIlICMclrI; Th......... or l'llIftlIlIJIAD
Te· E'f'IdC.........;TINCe· ........ oftlnlllcelnlllng



-- HoIt Type TlIA TdU fcass fcas. ~ T. Tmce TCD1'Ice
"Ç 'C oç oc 'C 'C oç 'c

AD021 ... LV 186 ~·27 -6.•
AD021 ... LV 1e.1I ~·27 ....1
AD021 ... LV 181.2 ~·rT ....9
AD021 .... LV t92.5 >-'r1 ....11
AD021 .... LV 170.8 >-'r1 ....7
AD021 ...... LV lau ~.'r1 ....7
AD021 .... LV 1853 ~-27 "'6
AD021 ..... LV 152.3 ~-27 ....5
AD021 ... LV 1795 ~.'r1 ....5
AD021 .fte LV 180 ~·27 "'5
AOO2t .n. LV t81 »·27 ... S
AD02t ... LV 19t »·27 ....
AD021 -cil'. LV 111.2 »·27 ....
AD02t •• LV t75.3 ~.'r1 ....
AD02t .- LV t.' »·27 "'3
AD021 .... LV 181.5 »-27 ....3
AD021 .... LV 1~9 »·27 ....2
AD02t •• LV 191 ».'r1 ....1
AOO21 apa1te t.V ~1Sa.1 >.:1 -4.1
AD021 ... LV 1792 :0-27 ....1
AD021 .... LV 1816 :0-27 ....1
AD021 epd1It LV 181.7 ~.'r1 ... ,
AD021 ... LV 1573 »·27 ...
AD021 ... LV 1618 :0-27 ...
AD021 .... LV lecJ7 ».'r1 ...
AD02t .... LV 179.S ».'r1 -39
AOO21 ... LV 184.7 »·27 -39
AD021 .... LV 1~ >-27 -3.a
AD021 ... LV 170.9 >.27 -3.a
AD021 ... LV 147.1 ».'r1 -3.7
AD021 .... LV 1785 »-'r1 -3.7
AOO21 .... LV t42.3 »-'r1 -3.S
AD021 ...... LV 1•.1 :0-27 -3.S
AD021 .... LV 178." »·27 -3.8
AD021 .... LV 111.2 »·27 ·u
AOO21 ... LV IllSe '·27 -3.5
AOO21 .... LV lee. >·27 -3.•
AD021 .... LV leeJ '·27 ·3J
AD021 .- LV , .... 8 >-27 .J1
ACOZI .... LV '''U »·27 .:2.6
AD021 .... LV Ieee '·27 ·2.•
AOO21 .... LV 'SOI :0-27 ·22
AD021 ... LV 14e7 »·rT ·2.1
AD021 .... LV leu

AOOllI5 ~ LV '''0 »·23 ·2
ACOœ ~ LV t40 »-23 .J2
ADOO! ~ LV 14U1 »-23 ·2.2
ADOO! ~ LV 1..11 >·23 -3
ACOO5 ~ LV 142.1 »·23 ·H
ADOO5 ~ LV 142.1 :0-23 ·J4
ACOœ ~ l.V 143.1 '-23 ·J.1
ACOœ ~ LV 1438 ~·23 ·H
ACOœ ..", LV ' .....8 »·23 ·3.t
ADOCI5 ..", LV 1481 >.23 ·2.9
ACOO5 ~ LV 148.7 »·23 ·2.3
ACOO5 ~ LV 1..75 »-23 .J.a
ACOO5 ~ LV 14711 »·23 .J.3
ACOO5 ~ LV 141.1 >·23 -3.a
ACOO5 CfaI1I LV 149 >·23 ·2.1
ADOO5 ~ LV 1491 »·23 .J.2
ADOœ ~ LV 1..9.8 »-23 ·2.7
AOOOI5 CfaI1I LV tSO >.23 .J4
ADOO5 ~ LV 1SO >-23 -3.7
ADOœ qanz LV 1519 >-23 -37
ADClO5 ~ LV 153.2 >-23 -2.3
ADClO5 ~ LV 153.7 '·23 .J
ADOO5 ~ LV 153.9 >-23 ·2.11
ADOœ ~ LV 1se »·23 -3.8
ADClO5 ~ LV 154.1 »-23 -3.5
ADOO5 ~ LV 15U '·23 ·2
ADOCIl5 ~ LV lee.a >-23 -3.1
ADOD5 ~ LV lee.• >.23 ·2.7
ADOCIl5 .", LV lee.li >-23 -2.3
ADOO5 ~ LV 157 '-23 -3.3
ADOD5 ~ LV 157. '·23 ·2.a
AOOOI5 .. LV 1573 >·23 -31
AOOO5 ~ LV 1579 »·23 ...
AOOO!\ .. LV 158.1 »·23 -3.5
ACOœ .. LV 158.4 :0-23 -38
ACOœ .. LV 19.1 »·23 ....1
ACOœ ~ LV 19.5 >-23 ·2.4
ADOO5 ~ LV 1!S1.8 '·23 ...
ADOO5 ~ LV 19.8 >-23 -3.S
ACOœ .. LV 181.1 >-23 ·2.2
ADOO5 ... LV 111.2 »-23 ....2
ADOO5 .. LV 182.4 >-23 -3.7
ADOœ .. LV 182.8 »-23 .J.1I
ADOO5 ... LV 182.i >·23 .2.1

L- LlcP« v· \IIpOII: S· SoId: T.... • T......an of lIIIcMCln; Tii.......... of ,,-*+,ilIIIWo;
T.-~.......; T~·1IIrI'C*'dft of llNIa lIlIlIng



-- HôSi T~ TeIM relU TdU TeIU ~ T. Tlllc. f~ce
:ç "C 'C "C "C "C 'C :ç

ADCM7 ~ LV 180 »-23 ·2.9
ADCM7 ~ LV 180.1 »-23 ~2

ADCM7 lJ*1Z LV 1843 »·23 -3.4
ADCM7 ~ LV 1856 »·23 ~3

AOO47 ~ LV 11179 »·23 ·J.2
AOO47 quItU LV 188.2 >-23 -3.1
AD047 ~ LV 188.5 »·23 ·J.7
AOO47 rpnz LV 11589 »·23 ·J.2
AD047 ~ LV 189.4 >·23 ~4

ADCM7 qrAI1Z LV 191.3 >-23 ·31
ADCM7 qrAI1Z LV 1514.3 >·23 ~.7

AOO47 qrAI1Z LV lM.5 »-23 ·2
ADCM7 ~ LV 1514.11 »-23 -31
ADCM7 qrAI1Z LV 117 >-23 -3.5
ADCM7 qrAI1Z LV 1971
ADCM7 ~ LV 1113 >-23 -41
AOO47 ~ LV 1988 »·23 -38
ADCM7 cr.aru LV 198.7 >·23 -33
ADCM7 quItU LV 199 >·23 -41
AD047 ~ LV 1991 >,23 -2
ADCM7 ~ LV 199.1 »·23 -3!!
ADCM7 ~ LV 200.4 >·23 ~.2

ADCM7 .-u LV 202.3 >·23 -3.9
ADCM7 .-u LV 2œ.1 »·23 -4
AOO47 ~ LV 2œ.9 >-23 ~2

AOO47 rpnz LV 207 »·23 ~I

AD047 .-u LV 2078 »·23 -4
AD047 ~ LV 208.1 >·23 ~7

AD047 ~ LV 2087 »·23 ~5

AD047 rpnz LV 211 »·23 -3
AD047 ~ LV 211 1 »·23 ~2

AOO47 rpnz LV 2148 >·23 ~8

AOO47 \lIIII1Z LV 2149 »·23 ~4

AD047 ~ LV 2151 >·23 -34
AD047 \lIIII1Z LV 2189 »·23 -H
AD047 \lIIII1Z LV 21U >·23 ..
AOO47 ~ LV 2175 >-23 ~3

AOO47 ~ LV 2176 >·23 -38
AOO47 ~ LV 2181 >·23 ~1

AOO47 \lIIII1Z LV 218 »·23 -31
AOO47 ~ LV 2115 >·23 ·2.3
AOO47 ... LV 2113 »·23 -4.7
AOO47 ~ LV 2199 »·23 ~I

AOO47 \lIIII1Z LV 223.1 >·23 ·2.3

AOO47 IC-Ftld LV 1832 »·23 -41
AOO47 IC-Ftld LV 184.4 »-23 ..
AOO47 K-Ftld LV Ile.!! »·23 -3.1
AOO47 K-Ftld LV lle.8 ··23 -34
AOO47 K.-Ftld LV 188.3 >·23 -3.!!
AD047 K.Ftld LV 110 >-23 -4.2
AD047 IC-Ftld LV 110.1 >-23 -3.1
AD047 IC-Ftld LV 182.8 >-23 -4
AD047 IC-Ftld LV 182.5 »·23
~7 K-Ftld LV tlU »-23 -38
AC047 I(,.FIld LV lltS.7 >-23 -31
AOO47 I(,.FIld LV 1171 »·23 ~3

AOO47 I(,.FIld LV lia »·23 -41
AC047 I(,.F. LV 118.2 »·23 -44
AOO47 I(,.F. LV 1917 »·23
AD047 1(,.'. LV 111.7 >-23 -47
AD047 IC-F. LV 2011 »·23 -4.2
AD047 IC-F. LV 2013 »·23 -3.3
AC047 IC-F. LV 203.7 »-23
AOO47 IC-Ftld LV 2041 »·23 -41
AC047 IC-Flld LV 2048 »,23
AOO47 IC-Ftld LV 205.5 »·23 -31
AC047 !(,.fila LV 201.4 »·23 -3.2
AOO47 K-Ftld LV 20U >·23
AC047 I(,.F. LV 2011 >-23 -37
AC047 I(,.FIIa LV 201.1 >-23 ~8

AOO47 I(,.Ftld LV 2111 »·23 ~5I

AOO41 I(,.FIIIII LV 213.5 >-23 -4.1
AOO41 I(,.FIIIII LV 214 »-23 ~.I

AOO41 I(,.FIIIII LV 218.1 »-23 -3.5
AOO41 K.FtIlS LV 22U »-23 -3.8
AOO47 K-FtIlS LV 227.S »-23 -4.4

AOO48 ... LV 142.1 >-23 ·2.4
AOO48 ... LV 143.2 »-23 .2.2
ACCMI ... LV 143.111 ..23 .1.2
AOO41 ... LV 144.51 >-23 -3.5
AOO48 \lIIII1Z LV t45.2 >-23 ·1
AOO4I ~ LV 145.1 »-23 ·2.1
AOO49 ~ LV 147.51 >-23 ·2.3
AOO48 ... LV 148.3 »-23 ·1.3
ADOQ ~ LV 1488 »-23 -3.4
ACCMI ... LV 1418 »-23 -2
AOO4I .-r LV '''5 >-23 -It

L·~ v-wocu: s-SOId: t.... - T.......of lIuaUIon; th-......of l'lamOgInDIOn;
T. - EyIIdc......; Trnce - .........of lInIllC..,-.



&i* Hem t..,. tdla TcbS TâS TClU ~ t. fmce T~ce
OC OC Oc 'ç OC 'C 'ç 'Ç

~9 ~ LV 149.9 '·23 ·2.6
AD049 ~ LV 1536 '·23 .2.1
AD049 ~ LV 1!41 :>·23 -15
AD049 ~ LV 1!4.7 '-23 ·2
ADCM9 ~ LV 1M.1 '·23 -3
AD04I ~ LV 1SU ··23 -3.1
AD049 ~ LV 1574 "23 -15
ADCM9 ~ LV 19.2 :0.23 -3.2
ADCM8 ~ LV UI01 :0.23 ·2.4
AOQ48 ~ LV 112.5 "23 -31
AD048 .-ru LV 112.6 '·23 ·2.7
AD049 ~ LV 1648 :>·23 ·2.5
AOO49 ~ LV 1858 :>·23 ·3
AOO49 ~ LV 1113 "23 -2
AD049 ~ LV 111.4 ··23 ·33
AOO49 quIIU LV 167.5 ··23 ·2.9
AOO4t ~ LV 1111.2 '-23 -2.1
AD04t ~ LV 168 6 '-23
AOO4I1 CJ*U LV 169 ··23 -18
AOQ.C; CJIW LV 1891 ,.:3
AOO4t quIIU LV 1691 '·23 ·18
AOO4t Cll*'œ LV 1696 '-23 ·2.3
AD049 ~ LV 110.8 "·23 .J3
AD049 ~ LV 1711 '·23 ·35
AD049 ~ LV 1715 '·23
AOO49 CJ*U LV 1718 0·23 ·39
AOO49 ~ LV 1753 '-23 ·2.5
AOO49 ~ LV 1758 '-23 .JI
AD049 .,u LV 1715 0·23 ·2.2
AD04& quIIU LV mu 0-23 ·2.3
AD04I CJ*U LV 177.7 '-23 ·37
AD04I qun LV 182-5 ··23 -3
AD04I quIIU LV 113.5

AC031 .-ru LV 122.3 ··23 -01
AC031 ... LV 124.5 :0.23 .1.3
AC03\ .. LV 12e8 ··23 ·2.3
AC031 ... LV 1271 "23 -07
AC031 ... LV 127 " '-23 ·2.1
AC031 ... LV 128.8 '·23 ·12
AC031 ... LV 129 '·23 .13
AC031 ... LV 131 '·23 ·1
AC031 ... LV 131.1 "23 -0,11
AC031 ... LV 133.9 >-23 ·11
AC03' Cll*'œ LV 134.2 :>·23 ·24
AC03' ~ LV 134.9 '-23 -0.9
AC031 ... LV lJe.!! "·23 ·2.1
AD031 ... LV '3&.6 ··23 ·2.3
AD03, ~ LV '37 '·23 ·u
ACQ31 .-ru LV 1377 >-23 -OS
AC03' ... LV 138' 0·23 ·UI
AC03' .,u LV ,3U ··23 ·14
AC03, ~ LV '389 ··23 ·2.3
AOO3, CJ*U LV 1391 '·23 ·2
AC03' ... LV '39 1 0·23 ·25
AC03' ... LV '392 :>·23 ·2.2
AC03' Cll*'œ LV 139.9 "23 .2.4
AC031 ... LV 140.9 '·23 ·U
AOO31 CJ*U LV '40.6 '·23 ·1.2
AC031 ... LV 1411 "23
AC031 ~ LV '43.5 "23 ·2.7
AOO31 ~ LV 143.6 ··23
AD031 qun LV 144' ··23 .2.8
AD031 ... LV 144.a '-23 -18
AD03' ... LV 146.a ·-23 ·u
AD031 ~ LV '473 ··23 ·u
AD03' ... LV ,.7a '·23 .1.1
AD031 .-ru LV 148 ··23 ·2
AC031 ... LV '48.1 >-23 ·2.4
AC031 ... LV 1411.5 "23 .2.2
AC03' ... LV '51.3 ··23 ·'.7
AOO31 ... LV 152 >-23 .2.5
AC03' ... LV ,s..& "·23 .,
AC031 ... LV ,5U >-23 ·2.a
AD031 ... LV '57& >-23 ·2.9
AC031 ~ LV 151.1 "·23 .,
AC03' ~ LV 151.9 "·23 ·2.1

AdgIaCl ~ LV ,.
··27 -9.2

AdgIaCl CIKIII LV '13 ··27 ·9.2
M(pJ c:eIc* LV 1. ··27 ·92
A4gIIlIl C8lcltI LV '12 ..·27 ·9.1
AIIfllIl C8lcltI LV '15 ..·27 ·9
AdgIaCl C8lcltI LV 1U ··27 .1.9
A4gIDC C8lcltI LV 171 ··27 4.9
A4gIIlIl c.- LV 16' ··27 -aa
M(pJ cM:M LV 175 ··27 -a.a
AdgIDD c.- LV 1&5 ··27 -aa
AdgIllC c.- LV '57 ·-27 -a.1

L·u~ V - VIpalr. S· SOId: TcIa·T~'"of cIUc*lIan; Th- ....... of~on;
Te· EyIIcIc .........; TnK8.~... of IINllce~



Sïïïiîi Hôït Tp Telu TeIU TliU TlIa tn;::; f. fmce fco,mce
tc oc :ç 'C 'C oç oç 'C

AdgIœ t8ICIlIt l.V UI3 >-27 ·U
AdgIœ cM:Ite l.V '67 ».'r1 .1.4
AdglaCl CIIl:l'- l.V ,~ »·27 -83
AdgIœ caIcl1It l.V 19' 5 »·27 -83
AdgIœ CIIl:ltII' l.V '69 ».'r1 42
AdgIab caIcl1It l.V '54 »·27 -81
AdgIab CIIIc* l.V 165 »·27 -8,1
AdgIab t8ICIlIt l.V '58 »·27 -8
Adglab CIicI1It l.V tlla »·27 ·79
AdgICtI C8ICIte l.V 183 »-27 -78
AdgIab C8ICIte l.V 165 »·27 ·77
AdgIœ CIIIc* l.V 113 »·27 ·7.7
Adglotl c:.Ir* l.V tM »·27 -72
AdgICtI C8ICftI l.V 167 »·27 -71
Adglab C8ICftI l.V 174 »·27 ·71
AdgICtI CIlCM l.V 1lia »·27 .7
A4glllb caIcl1It l.V ,sa »·27 .7
A4glllb C8ICIte l.V 1&2 »·27 ·u
Adglab cM:Ite l.V '19 »·27 ·u
AllUIOO c.Il* l.V 1~ ~·27 .e8
AdgICtI ~ l.V 183 »·27 ·U
AdgICtI C8ICIII l.V 1414 »·27 .el
AdgIllb C8ICIII l.V 174 ».'r1 .e.&
Adglab CIEltI l.V 'M »·27 -65
AdgIllb CIIl:ItI l.V tsa >-27 -64
AdgICtI CIIIc* l.V 1. »-27 -64
AdgIllb C8IClII l.V 153 »·27 -6.3
Adglab C8IClII l.V t67 »·27 -63

ADOIt CIlCM l.V lJe »·27 -63
ADOII CIICn. l.V '31 »·27 ·159
ADOIl CIicI1It l.V 131 »·27 -65
AOOel aiClII l.V 139 »·27 ·77
ADOSt '** l.V 140 »·27 .e4
ADCI' C8ICIII LV ,., »·27 ·71
ADOS1 '** l.V t.2 »·27 -6&
ADOS' CIlCII LV 142 »·27 -6,2
ADOS' CIlCII l.V 144 >-27 ·U
ADOS' «*:III LV ,.. >-27 -1,5
ADOSl «*:III l.V t45 »·27 ·71
ADOS1 '** LV 1~ :>·27 ·75
ADOIl '** LV 1'5 »·27 -65
ADCII CIIcdI LV '41 »·27 ·72
AOClI1 CIlCl!e lV 141 »·27 ·fi9
ADOe1 caIcl1It lV '.7 »·27 -65
ADCIt CIICltI LV '.7 :>027 -83
ADOI1 CIIcdI l.V '.7 »·27 ·u
ADOS' C8ICIte LV 145 »·27 .a,5
ADOS' aiClII LV 145 »·27 .al
ADOS' CIICM LV 1~ »·27 .a SI
ADOI, CIlCII LV '''' »-27 -6,1
ADOS' CIèIet LV ,'" >-27 .7
ADOS1 CIlla LV '150 »·27 ·75
ADOS' CIlCII l.V 15' >-27 -68
ADOS' CIlCII l.V '52 »-27 -6.5
ADOS' cKftt l.V 152 »-27 .a.1
ADOS' CIIdtI l.V '53 »·27 4,3
ADOS' CIicI1It LV '54 »·27 -68

ACOZ1 CIIcdI LV 1201 ··27 .12
AD02, CIIl:ItI l.V 122.1 »·27 .2.8
ACOZ' CIIl:ItI LV 125 ··27 -8
ACOZ1 CIlCII LV 128.1 ··27 ·18
ACOZ' CIlCII l.V '21.1 ••'r1 ...,
ACOZ' CIlCII LV 121.7 ··27 ·304
ACOZ' CIlCII l.V 132.4 ••'r1 ·2.3
ADCl2, CIlCII LV 132.5 »·27 -3.1
ADCI21 CIlCII LV 131.1 »·27 -32
ADCI21 CIIl:ItI LV 131 ··27 .1.7
ADCI2' CIIl:ItI LV '39.5 ~·27 ·3.7
ADCI21 CIlCM LV 139!S »·27
AOO21 C8ICIte LV 13915 ··21 "5
AOO21 CIIl:dI LV 1399 ··27 ".4
AOO21 CIlCIII LV 140 ~·27 ·2,11
AOO21 CIICdI LV 140.2 »-21 .... 5
AOO21 CIlCIII l.V 145.4 »-27 -&.1
AOO2' CIICdI LV 145.1 ··27 -&
AOO2, CIICdI LV '.'.5 ··27 .... &
AOO21 CIIcdI LV '.7.• >-27 -1
AOO21 CIIcdI l.V 145.5 »·27 -6.9
AOO2' CIIcdI LV 155.1 »·27 -65
ACOZ' CIIcdI LV 1511 »·27 -1.3
Aœ2, CIICdI l.V 1514 »·27 -3.1
ACOZ' CIIl:ItI l.V 151i ··21 ....,
AOO21 CIIl:ItI LV 157.1 »·27 -5.6
AOO2, CIIcdI LV 157.2 ··27
AOO2, CIlCII l.V 151.4 »·27 -511
AOO2' CIlCII LV '51.2 »·71 -3.1
AOO2' CIlCII l.V '9.5 »-71 ....2
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ACô21
oç 'ç =ç 'ç

1d.•
'C 'C 'C

QIcIII LV »·27 .1.5
AD021 cà:M LV 151i ».'ET ... 3
AD021 c:*ItIt LV 151 »·27 -17
AD021 ~ LV 151.7 »·27 ....9
AD021 c:*ItIt LV 1SU »·27 -31
AD021 QIcIII LV 170.1 »·27 -5.7
AD021 ~ LV 170.1 »·27 ....3
AD021 c:*ItIt LV 171.8 »·27 ....11
AD021 ~ LV 173.2 »·27 -5.3
AD021 c:*ItIt LV 173.• »·27 ....5
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Table A4 Melt Inelusjon Mlcrothermometric Cala (PhaIaborwa)

Sampie Host Rock Type l+V l+l+V Tmea TllIII! V~ T02 T01 ~1ClI TltlICo

·C ·C ·c ·C ·C "C "C ·C ·C

39-3 phase S+V 893 794 756 668 472
39-3 phase S+V 888 n9 731 658 457
39-3 phosc S+V 856 797 740 ~ .w8

3&.3 phoac S+V 907 761 658 429
39-3 phosc S+V 804 791 758 649 434

39-3 phase S+V 925 790 759 635 429
39-3 phose S+V 933 773 782 649 448

3&.3 phase S+V 817 796 757 679 4n
3&.3 phase S+V 938 781 756 689 462

3&.3 phosc S+V 94U5 799 675 453
3&.3 pholC S+V 919 763 745 669 4301
3&.3 phose S+V 906 793 746 660 439

3&.3 phosc S+V 901 792 768 S48 434

39-3 phase S+V 819 n5 744 660 453

39-3 phosc S+V 920 798 753 &0 482
39-3 phase S+V 931 794 683 4tO

39-3 phase S+V 942 790 677 445

3&.3 phoac S+V 953 786 n2 668 440

39-3 phosc S+V 964 782 747 6s.t 459
39-3 phoac S+V 975 n8 751 M8 488

3&.3 phase S+V 916 n4 3 m ...
39-6 TCarb S+V 766 713 631

39-6 TCarb S+V 140 755 &13
39-6 TCarb S+V 803 763 551
39-6 TCarb S+l+V 781 852 218 429
39-6 TCarb S+l+V &40 678 615 304 228
39-6 TCarb S+l+V 735 733 639 333 256
39-6 TCarb S+l+V 803 714 508 333 496

41-17 TCarb S+V 787 711 M7

41-17 TCarb S+V 814 759 828
41-17 TCarb S+V 836 73t 804

41-17 TCarb S+l+V 752 741 827 292 244 500

41-17 TCarb S+l+V 708 811 e11 304 a

20-44 TCarb S+V S44 748 lSOO

20-44 TCarb S+V 531 742 111
20-44 TCarb S+V 848 710 117
20-44 TCarb S+V 811 7..- 551
20-44 TCarb S+l+V 799 713 114 229 491

20-44 TCarb S+l+V 812 .1 822 - 496

2C-44 TCarb S+l+V 821 619 552 452

2D-22b TCarb S+V 752 701 101

2D-22b TCarb S+V 768 754 513

2C-22b TCarb S+V 7. 721 111
2C-22b TCarb S+V 824 701 5711
2D-22b TCarb S+V 1118 7&1 818

2D-22b TCarb S+V m 707 m
ZD-22b TCarb S+l+V 847 703 104 -22.8

Zo-22b TCarb S+l+V m 177 - -Z1.3

ZC-22b TCarb S+l+V 810 731 Il' 333 431 -22.8

2Q.22b TCarb S+l+V 125 141 381 453 -22.2



PlieS TCarb S+V 830 134 638 429

Plie 5 TCarb S+V 811 749 610

Pile 5 TCarb S+V 805 737 584
PileS TCarb S+L+V 274 538

PileS TCarb S+L+V 343

PlieS TCarb S+L+V 305

4Q.2 TCarb S+L+V -23

4Q.2 TCarb S+L+V -23.3

2D-22b TCarb S+L+V 209 -22.4

2D-22b TCarb S+L+V 2&0 -23.3

ZD-22b TCarb S+L+V -23.6

2D-22b TC.rb S+L+V -22.8
ZD-22b TCarb S+L+V -23
2D-22b TCarb S+L+V 188

39-9c TCarb S+L+V 361 272 -23.6

39-9c TCarb S+L+V 300 251 -24.1

39-9c TCarb S+L+V 343 289 -23.2

39-9c TC.rb S+L+V 377 256 -21.3

39-90 TCarb S+L+V 388 2. -21.7

39-9c TCarb S+L+V 360i 268 -22.4

S - SaUd; L - Liquid; V- Vapour: phase - phoscorlt., T carb - transgntaiYe carbon.m.
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Elec1ron-microprobe analyses of diopside in regional fenne (&ample PF-7)

Sam" PF-7 PF-7 PF·7 PF·7 PF·7 Pf-7 PF-7 Pf-7 Pf·7 Pf·7 Pf·7 Pf·7 Pf·7 Pf·7

_el.

SIOa 52.22 52.03 51.13 52.01 51.71 52.12 52.18 51.86 51.96 51.50 51.80 51.99 52.25 51.92

NA O.... 0.58 0.54 0.54 0.76 0.51 0.52 0.66 0.57 0.68 0.65 0.75 0.76 0.77

1lOa 0.05 0.13 0.16 0.14 0.11 0.15 0.16 0.11 0.10 0.07 0.08 0.10 0.05 0.07

feO 14.18 12.95 12.85 12.76 12.75 12.88 12.79 12.• 12.89 12.67 12.18 12.43 12.95 12.68

MgO 9.• ".04 '0.77 ".'2 tO.87 tO.89 tt.05 ".05 '0.97 '0.98 11.04 ".02 10.78 '0.15

MnO 0.46 0.47 0.51 0.45 0.41 0.49 0.44 0.43 0.48 0.39 0.44 O.• 0.38 0.4t

ClIO 20.43 2'.'9 21.27 2'.30 21.34 21.42 21.49 2t.5t 2'.54 2'.59 21.71 21.92 21.93 22.07

NaP 2.54 1.73 1.72 1.82 1.58 1.77 1.77 1.42 1.57 1.44 1.50 1.53 1.42 '.4'

Kp 0.02 0.03 0.0' 0.02 0.05 0.02 0.02 0.0' 0.0' 0.02 0.01 0.02 0.02 0.01

e.o 0.00 0.00 0.01 0.00 0.00 0.02 0.0' 0.00 0.02 0.02 0.01 0.02 0.00 O.Ot

pp, 0.02 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.05 0.02 0.00 0.02 0.03

CfA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00

CI 0.00 0.0' 0.00 0.0' 0.00 0.00 0.00 0.00 0.00 0.0' 0.00 0.0' 0.00 O.Ot

f 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Tot.1 100.28 100.17 99.78 100.17 99.57 100.28 100.43 99.55 100.10 99.44 99...... 100.24 100.57 100.15
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Electron-microprobe analyses of diopside in contact fries (&amples PF-5c,d)

Sampte Pf-5c Pf·5c Pf-5c Pf·5c PF-5c PF-5c PF·5c PF·Sd PF-5d PF-Sd PF-Sd PF·5d PF-Sd Pf·5d--

wt.%
5K), 53.• 53.32 53.15 53.08 53.14 53.66 53.66 53.04 53.30 52.90 53.18 53.36 52.63 53.61

AJA 0.41 0.46 0.23 0.42 0.42 0.33 0.31 0.25 0.18 0.32 0.25 0.25 0.32 0.33

TIO, 0.19 0.18 0.09 0.23 0.17 0.04 0.12 0.17 0.09 0.18 0.15 0.16 0.18 0.22

Feo 9.63 9.77 7.10 10.15 11.63 8.24 7.02 '''.57 13.61 13.69 12.53 12.53 13.72 11.38

MgO 12.87 12.68 13.84 12.29 11.64 13.82 14.17 9.89 10.48 10.36 10.98 11.30 10.22 11.92

MnO 0.22 0.21 0.18 0.17 0.28 0.20 0.15 0.35 0.28 0.30 0.30 0.31 0.36 0.26

ClIO 21.81 21.90 22.23 22.26 22.66 22.79 23.28 21.68 21.91 21.98 22.21 22.28 22.33 23.02

"',0 1.94 2.03 1.70 1.52 1.40 1.47 1.20 2.00 1.67 1.88 1.60 1.50 1.48 1.11

K,o 0.03 0.03 0.03 0.02 0.02 0.03 0.00 0.02 0.01 0.02 O.Ol 0.01 0.02 0.03

a.o 0.03 0.01 0.03 0.00 0.01 0.01 0.00 0.01 0.00 0.02 0.02 0.00 0.00 0.00

PA 0.01 0.00 0.01 0.02 0.00 0.04 0.00 0.00 0.02 0.03 0.00 0.01 0.00 0.00

CfA 0.03 0.01 0.13 0.04 0.00 0.04 0.09 0.00 0.01 0.00 0.00 0.00 0.01 0.02

CI 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00

TcûI 101.15 100.59 100.09 100.19 101.37 100.69 99.99 101.91 101.61 101.67 101.24 101.71 101.26 101.91
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Electron-microprobe analyses of richterite in regional fenite (sample PF·7)

Sample PF·7 PF-7 PF·7 PF·7 PF·7 PF-1 PF·7 Pf·7 Pf·7 PF·l PF·7 Pf·l Pf-7 Pf·7
--

Wl%

SIDa 49.51 50.• 52.56 50.49 50.23 51.58 50.71 sa.• 53.05 50.79 52.66 52.31 52.54 52.41

AJA 424 3.15 2.11 3.31 3.31 2.84 2.80 2.83 1.60 3.03 0.89 1.81 1.52 0.94

TIOa 0.31 0.27 0.12 021 0.15 0.26 0.19 023 0.03 0.19 0.05 0.05 0.07 0.06

feO 14.11 13.64 12.79 13.80 14.09 13.10 13.a7 13.83 12.34 13.47 13.03 13.34 13.65 16.83

MgO 14.59 15.32 16.14 15.29 15.1a lS.n 15.40 15.20 16.45 1524 16.06 lS.n 15.a7 13.45

MnO 0.32 0.35 0.35 0.31 0.34 0.33 0.35 0.31 0.36 0.34 0.38 0.34 0.34 0.48

c.o 1.59 1.60 9.63 1.64 9.65 1.• 9.75 10.37 10.42 10.53 10.97 11.16 11.33 11.84

Nap 3.24 2.79 2.19 3.04 3.00 3.12 2.13 224 2.50 225 1.54 1.62 1.31 1.19

KP 1.27 1.30 1.32 1.22 1.26 1.19 1.37 1.18 0.98 1.01 0.65 0.81 0.66 0.48

laC) 0.01 0.01 0.01 0.04 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00

PA 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00

CrA 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.00

CI 0.03 0.02 0.01 0.03 0.02 0.01 0.02 0.03 0.01 0.04 0.0' 0.01 0.01 0.03

F o.• 0.52 0.49 0.47 0.51 0.53 0.48 0.45 0.45 0.40 0.36 0.38 0.32 0.27

Tatal 98.06 97.70 98.12 97.64 97.58 98.20 97.46 97.35 98.01 97.13 96.43 97.46 97.51 97.83
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Electron-microprobe analyses of richterite in contact fenites (samptes PF-5c,d)

Sample Pf·5c PF·5c Pf·5c Pf·5c Pf·5c Pf-5c PF·5c Pf·5d PF·5d PF·5d Pf-5d Pf·5d Pf·5d Pf·5d--
WI.%

SIG, 56.50 57.14 56.51 56.94 56.63 57.02 57.09 56.24 56.Z1 56.42 56.60 56.22 56.17 56.18

AfP, 0.24 0.21 0.24 0.22 0.28 0.23 0.22 0.37 0.36 0.38 0.33 0.38 0.33 0.37

TlOa 0.11 0.01 0.10 0.05 0.06 0.06 0.08 0.08 0.06 0.06 0.09 0.07 0.10 0.05

Feo 6.25 6.20 6.15 6.19 6.45 6.34 6.20 9.36 9.16 9.01 7.67 9.42 8.67 9.41

MgO 20.56 20.86 20.39 20.53 20.29 20.65 20.57 18.70 18.58 19.05 19.69 18.67 19.19 18.43

MnO 0.04 0.08 0.05 0.05 0.03 0.03 0.05 0.09 0.10 0.09 0.07 0.12 0.10 0.07

cao 1.56 8.57 8.61 8.61 8.72 8.75 8.81 8.89 8.91 8.93 8.94 8.97 8.99 9.19

Nap 3.26 3.27 3.26 3.20 3.28 3.25 307 2.96 2.97 2.95 2.96 2.81 2.92 2.85

teP 2.20 2.39 2.15 2.24 2.16 2.15 2.16 1.• 1.58 1.73 2.14 1.61 1.78 1.48

lIIlO 0.00 0.02 0.00 0.01 0.00 0.02 0.03 0.00 0.00 0.02 0.00 0.03 0.02 0.00

'P. 0.00 0.04 0.01 0.00 0.02 0.00 0.00 0.04 O.OC 0.00 0.01 0.00 0.00 0.00

CfA 0.00 0.01 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02

CI 0.00 0.00 0.00 0.00 0.04 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00

F 0.37 0.38 0.35 0.37 0.31 0.36 0.35 0.25 0.27 0.29 0.31 0.30 0.28 0.26

Total 97.94 99.08 97.77 98.25 98.13 98.71 98.53 98.57 98.09 98.81 98.69 98.51 98.45 98.21



e

Electron·mlCfoprobe analy&e& of calcite &Uffouodmg chaIcopvrlte ln transgre&SMt carbonatlle

Sample Plie 9·16 Plle 9·9 Pde9·15 22-551·1822·551·1922·551·10 22·551·9 22·551-11 22-551-1222-551-17

c.o 5373 5243 5177 56 99 5634 5385 5496 5456 5457 5394
SrQ 151 137 134 031 054 065 080 085 082 054
Feo 031 036 041 004 002 013 013 015 018 026
MnO 031 022 029 010 008 013 010 012 009 011
MgO 126 197 198 040 043 177 209 217 2.17 253
NaP 003 002 003 000 000 000 000 002 000 000
KP 001 002 002 020 015 004 002 DOl 002 053
a.o 031 000 018 008 002 000 000 000 000 000
.co, 4254 4360 4399 41.88 4242 4323 4190 4212 4215 4209
Toe.I 10000 10000 10000 10000 10000 10000 100 DO 10000 10000 10000

•~ bv dilerence

Eledron-mlCtOpfObe anatvses fi Mg-calate lurrounding chalcopyrite 10 transgressNe carbooatlle

Sample P1Ie 9·7 Pile 9..41 PlIe 9·11 Pile 9-14 Pile 9-6 P1Ie9·2 Plie 9·18 Pile 9·3 Plie 9-22 Plie 9·17

c.o 50 19 5178 5202 5122 5056 5082 5026 50 39 50 33 4500
sro 142 141 150 1.~ 137 135 144 123 146 118
FeO 068 063 038 0.40 0.74 067 045 073 033 058
MnO 020 018 021 028 021 019 026 018 0.20 035
MgO 2.89 292 296 300 302 314 340 342 404 842

"',0 009 004 006 OOB 0.06 011 004 006 0.04 003
K,o 002 003 002 002 0.01 'J03 001 002 001 002
a.o 029 027 021 036 025 024 031 020 0.41 029
.co, 4422 4274 4265 43.18 4377 4347 4382 4378 4319 4412
Total 10000 10000 10000 10000 100.00 10000 10000 10000 10000 10000

• COz b)' c:Wefenoe

EleCtron·mecroprobe anatvsea fi doIomIIe lurroundlng chaJcopvnle 10 tram;gresaNe cafbonatlle

SampIe P1Ie9-20 Plie 9·13 Ne 9-21 Pile 9·12 22·551·15 22·551-8 22·551-13 22·551·7 22·551·5 22·551-6

c.o 2913 2940 2934 2972 3002 3008 3023 3023 3D 26 2982
SIG 065 058 054 064 034 027 028 036 030 031
F.o 209 243 220 196 115 072 079 079 074 077
MnO 029 030 027 023 015 014 009 012 012 015
MIO 2004 2010 2013 2026 21 10 21 14 2123 2125 2129 2132
"',0 000 001 002 001 001 000 000 000 001 001
K,O 001 001 002 002 002 001 002 002 002 003
a.o 003 003 002 002 000 000 000 000 003 003
·CO, 4776 4713 4747 4714 4721 4765 4735 4723 4723 4758
Total 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000

• CO, by dlfference

e


