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ABSTRACT 

1 he 1" 'liba 00,\ ig:; ( carbonatite complex. Indl3 IS host to a large fluollte 
ti'eposit (11 " lt of 30 ù

-;, CaF2) The complex conslsts of a small Ilng structure 
cornp"" '-y\', , ,rly calOoll2ltlt8 breccla. a largEl, outel IInln~~ of calcltltG élnd <1 

numt' ' àl1ken~IC carbonatite plugs. Surroundlng the calbonatlte Ilng <1re 
nume! ~ - lif nepnollnltlc and phonolrtlc syenltC's The complex was 
intrudpd Il ~ ,) t, ~retac(>'.)us Bagh Sandstonl3s and Late ta E éllly P dlcocene 
OACCJI1 Volca;w .. 

The t~y(frott ,e (mal hlstory of the complex IS extensive. consI5tlng of two 
l'l1al rI sys1mns, ,he 'irst resulted ln larQe amounts of fonltlzatlon, C<lllSlng 
extensive V. awl , l,' ,1etaso 'Tlatism of the Sourral :ndlng sandstones <lnd the 
sacond, jealt \ INas respûr,slble for the sll\Glflcéitlon of large illTlOunts of 
the ca\l':ltitr ' ,tUon Of economlc quantlt:es of fluonte 

Tt- -; '\ " 1" ,)1 vems and vug flllmgs of b!ue, purple, white, yollow 
and col' -It-. l')aln ore zone, whlcn IS currently under production, 
and mG_t t ",1 ,',1" found nearthe calbonatlte-sandstone contact 

Cht"1 \ . ' , " .; nd mass balance calculatlons show that tho flUlds 
responsibie h, .: 1!.lc\f ;' 1 removed slglllficélnl quantltles of Ca from tho rock 
whlle addmç :arge '\, -"H:::, of SI, AI and F AlteratIon assoclated wlth fluonte 
deposltion Involved the remo'Jal of AI from l.he rock and the addition of large 
quantities of F and Si 

Fluid Inclusions in fluorite pOInt to 2 low temperature-Iow sahmty « 160' 'C-
0.6 to 0.3 wt. % NaCI eq ) ore fluld, WhlCll decmasecJ Hl temperaturo and snllnlly 
wlth evolution. Crushing expenments pHrformed on flUid InclUSions ln both 
fluonte and quartz reveal the presence of _0 0.08 rn of dls,solvf3d CO? ln solution 
wh/le analyses of leachates and decrepltate rElsldLWS fram fluld Inclusions show 
slglllficant concentrations of Ca, AI, Na, CI and S ln thell: flulds. Oxygon, 
hydrogen and carbon IsotOplC data fram the flulds ln flL'ld Inclusions sugge5t thal 
the dominant component of the ore fluld was mf.'tflonc, and that It had 
eqUilibrated with sedlmentary carbonates. Log f 02 and pH ccndltlons of Hw 
fluid, at the tlme of ore formation, are II1terpmted to be >-42 rmd <3.5, 
respectlvely. The presence of AI and S ln the flUld, the molar ()qulvalence of Na 
and CI, and the positive devJatlon of (:)18() and ùD from thu metE10nc water Ime 
point to a small contribution from orthomaçlmatlc flUlds 

A modells proposed ln whlch the Intrusion of a carbonatlte magma at hlgh 
crustal levels caused faultll1g and fractunng of the surraundlnçj country 1 ock~" 
and was accompanled by the release of orthomaç]matlc flUlds, expressed as 
extensive K and Na metasomatism of the surroundlng sandstones Wlth the 
dechne of orthomagmatlc activlty, a meteonc water-dorTlll1ated hydrothermal 
system was Inltiated by the heat of the IntrusIon. The IntHractlon of Ca-bearinÇ] 
meteoric fluids wlth the last vestiges of F-beanng orthornagmatlc NaCI bnnes 
caused depositlon of vast quantltles of fluonte at the site of mlxmg . 
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SOMMAIRE 

Le complexe d'Amba Dongar, en Inde, cie type carbonatltf~, contient un 
Important gisement de fluonte (11.13 mt de 30°/,) CaF2)' Lia complexe présente 
ulle structure annulaire Le plus pHt:t anneau, formé de brèche carbonatitlque, 
est entouré d'un plus large anneau de calcltlte. AUSSI, plusieurs petIts bouchons 
de carbonatlte ankéntlque sont présents. Plusieurs bouchons de syenites 
néphélltlques et phonolitiques se trouvent autour de l'anneau de carbonatite Le 
complexe fut IntrodUit dans les Grè!:. de Bagh du Crétacé supéneur et dans les 
Volcaniques de Deccan du F'aléocE!ne Inférieur ,~t supérieur 

Le complexe montre un développement hydrothermal poussé pouvant 
étre déc lit par deux systèmes principaux. Le premier, a causé une fémtisation 
Importante se traduisant pC! r un métasomatisrle conSidérable en K et Na des 
9rès encalssants. Le second, a été responsable d~3 la siliclfication de grandes 
quantités de calcite et de la déposition de quantités économiques de fluorlte. 

Le gisement est formé de veines et vacuoles remplies de f!uonte bleue, 
violette, blanche, Jaune ou incolore. La zone minéralisée pnncipale, 
présentement sous production, ainSI que la maJonté des occurrences de fluorite, 
se trouvent près du contact carbonatlte-grès. 

Des analyses chlmlquEls et des calculs de bilan de masses démontrent 
que les liqUIdes responsables de la sillclficatlon ont retiré de grandes quantités 
de Ca des roches, en y ajoutant, cependant, cl'Importantes quantités de Si, AI, et 
F. L'altération associée à la déposition de la fluorite a Joué un rôle dans 
l'enlèvement de AI et l'addition de nrandes quantités de F et SI. 

LHs Inclusions fluldE~S apparalssants dans la fluorite semblent indiquer un 
flUide minéralisant de faible ~,altnlté à basse température «160°C-0.6 à 0.3% 
NaCI éqUivalent) dont lu température et la sallmté auraient baissé en évoluant. 
Des expénences de broyage d'inclUSions flUides contenues dans la fluonte et 
dans le qu?nz, rév~'ent la presl3nce de " 0 08 m de CO2 dissout en solution. Des 
analyses de réSidus obtBnus par lessivage et décrépitation d'inclusions fluides 
ont démontré de hautes COI1CE'ntratlons de Ca, AI, Na, CI et S dans les fluides. 
Des données Isotoplqu's-s d'oxygène, d'hydrogen et de carbone des fluides 
contenus dans les tncluslons Indiquent la prépondérance d'un fluide mtnéralisant 
d'ongtne météonque ayant subi un éqUIlibrage avec les carbonates 
sédimf;lntarres Lors de la forrn:1tlon du minera" le log.r 02 et le pH du fluide 
auraient eu des valeurs de >·4.2 et <35 respectivement. La présence de AI et S 
dans le f1urde, les équlvalencHs molairEis de Na 'at de CI, et la déViation positive 
de ù 1PO and de ùD de la Ii'gne d'eau rnétéonque indiquent une faible contribution 
de flUides orthomagmatiql.les. 

Un modèle est proposé dans lequel l'intrUSion d'un magma carbonatitique, 
à un niveau crustal éllé)vé, aurait causé la formation de failles et de fractures 
dans les roches encaissantes, ainsi qUE! le relâchement de fluides 
orthomagmatlques, démontré par l'ample métasomatlsme en K et Na des grès 
aVOISinants Avec le déclin de l'activité orthomagmatlque, un système 
hydrothermal. dominé par l'eau météorique, a été initié par la chaleur de 
l'intrUSion. L'Interaction des lIU1des météonques, contenants du Ca, avec les 
derniers vestiges de saumUrElS orthomagmatiques nches en NaCI et contenants 
du F. a entraîné la déposi,lion de grandes quantités de fluorite au site du 
mélange 
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PREFACE 

This thesis was writen in the form of a journal manuscript, entitled 

Genesis of the Carbonatite-hosted Fluonte Deposlt at Amba Dongar, Ir.dia: 

Evidence from Fluid Inclusions, Stable Isotopes and REE Geochemistry, in 

accordance with the regulations put forth by the Faculty of Graduate Studies and 

Research, McGl1i University. In addition, an introduction, general geology and 

concludlng chapter were wntten ln order to provide a comprehensive description 

of the research 

The followlng are excerpts from the Guidehnes Concerning Thesis 

Preparation: 

"Candidates have the option, subject to the approval of their Department, 

of rncluding, as part of their thesis, copies of the text of a paper(s) submltted for 

publication, or the clearly-duplicated text of a pubhshed paper(~), provided that 

these copies are bound as an integral part of the thesis. If this option is chosen, 

connecting texts, providlng logical bridges between the different papers, are 

mandatory" 

"The thesls must still conform to ail other requirements of the Guidlines 

Concernlng Thesls Preparation and should be in a literary form that is more than 

a mere collection of manuscripts published or to be published. The thesis must 

include, as separate chapters or sections: (1) a Table of Contents, (2) a general 

abstract in English and French, (3) an introduction which clearly states the 

rationale and objectives of the study, (4) a comprehensive general review of the 

background literature to the subject of the thesis, when this review is appropri.ite, 

and (5) a final overall conclusion and/or summary." 
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CHAPTER 1: INTRODUCTION 

General Statement 

Fluorite occurs in a variety of geologlcal f':wllonments, Includlng as Cl 

gangue minerai in certain types of ore deposits. It is commonly found as an 

accessory minerai ln l11any gral1lte-hosted tin deposlts (Taylor and Pollard, 

1985), Mississippi Valley Type lead-zinc ores (Kessen et al., 1981) and REE 

deposits (Zhou et al., 1980;). In sorne cases, It may form greater than 30% of 

the rock and constitute a primary ore minerai (Strong et al, 1984; Roedder et al , 

1968; Ekambaram et al, 1986; Ruiz et al., 1980, 1985, Hein et al, 1984, Barbieri 

et al., 1983; Mariano, 1989). Strong et al. (1984) have classlfled fluonte deposlts 

into two genetic types: those associated wlth sedlmentary, domlnantly carbonate, 

rocks, and simllar in many respects to Mississippi Valley type deposlts; and 

fluorite vein-type deposits related to alkahne-peralkallne rocks. A third group not 

consldered by Strong et al. (1984) is represented by fluonte deposlts hosted by 

carbonatites. Examples of the last class oi fluonte deposlt are rare and 

consequently relatively little is known about thelr genesls. 

The association between carbonatites and fluonte IS weil documented (Le 

Bas, 1989; Kue:lImer et al., 1966; Flegg et al., 1977, Woolley and Kempe, 1989; 

Wyllie, 1989). However, relatively few economlc deposlts of fluorite have been 

found (Mariano, 1989). Even though fluorite occurs as a pnmary minerai ln 

carbonatites, and one deposit assoclated wlth the Choakhol'skly carbonatlte, 

Tuva, is thought to be magmatic in origin (Puzanov, 1975), most deposits of 
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economic significance are consldered to be late-stage and hydrothermal 

(Manano, 1989) A!though most fluorite deposits are Interpreted to have denved 

thelr fluonne from orthomagmatic flUlds, often based on the geological setting of 

the deposlt, iew deflnltive studles on thelr ongln have been undertaken. On the 

basls of 87Sr/flbSr ISOtOplC data, Dean::; and Powell (1968) have suggested that 

deposltlon of fluonte ln the carbonatltes of Tororo, Uganda and Chilwa Island, 

MalawI was as~ociated with late stage emanations from the carbonatitic magma. 

Based on thelr association with the carbonatite, reserves of fluorite at Okorusu, 

South Afnca are also thought to have been deposlted from carbonatite-derived 

fluids (Deans et al., 1973). Late stage fluonte deposits hosted by carbonatites of 

the Bol'shaya Tagna pluton, Eastern Sayan were Interpreted, through fluid 

Inclusion data, to have been deposited fram hydrothermal solutions that evolved 

from the magma chamber which produced carbonatlte Intrusions (Puzanov, 

1977) Fluorite of the Mato Preto deposit in southern Brazil is also considered to 

be genetlcally related to its carbonatite host due to ItS enrichment in REE, and 

the shghtly negative çNd, Indicating a possible mantle source for at least some of 

the components ln the fluonte (Ronchi et al., 1993). However, there is debate 

over the ongin of the carbonatlte-hosted fluorite deposits of Amba Dongar, India. 

Deans and Powell (1968) used strontium ISOtOplC data to support a hypothesis 

that the fluorite was cleposlted by a mixture of meteoric and orthomagmatic fluids 

from the surroundlng sandstone~ and the carbonatlte (see also Kaul et al., 

1988). By contrast, Lahiry (1976) argued that the mineralizing solution was a 

mixture of meteoric and orthomagmatic fluids from the surroundlng sandstones 

and basalts. In order to beUer understand the origln of the Amba Dongar 

deposlt, the source of the fluid as weil as the physico-chemical aspects of fluorite 

solution, transport and deposition must be considered . 

Field relatlonships and experimental work are giving us a beUer idea of 

2 



• 

• 

the nature of carbonatitic magmas and thelr assoclated hydlOthermal systems It 

is evident that fluorine is an important constituent of carboné.tltlc IIqUids (Le Bas, 

1977, 1989; .Jones and Wyllie, 1983; Glttlns et al, 1 E'90, Andersen and 

Austrheim, 1991). Whole rock analyses by Glttlns (1989) have shown that 

carbonatites can contaln up to 8 wt.% flUOrine. The abundance of fluonne­

beanng mmerals ln carbonatltes, e.g., fluonte, fluoroapatlte, phlogoplte, 

bastnaesite, and pyrochlore, gives ev id en ce of the Importance of thls element ln 

carbonatite systems (Hogarth, 1989; Heinrich, 1966). In most carbonatite sUites 

fluorine shows enrichment in the later stages of carbonatite actlvlty (Woolley and 

Kempe, 1989), as shown by the increased abundance of fluonne-beanng 

accessory minerais (Hamilton et al., 1989; Le Bas and Ruble, 1977, Jago and 

Gittins, 1991; Viladkar and Wlmmenauer, 1992). It IS for thls reason that many 

authors have proposed that the hydrothermal fluids released by carbonatltes 

during latl3 stage activity are responsible for the formation of carbonatlle-hosted 

fluorite deposits (Mariano, 1989; Deans and Powell, 1968; Deans et al., 1972). 

The nature of the hydrothermal flulds in eqUlllbnum wlth carbonatlte 

magmas has been studied by a number of researchers (Wylile and Tuttle, 1960, 

Anderse:n, 1986; Gittins, 1989; Treiman and Essene, 1984). Early expenmental 

work, in the system CaO-C02-H20, by Wyllie and Tuttle (1960) establlshed that 

H20-C02 dominant flulds would be in equillbnum wlth carbonatltlc IIqUlds ThiS 

led many researchers to assump that fluids associated wlth carbonatltes only 

vary in respect to their proportions of H20 and CO2. However, Glttins et al. 

(1990), working with experimental carbonate systems contalr'lIng flUOrine, have 

postulated that aqueous fluids separatlng a carbonatlte magma are not simply 

H20-dominant, but should contain a number of other components, including 

fluonne. The abundance of fluorine in aqueous flulds exsolved by carbonatltlc 

magmas IS evidenced by zones of fenitization contalnlng fluonne-rich amphiboles 
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and micas (Le Bas, 198!)). Further evidence Iles in the fluorite deposits 

themselves which, as dlscussed above, may be genetically related to the 

carbonatlte sUites wlth whlch they are spatlally assoclated. Chlorine may also be 

an Important constituent ln these fluids (Gittins, 1989). Cume and Ferguson 

(1971) have shown that femtization surroundlng the Callander Bay complex, 

Ontario was caused by an NaCI bnne and Dawson (1989) and Gittins (1989) 

record hlgh concentrations of CI (up to 7800 ppm) ln the carbonatite lavas of 

Oldolnyo Lengal. The ratio of CI:F is typically <1 in the parental magma (Woolley 

and Kempe, 1989), however, it would be considerably larger ln the exsolved fluid 

as chlorine partitions strongly into the aqueous phase while fluorine prefers the 

melt (GlttlnS, 1989). 

The solublhty of fluonte and its behavior in hydrothermal systems has 

been inïestlgated by a number of workers (Booth and Bidwell, 1950; MacDonald 

and North, 1974; Richardson and Holland, 1979a,b). The early studies indicated 

that hydrothermal solutions containing calcium could not carry the amounts of 

fluonde Ions necessary to form the large fluonte deposlts that are observed, due 

to the very low solubility of fluonte. A two solution model, or separate sources of 

Ca and F, was then proposed to explain these deposits (Hall and Friedman, 

1963) Subsequently, Richardson and Holland (1979a) suggested that It might 

be possible to carry larger amounts of fluorine as Ion pairs with one of the major 

cations ln solution (1 e., Na+, Ca++· K+, Mg++). This study showed that, in NaCI 

solutions, fluonte solubility increases wlth increasing temperature, at ail 

concentrations of NaCI, to about 100°C. At temperatures between 100°C and 

150"C, solutions more dllute than 1.0m NaCI reached a maxImum of fluorite 

solubllity, and posslbly a minimum at greater temperatures. Solubility also 

increased with Increasing NaCI concentration, due to the effect of the change in 

the Ionie strength on the ion activity coefficients (Richardson and Holland, 
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1979a'). The pH of the flUld IIkewise has a strong effect on fluonte solublllty 

NaCI-HCI-bearing fluids show a large increase ln fluonte solublilty at HCI 

concentrations greater th an 10-3 m (Richardson and Holland, 1979a) Fluonte 

deposition can be accomplished by a number of methods lI1c1udlng decreases ln 

solution temperature or pressure (Richardson and Holland, 1979b) ln 

hydrothermal solutions wlth greate( than 1 .Om NaCl, coollng of the flUld below 

260°C (the limit of the expenmental data) IS an effective mechanism for lowellng 

the solubility of fluorite. However, ln dllute solutions «1 Om NaCI) fluonte 

transport and deposition can only occur at temperatures below 150"C 

(Richardson and Holland, 1979a). Studies of the effect of pressure on fluonte 

solubility by MacDonald and North (1974) have shawn that a dücrease ln 

pressure will lower the solubility of fluorite but that the accompanylng 

temperature drop will far outwelgh this effect. Wall rock Interaction can also be 

an effective method for preclpitatlng fluonte. Such Interaction may increase the 

pH and/or calcium ion actlvity (e.g. through dissolution of calCite) bath of whlch 

will favor depositlon of fluonte (Richardson and Holland, 1979a). 

The carbonatite complex of Amba Dongar, Indla provldes an excellent 

setting ln which to study hydrothermal events related to carbonatlte actlvity. The 

economlc potential of the complex was frrst revealed ln 1962 wlth the dlscovery 

of large amounts of fluorite onginally thought to be assoclated wlth mobillzed 

limestones and Deccan volcanics. It wasn't until 1963 that the hast rocks were 

shown to be carbonatites and that the genesis of the fluonte deposlts was 

intimately related ta thelr emplacement (Sukheswala and Udas, 1963) 

Amba Dongar is a ring-structured carbonatlte whlch IS located 

approximately 400 km northeast of Bombay, Indla. The complex conslsts of 

numerous, distinct, carbonatitic bodies hosted by Early to Late Cretaceous 

quartzitic Bagh sandstones and Late Paleocene to Early Eocene Deccan flood 
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basalts (Chlplonkar et al, 1977; Wellman and McElhinny, 1970; Viladkar, 1981). 

FIUlds released du ring Intrusion of the carbonatite are thought to have caused 

locahzed K-metasomatlsm (fenltlzation) of the surraundlng sandstones. 

Hydrothermal flUlds of unknown origln were responslble for depositing 

large quantlt/es of fluorite with/n the carbonatite. The Geologicai Survey of India 

estlmated the Initiai reserves of fluorite at 11,600,000 tonnes of 30% CaF;? The 

deposlt IS currently belng mlned by the Gujarat State Mining ComIJany by open 

pit methods. 

Previous Work 

The geology of the Amba Dongar complex has been studied by a number 

of workers (Sukheswala and Udas, 1963; Deans and Powell, 1968; Deans et al., 

1972; Viladkar, 1981; Srivastava, 1989; Gwalani et al, 1993) and a small number 

of microthermometric measurements have been carried out on the fluid 

InclUSIons ln fluorite (Roedder, 1973; Lahiry, 1976; Kaul et al, 1988). No data is 

available for fluid inclusions in quartz assoclated with siliclfication or 

mineralrzatlon. Homogenization temperatures reported in these studies range 

fram 1 06-162°C and arE:. lower for the late yellow and colorless fluorite th an the 

early blue fluonte. Roedder's (1973) study contained the only reliable final ice­

melting temperatures, with those for early blue fluorite being -0.9 to -1.0oG and 

that of late fluonte being -0.5°C. Although the nature of the carbonatite has been 

weil documented, there is still considerable debate on the ongin of the fluorite. 

'/iladkar & Wimmenauer (1992), Kaul et al. (1988) and Deans et al (1972) 

consider that the fluids responsible for fluorite deposition were genetically related 

to the carbonatlte. By contrast, Lahiry (1976), on the basis of the similar Sr 
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Isotopic compositions of the f1uorite and 8agh sandstone, has algued tl1at the 

fluorite was deposited by a mixture of meteonc water from the sandstone. whlcl1 

supplied the calcium, and a F-beanng aqueous ortl1omagmatlc flUld derrved fram 

the magma that produced the Deccan basalts. 

Purpose and Methodology 

This study has investigated the genesis of the fluonte at Amba Dongar, 

with a number of methods, in order to establish the nature of the flulds 

responsible for fluorite deposltion, thelr origln and the physlco-chemlcal contrais 

of their deposltlon. Microthermometrrc studies of fluld InclUSions were used to 

constrain the temperature of deposltlon and to obtaln a partial composition of the 

fluid. Leachate and decrepitate analyses were performed to obtaln addltlonal 

composltlonal information. Crushlng tests were used to Identlfy any dlssolved 

gas species. Analyses of the tluonte chemlstry were used to gain In51ght Into 

fluid composition, and mass balance calculatlons were carned out to establlsh 

the role of wall rock alteration in fluonte deposltlon. Stable Isotope data have 

pravided information on ongln of the flulds. 

A large amount of research has been carried out on fluonte deposlts of 

sedimentary or alkaline-peralkaline association (see prevlous references). 

However, relatively little is known about the genesls of carbonatlte-hosted fluorite 

deposits. This research was used to develop a model for fluonte deposltlon at 

the Amba Dongar complex whlch could find application ln helplng to Interpret the 

genesis of other carbonatlte-hosted fluorite deposits. It may also shed IIght on 

the role of the late stage hydrothermal processes which are thought concentrate 

other elements, most notably REE, into economlc quantitles. 
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CHAPTER Il: GIEOLOGY 

The Amba Dongar complex IS situated approximately 400 km northeast of 

Bombay, India ln the Baroda district of Gujarat 8tate. Il outcrops over an area c.f 

approxlmately 3.5 km and Iles at a minimum elevation of 380 meters above sea 

level wlth a maximum relief of 61 meters. 

Regif.)nal Geology 

The carbonatite complex of Amba Dongar was emplaced into the northern 

part of the Deccan Volcanic Province which covers an area of approximately 

500,000 km2 of West-Central Indla, and forms one of the largest geological 

formations of the country (Krishnan, 1982) (FifJ. 2.1). The Deccan province 

conslsts of a large thickness of plateau flood basalts. Extrusion of the basalts is 

thought to have occurred during rifting, along reactivated lineaments, a!3 a result 

of the upwelling of tholeiitic magma when India passed over a mantle thermal 

center at around 65 Ma (Dietz and Holden, 1970; Gupta and Gaur, 1984; 

Srivastava, 1989; Karkare and Snvastava, 1990;). A general chronology for the 

area is: 1) eruption and extrusion of volummous flood basalts: 2) i,ntrusion of 

alkallne and carbonatitic bodies; and 3) emplacement of late picritic and basaltic 

dykes (Gwalani et al., 1993; 8rivastava, 1989; Sukheswala et al., 197'6). 
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Figure 2.1 General geological map of West-Centrallndia showing the Deccan 

Volcamc Province and the location of the study area. Map Inset 

shows large-scale structural features of the reglon surroundlng 

Amba Dongar. The course of the hlaramada River 15 controlled by 

the Naramada Rift, a fault zone reactlvated dunng the Late 

Cretaceous as the Indian plate crossed over a mantle plume 

(modified from Karakare and Snvistava, 1990) . 
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Gwalanl et al. (1993) have dlvl(~~d the Deccan Province 11110 Ihree 

subprovinces, based on observations of alkallne magmatlsm Amba Dongal has 

been Included ln the Chota Udaipur sub-provlnce, whlcl1 IS cl1aracterized by 

abundant alkallne Intrusions, and IS unique ln tllat It IS tlle only one to contaln 

feldspar-free rocks such as carbonatltes The Chûta Udaipur sub-provlI1ce bas 

been further subdlvlded Into flve sectors, each contall1lng a mall1 geogmphlc 

formation (Gwalanl et al, 1993) The Amba Dongar complex has been nsslgnecl 

its own sector oWlng ta the fact th al It IS the only nng structui e ln the 

subprovince. 

The complex lies wlthln a major zone of stl u,..::tural weakness representcd 

by the ENE trendlng Naramada nft, whlch IS located nille kllometers to the south 

(Fig. 2.1 Inset). To the north of the complex. IS a sympathetlc set of faults relélted 

to the Naramada nft (Viladkar, 1981) The nft system IS thought to be the ann of 

a failed triple junctlon that ongll1ated along the older Vlildhayan fault (Karkillo 

and Srivistava, 1989; Deans et al. 1972, Courtillot et al., 1988) Structural 

expressions of thls zone of weakness conslst of numerous parallel (to the nft), 

matic dyke swarms and NE trendlng stnke-sllp faults (Snvastava, 1989) 

Intrusion of the carbonatlte caused updomlng of the countly rock whlch IS 

reflected ln dlps of 35 ta 60 degrees outwards trom the body These structural 

features are eVldent up to 5 km away from the nng Numerous taults me 

distnbuted radlally around trom the complex and have glven nse to steep valleys 

and scarps. 

The carbonatite ring structure was Intruded Into Deccan basalts, whlch 

comprise its southern and southwestern boundanes, and a small Inller of Laie 

Cretaceous Bagh sandstones and IImestones (Vlladkar, 1981), whlch flank the 

intrusion on ail other sldes (Fig. 22). Deccan basalts are also present Inslde the 

nng structure, and are Interpreted by Deans and Powell (1968) to represent 
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Figure 2.2 Geological map of the Amba Dongar carbonatite complex and 

surroundlng area (modified trom Deans et al., 1972) . 
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a roof over the intrusive site whlch collapsed during emplacement of the 

carbonatlte. Viladkar (1981), however, has suggested that the basaltic core may 

represent a later Igneous event followlng carbonatite emplacement. The 

underlYlng base ment rocks consist of Precambrian granitic gneisses which are 

poorly exposed and do not outcrop ln the area (Srivastava and Karkare, 1991; 

Deans et al., 1972). Surrounding the carbonatite, and less commonly within the 

carbonatlte, are plugs of nephelinite and phonolitic nephelinite which are 

mterpreted to be genetically related to the carbonatite (Viladkar, 1984). 

Country Rock Geology 

Deccan Basait 

By far the most common rock type in the surrounding area is the flood 

basait of the Deccan Traps. The latter consist predominantly of tholeiitic flows 

and yield whole rock K-Ar dates of 65 Ma to 50 Ma which place them in the Late 

Paleocene to Early Eocene period (Wellman and McElhinny, 1970). The area 

surrounding the Naramada Rift belongs to one of a number of alkali olivine basait 

subprovinces which occur withln the Deccan province (Chatterjee, 1964; 

Srivastava, 1989; Gwalam, 1981). 

The dominant lithologies of the Trappean beds are basaltic lavas and 

agglomerites. Dykes of glassy basait and dole rite are also common, and trend 

parallel to the Naramada lineament (Srivistava, 1989). Basait is typically 

porphyritic and locally glomerophytic. Phenocrysts, as weil as the groundmass, 

consist of augite and labradorite which, modally, make up 70 to 80 % of the rock . 

Accessory minerais include olivine, calcite, zeolites and apatite. Evidence of 
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vesiculation is common in the basalts, typically ln the forrn of amygdules. 

Dolerite forms dark gray dykes which range in width from 0.5 to 15 m and can be 

followed for distances of up to 1.5 km (Srivastava, 1989). Modally, plagioclase IS 

more important in the dolente than ln the basait, and the percentage of 

plagioclase plus augite is at least, 80%. The texture is commonly ophltlc ta sub­

ophitic and locally porphyritic wlth labradorite occurnng as the mlcro-phenocrysts 

(Srivastava, 1989). Minor minerais include olivine and Iron oXldes. 

Bagh Sandstone 

The only other rock type which borders the complex is the Lato 

Cretaceous Bagh sandstone. The sandstones belong to a wave-dommated shelf 

sequence (Bose and Das, 1986). Bose and Das (1986) have divlded the Bagh 

sequence into five main facies: 1) a conglomeratlc lag deposlt; 2) coarse-gramed 

sandstone; 3) sandstone; 4) mudstone; and 5) hmestone Chlplonkar et al. 

(1977) have interpreted the sequence as being between Upper Alblan to 

Turonian in age (100 Ma - 88.5 Ma), based on paleontologlcal observations. 

The Bagh sandstone consists of an almost pure quartz sandstone (>96% 

quartz) which, in outcrop, appears white to IIght gray. The grain slze vanes trom 

medium to coarse, and there are local concentrations of small quartz pebbles 

The sandstones have a generally weil sorted groundmass of sphencal quartz 

grains which commonly show evidence of recrystaillzatlon, posslbly due to 

pressure solution. Sedimentary features observed ln outcrop Include cross· 

bedding, normal grading and asymmetnc npple marks, Indicatlng a moderate 

velocity, shallow fluvial environment (Fig. 2.3A). In sorne areas adjacent to the 

ring complex the Bagh sandstone has been Intensely femtlzed, whlch IS eVldent 

as K-feldspar pseudomorphs after quartz. In these areas the sandstone takes 
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Figure 2.3 A) An outcrop of Bagh sandstone displaying cross bedding; B) 

Carbonatite breccia showing rough texture due to differential 

weathering of fragments (recessed) relative to the matrix . 
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on a reddlsh hue. 

Bagh Limestone 

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

Unit of limestone that was deposited after the quartz-rich sediments (Viladkar, 

pers. comm.). The limestone is a thinly to moderately thickly bedded, fine­

grained, tan-colored unit whlch dlsplays gentle folding ln outcrops nearest the 

complex. 

The Carbonatite Complex 

Geology 

The carbonatite complex of Amba Dongar is a ring structured intrusion 

with a diameter of approximately two kilometers, and consists mainly of a 

promlnent ridge of calcitite, which forms the principal topographical feature of the 

ring, and an Inner IIning of calcitite breccia (Fig. 2.2). Breccias also occur around 

the c:rcumference of the ring as variably sized, isolated plugs, parallel to the 

ring's border Along both margins of the calcitite ring are numerous small plugs 

of ankentlc carbonatlte. Sm ail dykes «1 m ) of ankeritic carbonatite and calcitite 

cut the above IIthological units. In the calcitite, inttmse fracturing, indicated by 

numerous jasper and quartz-fluorite veins, may hav':! provided the pathway for 

fluids whlch deposlted large amounts of fluorite in open space-filled veins and 

vugs. In a number of areas the calcitite shows intense sillcification surrounding 

barren quartz veins. Formation of the complex also included the intrusion of a 
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number of moderately sized (200m -1500m ln diameter) syenitlc plugs in the 

surrounding country rock. 

Deans et al. (1972) and Viladkar (1981) have developed a ch ronological 

sequence for intrusion of the ring. Formation of the structure 15 Interpreted to 

have begun with the t'3mplacement of the calcltite breccla followed by intrusion of 

the calcitite and finally the plugs of ankeritic carbonatlte. Sihclflcatlon and fluorite 

deposition are thought to have post-dated ail Igneous activlty. 

Carbonatite Geology 

The calcitite breccia consists mainly of fragments of calclttte and minor 

metamorphic rocks, sandstone, basait and nephehnite ail set in a matnx of 

calcitic or ankeritlc matenal (Fig. 2.38). Differentiai weathering of the fragments 

and the harder matrix give the breccia a very rough. Irregular appearance 

Calcitlte, which forms the main component of the nng system at Amba 

Dongar, shows a large variation in gram size, texture and color. Early calcitlte 

tends to be coarser-~lrained, occurring as xenohths m the later, fine-gralned 

calcitite. The most frequently observed texture consists of Interlocklng, 

equigranular calcite crystals. A porphyritic texture is weil developed. locally, wlth 

larger calcite phenocrysts set ma matnx of flner grained calcite. The proportions 

of other minerais in calcitite vary greatly; comprislng from 1 % to over 30% of the 

rock by volume. In decreasmg order of Importance, martlte, apatite, fluorite, 

barite, galena, pyrochlore, zircon, phlogoplte and aeglnne are the most 

commonly found of these other minerais. Color vanatlons of the calcltlte are 

numerous, rangmg fram white to red, brown or a moUled white and black This 

range in color is due mainly to the nature of the dominant accessory minerais . 

Flow banding is commonly observed ln the calcltlte, and is recognized 
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E3ither by gram size variations or by the alignment of accessory minerais. The 

Orientation of the flow bandlng is variable, but typlcally it is at an oblique angle to 

the nng wlth a near vertical or steep northerly dip. Small ankeritlc carbonatite 

dykes, as weil as femtized xenoliths of Bagh sandstone are found ln the calcitite 

(Fig 2.4A) 

Ankentlc carbonatite IS generally a dark red, highly oXldlzed, flne-grained 

rock. Accessory minerais are abundant m this unit, the most important of which 

is martite, ln some samples martite can comprise over 50% of the volume of the 

rock. Other minor constltuents include fluonte, barite, apatita, bastnaesite, 

pyrochlore, monazite, thonte, pyrite, galena and chalcopyrite (Vilad~car and 

Wimmenauer, 1992). Calcltlte dlkes as weil as small jasper veins dre found 

within the ankentlc carbonatlte. Followlng carbonatlte intrusion, a hydrothermal 

event caused siliclflcatlon of large volumes of calcltite surroundlng zones of 

pervaslve quartz veinlng. Hydrothermal activity also caused the formation of 

numerous fluonte deposits scattered throughout the calcltite. The fluorite 

minerallzatlon occurs as vein and replacement deposits. Deposition of fluorite 

occurred ln two stages; an early stage charactenzed by a blue to purple vanety 

and a later stage characterized by yellow to colorless fluorite. Fluorite occurs as 

large, euhedral cu bic crystals ln the larger veins and vugs, and as anhedral 

groups of Interlocklng crystals m the smaller veins. Minor amounts of quartz can 

also be found m the veins and vugs along with small quantitles of barite, 

hematlte, galena. pyrite and chalcopynte. 

Surroundmg the nng eomplex are a number of plug-like intrusions which 

are expressed as topographie hlghs. The plugs vary in diameter from 200m to 

1.5 km, and are hosted by BaÇlh sandstones and limestones, and Deccan 

voleanlcs. These Intrusive rocks are of two types; nepheline syenltes and 

phonolitic syemtes (Viladkar, 1984). They are generally brown to dark green in 
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Figure 2.4 A) An ankeritic carbonatite dyke intrudlng calcitite; B) Femtlzed 

sandstone xenolith in calcitite. The xenollth shows complete 

replacement of quartz grains by K-feldspar . 
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col or and consist of a fine-grained, glassy matrix wlth phenocrysts of nephellne. 

alkali feldspar, pyroxene and melamte garnet. Magnetite occurs as a mlnor 

phase in sorne samples. The rocks tend ta be highly weathered. and are 

commonly pink to red in color. 

Fenitization 

A distinctive feature of the Amba Dongar complex is the occurrence of a 

weil developed zone of fenitization in the sandstone surroundlng the carbonatite. 

Xenoliths of nephelinite in the carbonatlte also show the effects of fenltlzatlon. 

typically as intense phlogopitizatlon of pyroxene. Femtlzatlon of sandstones. 

associated wlth the carbonatltes, was of two types, wlth some gradation between 

the two. The flrst, potassic fenitizatlon, IS eVldent at hlgher levels of the complex; 

whereas the second, sodic fenrtizatlon, IS only recorded ln deeper sections 

(Viladkar, 1986). Owing to the natum of the sandstone, almast pure quartz, 

fenitizing effects can be readily quantlfled. Potasslc femtes are the most 

common of the altered rocks, occurring withrn the carbonatlte and around Its 

periphery. The amount of metasomatism IS vanable, with sandstone xenoliths 

within the carbonatlte typically showing complete replacement of quartz by 

potassium feldspar (Fig. 2.48) and fenite outside the nng contalmng as IIttle as 

5% potassium feldspar. Proximal sandstones may show up to 70% replacement 

of quartz and at distances of between 100 m ta 150 m away from the nng, 

sandstones will contain only 5-10% feldspar. Further out they are essentially 

unaltered. 

ln outcrop, potassium-fenitized sandstone vanes ln color from white ta 

light pink with various degrees of mottling depending on the extent of femtlzatlon . 

Megascopically, quartz retains many of the charactenstlcs of quartz ln unaltered 
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samples, although there appears to have been some recrystallizatlon. Withln 

potasslc femtes, feldspar consists of both lath-like orthcc!ase crystals and small 

Irregular grains which appear to be pseudomorphs after quartz. The color of the 

feldspar ranges from white to pink. 

Sodlc metasomatlzed rocks are relatively uncommon in the complex 

except where they have been uncovered during mming operations. These rocks 

have been dlvlded Into two types: sodic fenltes, consisting of albitized, aegirine­

auglte beanng rocks; and ultrasodic fenites, or albltites, which are composed 

only of albite (Viladkar, 1986). The precursor rocks ln both cases are reported 

to be the Bagh sandstone (Viladkar, 1986). Albltites consist of a monomlneralic 

groundmass of small anhedral to subhedral albite. Accessory minerais include 

rare aeglnne-auglte and relict quartz grains (Viladkar, 1986). Sodic fenites are 

the rarest of the metasomatized rocks, occurnng ln only one outcrop in the 

northwestern section of the complex (Viladkar, 1986). The rock is made up of 

over 50% albite with Intergrown pale green aegirine-augite and small amounts of 

relict quartz grains (Viladkar, 1986) . 
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Abstract 

Since their discovery, carbonatite-hosted fluonte deposlts have received 
very little attention with respect to their genesls. The Amba Dongar carbonatite 
complex, India, hosts one such deposit, consisting of 11.6 mt of 30% CaF;). The 
complex comprises a carbonatite nng dyke, which hosts the fluor/to, and a 
number of syemtlc intrusions whlch were emplaced Inte Late Cretaceous Bagh 
sandstones and Late to Early Eocene Deccan volcanics. 

Hydrothermal activity associated with the intrusion was responslble for 
fenitization of the surrounding sandstones, and later siltclhcatlon of calcltite and 
the depositlon of economlc quantltles of fluonte. Fluonte mineraltzation occurs 
as veins and vug fillings, localized along fractures, near its contact wlth the 
sandstone. 

Chemical analyses and mass balance calculations show that the flulds 
responsible for sillcification removed large quantities of Ca from the rock whlle 
adding similarly large quantities of Si, and lesser amounts of AI and F Alteration 
associated with fluorite deposition involved the removal of AI from the rock and 
the addition of large quantities of F and Si. 

Fluid mclusions ln fluonte point to a low temperature-Iow sahmty «160"C-
0.6 to 0.3 wt.% NaCI eq.) ore fluid, whlch decreased ln temperature and saltmty 
with evolution. Crushlng expenments performed on fluld inclUSions ln both 
fluorite and quartz reveal the presence of ~ a 08 m of dlssolved co;! m solution 
while analyses of leachates and decrepltate residues from fluld InclUSions Sh0W 
significant concentrations of Ca, AI, Na, CI and S. Oxygen, hydrogen and 
carbon isotopic data from the flUlds in fluid Inclusions suggest that the dOrTlInant 
component of the ore fluid was meteoric, and that It had eqUlllbrated wlth 
sedimentary carbonates. Log /,02 and pH conditions of the flUld, at the tlllle of 
ore formation, are interpreted to have been >-42 and <3.5, respectlvely. The 
presence of AI and S in the fluid, the molar eqUivalence of Na and CI, and the 
positive deviation of i)180 and ùD from the meteortc water Ime pOint to a small 
contribution from orthomagmatic fluids. 

A model tS proposed ln whlch the intrusion of a carbonatlte magma at hlgh 
crustai levels caused faulting and fracturing of the surroundlng country rocks, 
and was accompanied by the release of orthomagmattc flUlds, expressed as 
extensive K and Na metasomatism of the surrounding sandstones Wlth the 
decline of orthomagmatic activity, a meteoric water-dommated hydrothermal 
system was initiated by the heat of the intrUSion. The Interaction of Ca-bearing 
meteoric fluids with the last vestiges of F-bearing orthomagmatlc NaCI brines 
caused deposition of vast quantities of fluorite at the site of mlxlng . 
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Introduction 

Fluorite is commonly tound in carbonatites. ft exists as a liquidus 

phase in Jate stage carbonatite melts and also within hydrothermal assemblages 

hosted by the carbonatite bodies (Kuellmer et al., 1966; Flegg et al., 1977; Le 

Bas, 1989; Woolley and Kemp, 1989; Wyllie, 1989; Viladkar and Wimmenauer, 

1992). However, economlc fluorite deposits assoclated with carbonatites make 

up a very small proportion of the overall number of exploitable fluorite deposits. 

There are approximately 330 recognized carbonatites throughout the world 

(Woolley, 1989) and, of these, only seven contain economic deposits of fluorite 

(Table 3.1). Ali but two of the deposlts are considered to be hydrothermal in 

origin (Mariano, 1989). The latter, associated with the Bol'shaya Tagna 

carbonatite, Eastern Sayan and with the carbonatites of the Tuva Basin, are 

consldered to have formed by direct crystallization of fluorite from a carbonatite 

melt (Puzanov, 1975, 1977). On the basls of radiogenic isotopes, REE 

chemistry, limited flUld inclusion data and geological setting, hydrothermal fluorite 

deposits are considered to be derived primarily trom orthomagmatic fluids 

exsolved trom the carbonatite (Deans and Powell 1968; Deans et al., 1973; 

Puzanov, 1975; Bredikhina and Bobrov, 1993; Ronchi et al., 1993). However, 

the conditions under which these deposits form has been poorly documented, 

and there has been no comprehensive study of their genesis. 

The Amba Dongar carbonatite ring complex, In('lia contains dilatant veins 

and replacement bodies of fluorite with reserves of 11,600,00 tons of 30% CaF2 , 

and is thus an Ideal example around which to develop a model for the genesis of 

hydrothermal carbonatitA-hosted tluorite deposits. The complex has been 

studled by a number of researchers (Sukheswala and Udas, 1963; Deans and 
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Table 3.1 Carbonatlte-hosted fluonte deposlts. 

Locahty 

Amba Dongar, India 

Okorusu, Namlbia 

Mato Preto, Brazii 

Tchlvlra, Angola 

Karasugskly, Tuva 

Choakhol'skiy, Tuva 

Bol'shaya Tagna, 
Eastern Sayan 

Mlneralizatlon 

Hydrothermal dilatant velns and replacement 
bodies ln carbonatlte, 11.6 mt of 30 wt.% 
fluonte 

Hydrothermal velns ln carbonatlte and 

replacement bodies ln IImestone ln contact 
wlth the complex, 7-10 mt 35 wt.% fluonte 

Hydrothermal velns and replacement bodies 

at the contact between calcitlte and phonolite 

dykes, 2.6 mt of 60 wt % fluonte 

Hydrothermal bodies at the contact between 

carbonatlte and IJolite 

Pnmary magmatlc fluonte 

Pnmary magmatlc fluonte 

Early magmatlc precipitation of fluonte followed 
by late, hydrothermal veln-deposltlon 

Reference 

Deans et al (1972) 

Deans et al. (1972) 

Ronchl et éll (1993) 

Manano (1989) 

Puzanov (1977) 

Puzanov (1977) 

Puzanov (1977) 
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Powell, 1968; Deans et al., 1972; Roedder, 1973; Lahiry, 1976; Viladkar, 1981; 

Kaul et al, 1988; Snvastava, 1989; Gwalam et al, 1993, Simonetti and Bell, 

1993). The study by Roedder (1973) provlded mierathermometrie data for fluid 

inclusIons, ln several samples of fluonte. These data show that the fluorite 

formed at low temperatures (115-160°C) from low salinity fluids. Limited fluid 

inclusion homogemzation temperatures are also reported ln Lahiry (1976) and 

Kaul et al. (1988). However, the nature of the late stage hydrothermal praeesses 

responslble for silieifieation and fluorite deposition is still debated. Based on 

87Sr/86Sr data presented by Deans and Powell (1968), which gave values that 

were not consIstent with an origin of fluorite fram the earbonatite, Deans et al. 

(1972) praposed that fluorite rleposition was a result of mixing of meteorie water 

fram the sandstones and residual hydrothermal fluids tram the carbonatite. 

Lahiry (1976), using the same data, postulated that the fluorite was deposited 

when Ca-beanng meteorie flulds from the sandstone mixed with fluorine-bearing 

orthomagmatic fluids exsolved from the Deccan basait magma. 

As stated above, relatlvely little is known about earbonatite-hosted fluorite 

deposits. T 0 the authors' knowledge no comprehensive research has been 

undertaken, until now, on the genesis of these deposits. In this paper we make 

use of flUld inclusion data, stable isotope geoehemlstry, and whole-roek and 

minerai geoehemlstry to eharacterize the flulds responslble for fluorite deposition 

at Amba Dongar and to determlne the source of this mineralization. The 

information gained fram these studies is used to develop a model for the genesis 

of earbonatite-hosted fluorite deposits . 
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Regional Geology 

The Amba Dongar comp/ex is /ocated approxlmate/y 400 km northeast of 

Bombay, /ndia in the Baroda District of GUJarat State, and conslsts of 

subvo/canlc intrusions composed of carbonatites and associated syenites (FIg. 

3.1). It was emplaced into tholeiitic and alkaline plateau flood basalts of the 

Deccan Volcanic Province. The complex IS situated adjacent ta the ENE 

trending Naramada Rift, which formed a/ong an ancient plane of crustal 

weakness, reactivated as India passed over a mantle plume durrng the Early 

Paleocene (65 Ma). Carbonatite activity occurred followlng extrusion of the flood 

basalts, and prior to intrusion of numerous doleritic and picntic dykes (Gwalam et 

al., 1993; Srivastava, 1989; Sukheswala et al., 1976; Viladkar, 1981) 

The Amba Dongar area be/ongs to the Chota UdaIpur sub-provlnce 

(Gwa/ani et al., 1993), which is characterized by numerous alkalrne IntrusIons 

and the presence of the only fe/dspar-tree rocks ln the reglon. Structure in the 

area was controlled by the Naramada Rift and a sympathetic fault system to the 

north, and is expressed as numerous mafic dike swarms, orrented parallel to the 

rift, and NE trending strike-slip faults (Viladkar, 1981; Srrvastava, 1989). 

Country rocks surrounding the complex consist of flood basalts to the 

south of the comp/ex and quartzltic sandstones (orthoquartzltes) and Irmestones 

of the Late Cretaceous Bagh Formation to the west, north and east (Fig. 3.1). 

The sandstone is fine- to coarse-grained and conslsts of greater than 96% 

quartz. Llmestone is typically flne-gralned with varrable amounts of sand grains, 

and ranges tram pure limestone ta marI. The core of the Amba Dongar IntrusIon 

is composed of basait which Deans and Powell (1968) conslder to be a syn­

emplacement collapse structure of the overlying Deccan basalts. Vlladkar 
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Figure 3.1 The geology of the Amba Dongar carbonatite complex (modified 

from Deans et al., 1972; Karkare and Srivistava, 1990) . 
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(1981), however, ascribed the core ta post-emplacement basaltic activity. The 

area IS underlain by Precambrian granitic gneisses of the Dharwar Formation 

(Srivastava, 1989) Within the surrounding sandstones and limestones are 

numerous plugs of nephehnite and phonohtlc nephelinite, interpreted to be 

genetically related to the carbonatite (Viladkar, 1981). 

Carbonatite Geology 

The Amba Dongar complex consists of a carbonatite ring dyke, with a 

diameter of approximately two kilometers, and a number of syenite intrusions 

which are randomly dlstributed around the ring (Fig. 3.1). The bulk of the ring 

structure IS composed of calcitite which is also responslble for the topographie 

expression of the structure. Calcitite conslsts of a fine- to coarse-grained matrix 

of interlockmg calcite crystals with a locally developed porphyntlc texture. The 

accessory minerais consist of, in decreaslng order of importance, martite, 

apatite, pyrochlore, fluorite, phlogopite, barite and galena, and comprise 

between 1 and 30% of the rock's volume (Viladkar, 1981; Srivastava, 1989, 

Viladkar and Wimmenauer, 1992). Flow banding, delineated by concentrations 

of accessory minerais or grain size variations, IS common and is generally 

subvertical and subparallel to the ring. 

Lmlng the Interior edge of the calcitite is a ring of carbonatite breccia. 

This unit consists dommantly of angular to rounded fragments of calcitite, plus 

fragments of metamorphic rocks, sandstone and basait set in a matrix composed 

of flne-grained calcite crystals. Differentiai weatherlng has roughened the 

surface as a result of the recession of calcitite fragments relative to the matrix . 

Ankeritic carbonatite occurs as small, rounded, irregularly shaped plugs 
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on bath borders of, and in one case cutting, the calcitite. It is generally dark red 

in color and typically fine-grained. Accessory minerais are vaned and abundant 

in this unit, locally making up over 50% of the rock. These phases conslst 

predominantly of martite wlth mlnor apatite, bastnaesite, pyrochlore, monazite, 

thorite, pyrite, galena and chalcopyrite (Vlladkar, 1986). 

A general chronology for intrusion of the ring has been developed by 

Deans et al. (1972) and Viladkar (1981). According to these authors, 

emplacement began with a fluidization event which caused ring fractures ln the 

country rock, along which the breccia formed. This was followed by intrUSion of 

the calcitite and then the ankeritic carbonatite. Following carbonatlte 

emplacement, hydrothermal fluids were responsible for formation of quartz vein 

systems and silicification of large parts of the calcitite nng. Large fluorite 

deposits of hydrothermal origin were also deposited in the calcltlte 

Numerous plugs of nephehnitic and phonolitic syenlte, varying in diameter 

trom 200 meters to 1.5 km, were Intruded contemporaneously wlth the 

carbonatite into the surrounding Bagh sandstone and IImestone, and ln the 

Deccan basait. They are brown ta dark green rocks with a fine-gralned glassy 

matrix and numerous phenocrysts of nepheline, alkali feldspar, pyroxene and 

melanite gamet. 

Fenitization 

Immediately adjacent to the ring is an discontinuous zone of potassic 

fenite, up ta 150m wide, in which quartz of the Bagh sandstone has been 

variably replaced by potassium feldspar (Fig. 3.1). This fenitizatlon IS also 

evident in xenoliths of sandstone in the calcitite which now consist almost 
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entirely of K-feldspar, and nephelinite xenoliths in which pyroxene has b-een 

replaced by phlogopite. Rare sodic fenites have been exposed by mining 

operations in the northern section of the ring. These fenites comprise albite­

aegirine-augite-bearing rocks or rocks composed only of albite (albitite). 

Mineralization 

Mode of Occurrence of Fluorite 

Although fluorite can be found as an accessory minerai within ail 

carbonatite lithologies, economic quantitles only occur within the calcitite. Th6se 

deposits are situated along the contact of the host rock and the Bagh 

orthoquartzltes, and are commonly found near ankentic carbonatite plugs. The 

main ore zone contalns reserves of 11,600,000 tonnes of ore grading 30% 

CaF2• mostly as vug fillings, and is located wlthin the calcitite near its contact with 

the fenites ln the north (Fig. 3.1). Veins of fluorite, as weil as larger fluorite 

zones, fill concentnc fractures and dip from steep northerly to vertical. Host 

rocks surroundlng fluorite occurrences are pervasively silicified, but silicification 

is generally limited to 10 cm from the vein-wallrock contact (Fig. 3.2A). 

Unminemhzed quartz vein systems also occur within the calcitite, and are 

accompanied by pervasive silicification of the host (Fig. 3.28). 

Fluonte veins are typlcally th in (1 cm to 20 cm wide) structures which can 

occur discretely or ln networks of randomly oriented, Irregular veins. However, 

some veins may reach widths of up to 50 cm. Fluorite also fills vugs in large 
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Figure 3.2 A) A fluorite vein surrounded by a halo of silicified calcltite (dark); 

B) Silicified calcitite breccia cemented by fine-gralned quartz . 
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lenticular zones wlthin the calcitite, ranglng ln length from centlmeters to 2 

meters (Fig 3.3A, B). They are generally oblong ln shape Contacts between 

wall rock and fluorite are typically irregular. Fragments of wall-rock occur ln 

fluorite as small rounded grains or long thln slivers whlch have not been 

transported for any distance. Slhclflcation ln the surroundlng calcltlte conslsts of 

fine-gralned quartz which, in turn, has been partlally replaced by fluonte 

Proximal to the veins, quartz-fluonte alteratlon is uneven ln dlstnbutlon, Impartlng 

a patchy appearance. At distances greater than appraxlmately three centlmeters 

fram vein-wallrock contacts, alteratJon consists almost entlrely of slllclficatiofl. 

The planar morphology of fluorite veins and thelr sharp wallrock contacts 

suggests that siliclflcation and dilatlon preceded deposltlon. Vug fllhngs of 

fluorite, however, show concave, irregular wall rock boundanes as weil as more 

irregular silicificatlon, suggesting simple replacement of the carbonatlte 

Within bath veln- and replacement-type bcdles, fluonte occurs as massive 

anhedral ta euhedral crystals making up to 95% of the veln or vug matenal 

Euhedral crystals of fluorite are common ln both types of mlnerahzatJon, and can 

grow up to 30 cm in diameter, although most crystals are between 1 and 5 cm ln 

diameter (Fig 3.3A, B). 

One of the most distinctive features of the Amba Dongar fluonte IS ItS 

color zonation. Fluorite occurs in blue, purple, white, yellow and colorless 

varieties. From field relatlonships the crystaillzation order was determlned to 

have been blue and purple fluonte, which are commonly interlayered, followed by 

the white and finally the yellow and colorless vanetles (Fig. 3.4A, B) The latter 

two fluoriie types are the most commonly encountered followed closely by the 

blue variety. Purple fluonte is relatively uncommon and white fluonte appears to 

33 



------------------~ - --

• 

• 

Figure 3.3 A) large yellow fluorite crystals coating vug wall; B) fine-grained 

purple fluorite crystals lining vug . 
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Figure 3.4 A) A hand specimen of a vug showing early blue fluorite (B), 

against the wall, overgrown by later white fluorite (W), which in turn 

is overgrown by yellow fluorite (Y).; B) A hand specimen of a vug 

showing early blue fluorite (B), lining the wall, overgrown by 

colorless fluorite (C). The white fluorite layer is absent 
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be a rare, localized occurrence. Ail fluorite, with the exception of the white 

variety, is extremely clear wlth few solid inclusions; white fluorite is opaque. In 

addition to the initiai siliclfication of the host rock, fluorite mineralization at Amba 

Dongar shows an Intimate association with quartz. Within fluorite veins, quartz 

occurs as Inclusions withm fluorite or as separate layers making up between 5 to 

40% of the vein mate ria!. Quartz also occurs as fine-grained encrustations that 

post-dated fluonte de position (Fig. 3.SA) 

Minor quantitles of barite, hematite and galena were observed as 

inclusions ln both quartz and fluorite in a very small number of samples. The 

distribution of these phases is not homogeneous, with barite found most 

commonly ln purple fluorite (Fig. 3.5B) and hematite in yellow fluorite. A kaolinite 

group minerai was Identified, based on SEM analyses and Analytical Electron 

Microanalysis (AEM), in white fluorite (Fig 3.6A, B). Pyrite and chalcopyrite have 

also been reported to occur in the deposit (Oeans and Powell, 1968; Deans et 

al., 1972; Viladkar and Wimmenauer, 1992; Srivastava and Karkare, 1989). 

Sulfide minerais typically occur as open space growths on the surface of fluorite. 

More rarely, they are found as inclusions in both fluorite and quartz. 

Petrograph ie Characteristics 

The parageneses of the fluorite bodies are readily -!vident in th in 

section. Silicification of the host rocks occurred first as replacement of calcitite 

by quartz. Following replacement of calcitite, quartz was deposited along vein 

and vug walls. Quartz grains lining vein/vug walls are typically small (100-200 Il 

m in diameter), subhedral to euhedral crystals that grow perpendicular to 

wallrock contacts. Withm the first quartz layer, local aggregations of acicular 

hematite crystals can be found which penetrate the succeeding fluorite layer. 
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Figure 3.5 A) Quartz encrusted yellow f1uorite cubes. The ring in the plcture 

is approximately 1.5 cm ln diameter.; B) An SEM microphotograph 

of a fluorite vein showing growth, from left to right, of barite (Ba), 

purple fluorite (FI) and quartz (Q) wlth dlsseminated barite. The 

quartz, fluorite and disseminated barite to the left of the barite layer 

is altered wall-rock (W) 
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Figure 3.6 A) A photomicrograph, taken using plane polarized light, showing 

crystals of an alumina-silicate minerai at the edge of the whIte 

fluorite layer. This phase is probably one of the kaolinite group 

minerais (Le. kaohnite, dickite); B) An SEM photomicrograph of 

the alumino-silicate minerai in the white fluorite layer, showlng the 

radiating, accordion-like habit of the mineraI. 
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Crystals are between 100 and 500 pm ln length and 20-60 pm in width. They 

are commonly mlsslng, leavlng only an outline of their shape ln the fluorite. The 

presence of this cast ln fluorite suggests that their removal was a later event 

occurring after fluonte deposition Fluorite IS the next phase to occur. It IS 

generally of massive, homogeneous morphology, consistlng of a malnx of 

anhedral to subhedral interlocking crystals. The fluonte layers are typically 

monomineralic, although they may conta in inclusions of quartz. The accessory 

quartz occurs either as intergrowths, doubly terminated crystals, or small 

euhedral, singly terminated prisms, which were probably removed from vein 

walls by the fluorine-bearing fluids. This first fluante layer can be of any color, 

depending on which generatian of fluid has invaded (Fig. 3.3 A, B, 3.4A). If 

multiple generatians of fluorite are present, whlch is generally nat the case, an 

intermediate white, solid inclusion-filled fluorite may be present separatlng the 

earlier blue or purple fluorite trom the yellow and colorless vanetles (Fig 3.4A). 

The white fluorite layer IS generally less than 1 cm ln thickness and out!ines the 

euhedral nature of the earlier crystals. This vanety of fluonte contarns a large 

proportion of small «10 /lm), accordlon-shaped crystals with an aiuminoslllcate 

composition (Fig. 3.68). 8mall subhedral to euhedral quartz grains me also 

present in the white fluonte, but in relatively small numbers. Followlng the white 

fluorite are layer 1f colorless and yellow fluonte, simllar in morphology to the 

first formed fluorite layer. The final stage of vein/vug filling, which only occurred 

locally, consisted of encrustatians of fine-grarned quartz on tluonte surfaces (Fig. 

3.5A) . 
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Barren Vein Systems 

The calcitltes of Amba Dongar contain a number of zones of intense 

slliclfication associated with quartz veining. Quartz veins are surrounded by 

extensive sllicification, covering areas of 1D's to 1DO's of meters. The veins 

occur as separate, irregular veins or in large networks, commonly accompanied 

by brecciation of the host rock (Fig. 3.28). On an outcrop scale, alteration forms 

large irregular zones which are parallel to the vein systems. The veins 

themselves are completely surrounded by siliclfication and, due to the intensity of 

alteration, haloes surrounding particular veins cannot be distinguished. The 

veins consist of massive anhedral quartz or euhedral, open space-filled quartz 

crystals. Veln-width is typically less than 5 centimeters. The orientation of 

quartz veins is variable, but is most commonly concentric wi~h the ring structure, 

wlth dips being either vertical or steep northerly. Less commonly, zones of 

sllicification are onented radially to the ring structure, parallel to fault valleys. 

Fluorite occurs as an accessory minerai ln most veins, elther within the vein 

material or on the surface of quartz crystals, as open space terminations. Iron 

oXldes are also present along grain boundaries. 

Alteration Associated with Quartz Veining 

ln hand sample, sihcified calcitite retains many of the textures and 

characteristlcs of the unaltered rock. Differences between the two include a 

more glassy appearance of the Rilicified rock and the presence of small (1-3 mm 

diameter) isolated pore spaces. In thin section, the difference between the 

altered and unaltered rock is more apparent. The matrix of interlocking 

carbonate grains, as weil as accessory minerais, in the calcitite (Fig 3.7A) have 
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Figure 3.7 A) A photomicrograph, in plane polarized Iight, of unaltered 

calcitite showing matrix composed of mterlocklng calcite grains. 

Photograph taken using plane polarized light; B) A 

photomicrograph of altered calcitite Immedmtely adjacent a fluonte 

vein. Quartz is now almost completely replaced by fluorite (FI) and 

hematite (~e). Further away tram vem, quartz becomes the 

dominant alteratlon minerai Crystal in the lower-center of the 

picture is euhedral pyrochlore. Photograph was taken using plane 

polarized light. 
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been completely replaced by finer-grained anhedral quartz (Fig. 3.8A). Small 

fluorite grains « 0.5 mm). of Indeterminate color. occur wlth qual1z. modally 

making up to 5 % of the rock,. Hematitlc stalning, as weil as small rhomblc ta 

rectangular iron oxides, are found along grain boundanes. 

Fluorite Chemistry 

Mineral separates of fluorite from samples :epresentlng ail color zones 

were hand picked and analyzed for major elements by ICP, trace elements by 

ICP and neutron activation, and rare earth elements (REE) by neutron activation 

(Table 3.2). Figure 3.9 shows profiles of selected major and trace elements 

plotted against the color of fluorite. Banum, 8102 and Fe20:1 have tholr hlghost 

contents in purple fluorite, and progresslvely lower contents ln the blue, yellow 

and colorless fluonte. The behavlor of 8102 is consistent wlth the occurrence of 

thln quartz layers ln purple fluonte, numerous quartz inclUSions ln blue fluonte, 

and rare quartz Inclusions ln late yellow and colorless fluonte Ba contents me 

likewise consistent wlth the occurrence of abundant InclUSions of bante ln Ihe 

purple fluorite, rare inclusions in blue fluonte and the absence of ballte ln laie 

yellow and colorless fluorite. In contrast to Ba, SI02 and Fe20:I, Ca IS most 

depleted in purple fluorite and increases ln content fram blue to yellow vanelles, 

Le. as the proportion of solld InclUSions decreases. 80th Sr and Sc also show a 

significant enrichment ln the later yellow and colorless vanetles of fluonte Zr, Y, 

K20 and P 205 show no zonation from the earller blue and purple fluonte to Ihe 

later yellow and colorless vanetles. 

The total REE content of ail of the samples IS low, and chondrite­

normalized plots of REE show a slight positive slope wlth a "weil" at Nd and Sm 
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Figure 3.8 A) photomicrograph of calcitite, which hosts barren quartz veins, 

that has been completely replaced by fine-grained quartz and 

minor fluorite. Photograph taken using cross polanzed light; B) the 

same view in plane polarized hght showlng relationship between 

quartz (Q), hematite (He) and fluorite (FI) . 
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• Table 32 Chemical analyses of fluonte minerai separates 

Sample AD066Z AD050B AD066>:B AD066W AD008A AD066XY AD050C 

Blue Blue Blue Purple Yellow Yellow Colorless 

wt.% 

8102 0.77 1 4 1.88 4.68 026 0.82 0.26 
AI203 ND ND ND ND ND ND ND 
Fe203 007 005 o Of; 0.1 ND ND 0.05 
MgO 0.03 ND ND 0.03 ND 0.03 ND 
CaO 93.5 9285 922 87.7 94.05 9315 93.89 

Na20 ND ND ND ND ND ND ND 
K20 0.18 0.12 007 ND 0.08 0.12 ND 

P205 003 002 ND 002 002 0.03 ND 
MnO ND ND ND ND ND ND ND 

ppm 

Ba 151 998 El8 3339 12 11 11 
Sr 423 256 357 215 2004 1616 937 
Zr 22 138 10 104 10 32 13 
Y 148 90 151 78 74 59 185 
Sc 06 0.1 0.3 0.2 1.1 0.9 1.5 

La 7 5 9 12 6 3 5 
Ce 25 17 27 33 27 13 22 
Nd 9 9 11 11 8 5 9 
Sm 3.3 2.2 2.7 2.5 33 1.3 3.7 
Eu 2.2 1.4 1.8 1 3 1.8 0.8 2.7 
Tb 22 1.1 1.9 0.9 1.7 0.9 2.8 
Yb 79 3.5 8.2 3 127 8.8 11 9 
Lu 1 04 046 095 04 1 99 1 3 1.66 

ND Not Detected 
Ali oXldes analysed by ICP methods (analyses performed by Acme Labs, Vancouver) 
Trace elements and REE analysed by Neutron Activation (Activation Labs, Ontano) 
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Figure 3.9 Profiles showing abundances of selected major and trace elements 

in fluorite versus fluorite color. Unlts are in welght percent for Ca, 

Sc, Si02 and Fe20 3, and in ppm for the remalnlng elements . 
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Figure 3.10 Chondrite-normalized rare earth element abundances ln fluorite. 

Chondrite values 'Neïa taken from Boynton, 1983. Profiles show a 

slight positive si ope with a distinct "weil" between Nd and Sm . 
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(Fig. 3.10). Late fluorite can be distlnguished trom early fluorite by the greater 

depth and breadth of these wells and by the maximum at Tb for early fluonte and 

Yb for late fluorite. Moreover, when compared on the basis of Lu/La, It IS eVldent 

that blue and purple fluorite are ennched in LREE wlth respect to the late fluonte 

and depleted in HREE (Fig. 3.11). The negatlve Eu anomaly commonly reported 

for fluonte (Ganzeyev and Sotskov, 1976; Ekambaram et al., 1986; Collins and 

Strong, 1992; Ronchi et al., 1993) is absent. 

Chemical Changes During Alteration 

Three samples of unaltered calcitlte and ItS slilcified counterpart were 

analyzed for major and trace elements by XRF and for REE by neutron activation 

(Tôble 3.3). Sample AD 008b conslsts of slllcrfied calcltlte surroundlng a fluonte 

'!cin and samples AD052b and AD026b are silicified calcitlte assoclated wlth 

barren quartz velns. Samples AD008a, AD053a and AD026a are the respective 

precursors. 

Owing to the nature of the alteratlon, SI02 Increases dramatlcally ln ail 

altered samples. Total Fe as Fe20 3, as weil as Th, behave slmllarly to SIO;!, 

increasing in ail of the altered samples, although to a lesser extent than SIO;> 

The increase in iron IS expressed by the increase ln iron oXldes ln the altered 

samples ln contrast, MgO decreases conslderably ln the altered equlvalents, 

posslbly due to the dissolution of small amounts of dolomite, whlch have been 

reported ln calcitite (Vlladkar and Wimmenauer, 1992). Differences between the 

silica-fluorite and barren quartz veln assoclated alteratlon can be seen ln a 

number of elements. Aluminum content Increases considerably ln sllrclfied 

samples AD053b and AD026b, but decreases ln the sllica-fluonte altered rock. 
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Figure 3.11 A graph of Lu/La versus fluorite color showing the enrichment of 

LREE in early blue and purple fluorite relative to later yellow and 

colorless varieties . 
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Barium also shows the same behavlor as AI20 3, but with smaller drfferences ln 

sam pie AD008b, CaO, MnO and Y ail rncrease rn small amounts. but decreclse ln 

silicified samples, AD053 and AD026. The loss of calcrum ln samples AD053b 

and AD026b is easlly explarned by replacement of calcite by quar1z, and the 

increase of calcium ln AD008b, by replacement of quartz by fluonte ChromiLlln. 

although not available for samples AD008a,b, shows a sllght Increase ln the 

silicified samples AD053b and AD026b. No trends are apparent for p,,or, and 

Ti02 

Profiles of REE are shown in figure 3.12 for samples AD008, AD026 and 

AD053. Results show an overall moderately negatlve slope from La ta Lu, wrth 

horizontal hiatuses between Sm and Eu and Yb and Lu A small, but regular 

interval IS maintained between sample-palrs for La through Tb, wlth altercd 

samples being apparently more enrlchsd than thelr unaltered eqUivalonts. 

Values for Tb to Lu show a dlfference ln the trend malntalned between La and 

Eu, for ail samples. Samples AD053 and AD026 show a reversai ln enrrchmcnt 

for Tb to Lu, wlth hlgher values of HREE ln the unaltered samples. Tho mterval 

between unaltered and altered sample pairs also changes, wlth that of AD026 

becomlng smaller and more erratic, and that of AD053 Increaslng conslderably 

ln sample AD008 the HREE maintain thelr enrrchment in the altered sample but 

the interval between the pair Increases. 

Masses Gained and Lost 

Mass balance calculations were performed uSlng analyses of altered and 

unaltered calcitite pairs ln order to relate mass and volume changes to the actual 

exchange of elements between the rock and flUld. The above samples were 

selected so that the unaltered calcltite was as proximal to the altered calcltlte as 
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Figure 3.12 Chondrite-normalized rare earth element abundanceb f)f altered 

and unaltered calcitlte. Chondrite values taken trom Boynton, 

1983. Samples AD008a and AD008b represent unaltered and 

altered calcltlte, respectively, assocmted with fluorite mineralization 

and samples AD053a and AD026a and AD053b and AD026b 

represent unaltered and altered calc.:tlte, respectively, associated 

wlth barren quartz veins . 
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possible, ln arder that problems of precursor heterogenelty, with respect to the 

altered rock, would be mlnlmized Calculatlons were based on the isocon 

method of Grant (1986), a graphlcal representatlon of Gresens' (1967) volume 

factor method, rather than the multl-sample, single mobile element method of 

MacLean and Kramdlotis (1987) because of the small number of samples. The 

method of MacLean and Kranldlotls (1987) reqUires a number of altered samples 

with él common precursor, whereas that of Grant (1986) allows for the 

companson of only two samples, an altered rock and its precursor. The results 

of these calculatlons are presented ln Table 3.3. 

Mass Factors for Barren Quartz Vein Silicification 

Figure 3 13a and b shows isocon dlagrams for samples of unsilicified and 

sillclfled calcitite pairs AD053a and band AD026a and b, respectively. The 

diagram for AD053a and b has a moderately weil defined Isocon, which passes 

through the ongin, and through or near ta La, Ce, Nd, Sm, Eu, Cr, Ba and Nb. 

The slope of this Isocon IS 1.57 which corresponds ta a mass factor of 0.63 and 

therefore a mass loss of 37~/o. Using the equatlon 

(1 ) 

relating th:' mass factor ta Gresens (1967) , 'lumE factor, where fv is the volume 

factor, (MA/MO) is the ratio of the mass of the al~ered rock to the mass of the 

onglf1 al and (g"/gO) IS the ratio of the densltles, a value of 0.64 was determined 

fOI the volume factor corresponcling to a volume loss of 36%. Silicon, aluminum 

and fluonne were the only elements to be added ln quantity to the rock, with 
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Figure 3.13 Isocon diagram comparing a) sam pie AD053a wlth sam pie 

AD053b; and b) samples AD026a and AD026b The dashed lino 

represents the constant mass IIne (Mass Factor = 1) where an 

element is nelther lost nor gained. The solld line IS the Isocan If 

elements are above thls IIne, they have been added to the rock, 

and if they are below the isocon they have been removed. For 

information about the samples refer to the text. 
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mass changes of 1396, 320, and 332%, respectlvely, whlle CaO, SrO, BaO and 

MgO were removed ln large amounts (mass losses of 94, 92, 59 and 84°0. 

respeetively). Comparison of samples AD026a and b ylelds slmllar lesults ta 

AD053, the Isocon being determilled by La, Ce, Nd, Sm, Eu, CI. Na. Sc, P and 

Th. The isoeon has a slope = 1.57 whlch corresponds ta a mass factol of 0 63, 

Identieal ta that of sam pie AD053. The volume factor and volume loss me alsa 

the same (0.64 and 36%) due to the slmllanty ln the two rock types. In both 

samples, components added include Si02, A1 20 3, F and Ba wlth 669, 278, 1605 

and 43% Inereases, respectively. CaO, SrO, MgO, Fe and MnO were lost 111 

amounts of 88, 74, 98, 38 and 57%, respectlvely. 

Mass Factor Associated with Quartz-Fluorite Alteration 

Figure 3.14 shows a plot of unaltered versus altered rock for Sam pie 

AD008, the fluorite-assoclated alteration. Companson of the two samples ylelds 

an isocon, dehneated by La, Ce, Nd, Sm, Eu, Tb, Mn, Zr and Na, wlth a siope of 

1.32, correspondlng to a mass factor of 0.75 (mass loss of 25%) and a volume 

factor of 0.69, indicatlng a volume loss of 31%. Mass changes Involved ln the 

alteration of the preeursor included large gains of 8102 , F and Fe, wlth respective 

increases of 113,3646 and 64%. Elements whlch show mass lasses are AI, K, 

Sr, Mg, Ba, and P ln amounts of 78, 73,61, 92 and 67% CalCium shows nelther 

a significant loss nor gain, plotting close to the Isocon ThiS behavlor 15 

explarned by the addition to the rock of slgnlflcant amount5 of fluonte CalCium, 

however, IS not considered to have been an immobile element due ta the Sr 

isotope data of Deans and Powell (1968) whlch suggests that calCium ln the 

caleltite was not the major source of the calCium ln the fluonte . 
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Figure 3.14 Isocon dlagram comparing sample AD008a with AD008b, the 

alteration of calcitite associated with f1uorite mineralization. The 

behavior of this graph is the sa me for that of 3.13. For more 

information refer to the text. 
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Fluid Inclusions 

A fluid Inclusion study was undertaken in order to gain compositlonal and 

geothermometric data on fluid(s) responsible for silicification and f1uorite 

deposltlon. Fluid Inclusions occur in both fluorite and quartz from ail samples 

taken trom the Amba Dongar complex, although they are much more numerous 

in fluonte The distnbutlon of fluid Inclusions within the fluorite is, however, 

uneven with the purple and blue varieties containing the largest quantity of 

Inclusions, and yellow and colorless fluorite having only a small proportion. 

Inclusions in Amba Dongar Fluorite 

Primary inclusions were identified in ail stages of fluonte. They are 

isolated and randomly oriented, or are concentrated ln planes parallel to growth 

zones (Fig. 3.15A). Their dlameters range fram a few microns to over 300 

microns. and their shapes vary fram irregular to rounded or negative crystal (Fig. 

3.16A, B). Neckmg-down of inclusions is common and generally recognizable. 

Those InclUSions suspected of being necked-down were disregarded. 

Secondary mcluslons are also presel1t m fluorite, occurring as pl anar 

trams crosscuttlng minerai boundaries. Thelr shapes are predommantly rounded 

and less commonly irregular. These Inclusions are typically sm aller than primary 

Inclusions, ranglng ln dlameter from 5 to 50 microns. In some cases the size of 

these Inclusions decreases towards the termination of a healed fracture (Fig. 

3.158) . 

Pnmary inclusions in fluonte are of two types: liquid-vapor (Fig. 3.16A), 
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Figure 3.15 A) Primary fluid inclusions in fluorite, termlnated by, and occurnng 

along, growth zones; B) A plane of secondary fluid Inclusions 

formed in fluorite. The decrease in size of the inclusions trom the 

top to boUom indicates that they were trapped along a heallng 

fracture . 
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Figure 3.16 A) A large, primary liquid-vapor flUid inclusion in fluonte; B) A 

primary, liquid-vapor fluid inclusion ln fluonte dlsplaying a 

negative-crystal habit C) A primary liqUld-vapor flUld inclusion ln 

quartz; 0) A liquld-only flUld inclusion ln quartz; E) Coexlsting 

liquid-only and vapor-nch fluid inclusions in quartz . 
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which comprise over 90% of ail inclusions; and hquld-only Inclusions. In IIquld­

vapor inclusions, the vapor bubble generally occuples no more than 10°0 of the 

volume of the inclusion. Llquid-vapor ratios 111 pnmary Inclusions are consistent 

throughout the deposit. LlqUld-only Inclusions occur togetller III random, thme­

dimenslonal clusters and do not result from neckmg-down Many of these 

II1clusions fit the critena proposed for pnmary InclUSions by Roedder (1984) 

Secondary inclUSions have a slmilar dlstnbution of IIquld-vapor and IIquld-only 

types. 

Inclusions in Quartz 

Fluid inclUSions are present in quartz trom barren velns and assoclated 

silicification as weil as quartz lining walls of fluonte bodies, but are conslderably 

less abundant than in fluorite. Inclusions were considered pnmary on the basis 

of isolation fram other inclusions or the random onentatlon of Inclusions ln th me 

dlmenslonal arrays. 

Fluid inclusions ln barren quartz veins are generally Irregular 111 shape, 

and typically measure tram a few microns to approximately 50 microns in 

diameter. Quartz assocrated wlth fluonte mlnerahzatlon contall1s only small 

numbers of recognlzable inclusions due to the flne-grall1ed nature of the host 

mineraI. These InclUSions are small, round and less than 5 microns ln dlameter 

Inclusions in quartz are of three types: IIquld-vapor (Fig. 3.16C), IIquld­

only (Fig. 3.160) and vapor-rich (Fig. 3.16E) The liquld-only Inclusions are by 

far the most common, comprislng over 95% of inclusions ln both barren vein 

qua!1z and quartz coating the walls of fluonte bodies. LlqUld-vapor Inclusions ln 

quartz veins typically have Ilquld-vapor ratios of greater th an 10 1, whlle ln quartz 

associated wlth fluorite these ratios are greater th an 20 1 and the vapor bubble 
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shows hlgh degrees of pseudo-Brownlan motion. Upon cooling and reheating of 

the samples, approxlmately 10% of IIqUld-only Inclusions nucleate a vapor 

bubble Very rarely, vapor nch inclusions were identified in quartz from barren 

velns These fluld inclusions were small « 1 0 microns in diameter), and were not 

easlly studled 

Secondary Inclusions were easily Identihed by their occurrence along 

planar structures, mterpreted to be healed fractures due to the decrease ln the 

slze of the Inclusions towards the end of a plane. They are similar ln size, shape 

and type to the pnmary mcluslons. 

Microthermometry 

Microthermometnc studles were undertaken on primary fluid Inclusions in 

fluorite from ail parts of the deposlt, and elsewhere in the complex, quartz from 

quartz velns associated wlth sllicificatlon, and quartz assoclated with fluorite 

mlnerallzation. Analyses were performed on a Fluid Inc. modified U. S. G. S. 

gas flow heatmg/freezmg system (Reynolds, 1992). Calibration was 

accomphshed uSlng synthetlc CO2 and H20 inclusions. With this method of 

calibration, accu racles of +/- O.2°C for subzero temperatures and +/- 1.0°C for 

higher temperatures were achieved. 

Homogemzatlon data for Inclusions ln fluorite and quartz are presented in 

Figures 3.17a and 3.17b, respectively. Ali Inclusions homogenized to IIquid. 

Fluid inclusions in fluorite show an overall range of homogenization 

temperatures from 95.5 to 167.8°C, indlcating a low temperature of formation. 

However, the early and late fluonte hosted Inclusions yleld signlflcantly different 

distnbutlons of homogenlzation temperatures. Inclusions m blue fluorite have the 
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Figure 3.17 Histograms of homogenization tempe ratures for IiqUld-vapor flUid 

inclusions in a) fluonte; b) and quartz . 

61 



• 35 
a 

30 

>. 25 
(.) 
c: 20 CD 
~ 
0- 15 
CD 
~ 

LL 10 

5 

0 

C> Ln e::> Ln C> ln a 
Ln r- e::> C\l ID r- a ...- ...- C\J 

Temperature (oC) 
35 

b 
30 

>. 25 
(.) 
c: 20 CD 
:::J 
0- 15 
Q) 
~ 

LL 10 

5 

0 

C> Ln e::> ID C> l.n a 
Ln r- e::> C\l Ln r- a ...- C\J 

Temperature (oC) 

FLUORITE QUARTZ 

Cl BLUE EZJ YELLOW _ BARREN VEINS 

o PURPLE c::::J COLORLESS o QUARTZ WITH FLUORITE 

• 



• 

• 

hlghest temperatures of homogenizatlon, ranging fram 134.2 ta 167.8°C with a 

mean value of 152.1 "C and the bulk of the tempe ratures falling between 150 and 

160"C Induslons ln purple fluorite have the next hlghest homogenization 

temperatures, ranglng between 127.4 and 159.8':lC, with a mean of 143 6°G and 

most temperatures falling between 135 and 145°C. The ranges for inclusions ln 

yellow and colorless fluorite show considerable overlap from 95.5 ta 145.4°C and 

100.1 to 136 O"C, respectively The mean homogenization temperatures for the 

two varietles are essentlally the same, 117.9°C and 117.1°C, respectively. 

However, the bulk of the temperatures for yellow fluorite fall between 110 and 

120' C, whlle those of the colorless variety fall between 100 and 110°C. 

FIUld ircluslons ln quartz from barren veins and quartz linrng the walls of 

ftuorite bodies show an overall range in homogenizatlon temperatures of 71.3°C 

ta 120 T'C. Inclusions ln barren quartz have the hlghest homogenlzatlon 

temperatures, ranging trom 100.9 ta 120 ]DC, with a me an of 109.5':JC, and most 

temperatures between 100 and 110°C. Inclusions in quartz associated with 

fluorite show much lower homogenizatlon temperatures, ranging between 71.3°C 

and 93. T'C. The mean homogenization temperature for these inclusions is 

79.4"C and the temperatures generally group between 70 and 80°C. Only one 

vapor-rich inclusion was found in which phase changes could be observed to any 

degree The flUid inclusion appeared to homogenlze, to vapor, in the same 

temperature range as the liquld-vapor Inclusions. A more accurate estimate of 

temperature of homogemzation could not be made due to the inherent dlfficulties 

in observlng phase changes in these types of inclusions (Roedder, 1984). 

Cryogenie expenmellts were conducted on inclusions in samples 

representing each of the varieties of fluorite and quartz from both associations in 

arder to determlne the salinities of the aqueous fluid. Samples were inltially 

cooled to the temperature of IIquld nitrogen (-196°C) in arder that no low 
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temperature phase changes would be mlssed. In over 800
0 of ail lIy Uld-vapor 

inclusions in biue and purple fluonte, and ln quartz, and 50°o of InclUSions III 

yellow and c010rless fluonte, the vapor bubble shrank or dlsappealed when the 

ice formed or when tre latter was near ItS tlnal meltlng temperature This 

behavior indicates a low vapor pressure ln the Inclusions 

Figures 3.18a and 3.18b present Initiai Ice meltlng (T,,) arld fillai Ice 

melting (T mlce) data, respectively, for IIquld-vapor Inclusions ln fluonte and quart? 

in barren quartz veins Owing ta the low va;:'0r pressure of the IIqUld-VélpOI 

inclusions, only a small number had a coexlsting vapor phase III the pl asonce of 

ice, and gave relrable cryogenlc data. Inclusions ln quartz crystals Itlling fluonte 

vein/vug walls were too small for phase changes to be obsolved ln ail 

inclusions whicr. dlsplayed coherent meltlng phenomena (1 e coexlstenco of 

liquid and vapor), the Initiai ice meltlng temperatures were slgnlflcantly abovo -23 

oC (the eutectlc temperature of the system NaCI-H20), ranglng betweon -18"C 

and -14°C, with peaks ln the dlstnbution at -16"C, 14"C and -1 O"C, fo;- Ihe blue 

and purple fluonte, the yellow and colorless fluonte and fOI :;uartz, respectlvely 

As with homogenizatlon temperatllt9s, fmal ice meltlng temperaturGs of 

inclusions in fluonte dlstrnguish the early blue and purple vanetles from the late 

yellow and colorless fluonte. Llquid-vapor InclUSions m blue fluonte had the 

lowest final ice-melting temperatures wlth a range between -1 1 and -OA"C, and 

a mode of -O.goC. Final Ice-meltrng temperatures for Inclusions ln purple fluonte 

were slmilar, ranglng between -1.0 and -0 5"C, wlth a mode of -1 0' C InclUSions 

in yellow and colorless fluonte have slmllar ranges of final Ice-meltlng 

temperature wlth values for yellow fluonte between -07 and -0 3"C and for 

colorless fluonte between -0.7 and -O.2')C. The modes for the two po~ulatlons 

are the same, -0.5'>C . 

OWlng to the limited numbAr of usable inclUSions ln quartz tram barren 
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Figure 3.18 a) Histogram of initiallce melting temperatures for Iiquid-vapor 

f1uid Inclusions ln fluonte and quartz; b) Hlstogram showlng the 

finallce melting temperatures for f1U1d inclusions in fluorite and 

quartz . 
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quartz velns, only a sm ail number of temperatures of final Ice meltlng could be 

measured These temperatures, representlng fluld inclusions taken fram two 

separate samples, show a narrow range of between -06 and -0.5°C. 

Llmlted work on secondary Inclusions ln early and late fluonte, and quartz 

trom barren systems showed that the se inclusions have very simllar 

homogenlzatlon and final ICU meitlng temperatures to pnmary Inclusions. 

Crushing Experiments 

Owing to the posslbility that fluonte fram the Amba Dongar deposit may 

be g~netically IInked to the host carbonatite, crushlng tests were performed in 

order to estabhsh If rncondenslble gases, speclfically CO2, are present ln the 

rncluslons Samples of fluonte fram each of the caler groups were decrepitated 

on a crushlng stage uSlng the method of Roedder (1934). 

Upon crushrng, the vapor bubble in flUld Inclusions ln al: samples of 

fluonte, and quartz, from barren veln systems, expanded to completely filt the 

volume of the Inclusion. ThiS expansion of the vapor bubble indlcates the 

presence of a slgmflcant concentration of incondenslble gas(es) which, given the 

envlranment, IS aimost certarnly CO2 The content of CO2 was estimated by 

iteratlng Barton and Chou's (1993) equations A2 and A4, which yielded values of 

2 1 atm for P C02 and 0.0764m for mC02 ' A total pressure of appraximately 12 

bars was graphlcally estimated tram Sarton and Chou (1993, Fig 4), for the 

rncluslons ln blue and purple, and yellow and colorless fluonte, for temperatures 

of 150 and 125"C, respectlvely . 
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f''Stimatfl's of S:tlinity Based on CO2 Concentration 

"! l'Ii:" l,l! 1. atlve rr:easurement of CO2 concentration IS also useful fOI 

correctins j "~,tlmate:] based on measurements of thG depresslon of the 

tempep1~ure t")f 1 ~e \ ~'Iting. (iedenquist and Henle 1 (1985) pOlllted out thclt the 

pr -,S6'1(;6 of diss;)~'(e~ '~02 Gan slgnlflcantly affect mlcrotnelrnOIll-..:tllC cstlmatcs 

of tl,e salinlty of ' s flUld Indt" sions The equatlon of Hedenqulst élnd 

Henley ~ 198 l ' determine the "true" concentration of NaCI ln Ille 

fluids: 

(2) 

where Tm-cc is the corrected flnai meltlng tomperature of ice, KJLmJ IS the sum of 

the molalities of electrolytes ln solution multlplied by the rnolal freezlng pOint 

depresslon constant, 1.72 for water (Potter et al., 1978), and KkLmk 15 the sum 

of the molalitles of non-electrolytes multlplied by the molal freezlng pOint 

depre5slon constant, 1 86 for CO2 (Hudenquist an::! Henley, 1985) RatiOS of 

Ca/Na and K/Na and S04/Na were determlned from leachate/decrepltate 

analyses and the molality of CO2 was calculated fmm Sarton and Chou (1993). 

The results of these calculatlons show that the sahnlty (equlvalent wt % NaCI), 

calculated using the equations of Oakes et al. (1990), IS conslderably lower than 

that calculated uSlng the measured Tm (Table 3 4), Ignonng CO;! The corrected 

average salinlty for flUlds from blue fluonte IS 0 62 wt % NaCI, for Inclusions ln 

purple fluorite, 0.50 wt.% NaCI, for Inclusions ln yellow and colorless tluonte, 

0.36 wt.% and the average sallnlty for flUlds whlch deposlted quartz ln barren 

quartz velns IS 0.58 wt.% NaCI There IS a cle:ar trend of decreaslng sahn:ty 
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Table 3 4 Wl % NaCI and molal concentrations for flUld Inclusions ln fluonte and quartz, determlned from 

calculrlled (Tm-cc) and measured (Tm) final Ice meltlng lem~eralure~ 

Uncorrected Corrected' 

8amplù Color Tm (deg C) wl % NaCl' molallty Tm-cc (deg C) wt% NaCI** molallty 

AD0260 quartz -054 094 016 -054 060 a 11 
AD0530 quarlz -050 087 015 -0.50 055 010 

AD066X blue -084 146 026 -084 063 o 11 
AD066Z blue -080 139 024 -080 060 010 
AD066Z blue -084 146 026 -084 063 0.11 

AD066W purple -086 149 026 -086 050 009 

AD050V yellow -050 087 0.15 -050 032 006 
ADOOBF yellow -055 096 017 -055 037 006 
AD066XY yellow -059 103 018 -0.59 040 0.07 

AD050C colorless -0.53 093 016 -053 035 006 

'Correctm! sdlimtles USU1g the equatlons of HedenqUist and Henley (1985) and fluld inclusIOn leachate data_ 

"Calculalel. USlrlg equallOrlS fram Oakes et al (1990)_ 
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trom the early blue and purple tluonte ta the late yellow and color less valletres 

Fluid inclusIons in quartz have salinltres slmllar to those rn the early tluonte 

Leachates 

Analyses of leachates, prepared by crushrng flurd Incluslon-beallng 

samples in the presence of water, were performed ln arder to garn fllrtllol 

information about the compositIon of the fluld(s) responslble fOI fluonte 

de position and wall rock silicificatron Erght samples of fluonte were analYlod, 

three each of blue and yellow fluonte, and one each of purple and colorloss 

fluorite. Two samples of quartz fram barren quartz velns were also analyzod. 

The samples were consldered representative of thelr respective paragenetlc 

sequences. 

Samples were prepared and the flulds extracted uSlng the methods of 

Roedder (1958) and Poty et al. (1974). However, because of the hlgh solublltty 

of fluorite in acid solutions, samples were cleaned uSlng nanopure water rather 

than dilute HCI and HN03 as recommended by these authors Recently, Bollral! 

et al. (1988) have drawn attention to the prablem of adsorption of doubly 

charged cations on the host mineraI. They have therefore recommended the 

use of a O.13M HN03 + 200 ppm LaN03 leachate ~olutlon ta mlntmlZO those 

problems. Because of the solubllity of fluonte ln th,s solution, It was, however, 

necessary to use nanopure water. 

Samples conslsted of 4g alrquots of sleved and hand-separated quartz or 

fluorite. They were cleaned, crushed and leached wlth 10 ml of nanopure water 

Blanks were prepared by runnlng 10 ml of nanopure water over the clean, 

uncrushed sample. Analyses for Na, K, Ca, Mg and Fe were carned out by 
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flame atomic absorption spectrophot::>metry, AI by graphite furnace atomlc 

absorption spectrophotometry and CI, F, 804' P205 and Br by ion 

chromatography Detection IImlts, calculated from analyses of calibration 

standards, were 001, 001, 0 04, 007, 0.004 ppm and <0.001 ppm for the 

cations, and 0.04, 0.08, 0 01, 0.05 and 0006 ppm, for the amons, respectively. 

Results 

The results of analyses for elght samples of fluorite, two samples of quartz 

and four blanks are shown ln Table 3.5 and 3.6. CalCium and fluorine are the 

dominant cation and anion ln the solutions, suggestlng that fluorite dissolution 

may have contamlnated the leachate wlth these elements ln order to correct for 

thlS, the stolchlometnc proportions of Ca and F ln fluonte were subtracted from 

the analyses, on the assumptlon that ail F was due to fluonte dissolution. Even 

after thls correction the concentration of Ca ln the flUld was an order of 

magnitude greater than those of the other cations The next most Important 

cations are Na and AI, followed by K and Mg. Iron concentration was below the 

limlt of detectlon of the apparatus. Chlorine IS the most abundant anion, which 

was analyzed for, and 804 is only slgnlficant ln the purple fluorite sample (AD 

066w) and the two quartz samples. Bromlne was below detectlon ln ail samples 

and P 205 was not dete:cted ln fluorite samples, but was detected ln both quartz 

leachates. The sum of the charge-normalized atomic proportions of cations ln ail 

samples IS slgnificantly gredter than that for the anions, suggestlng the presence 

of other amons ln solution. Glven the geologlcal setting (Le. carbonatite, 

calcareous sandstone and IImestone), the most likely candidate would be 

dlssolved CO2 • (H2C03, HC03- or COil An Interestlng oc:-:;ervation IS that the 

proportion of Na and K IS similar to that of CI, suggesting that Ca was Introduced 
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wlth another anlon(s) 

Wlthm the vanous color groups of fluonte, and between fluonte and 

quartz, a number of differences occur Generally, the Na concentration in 

leachates decreases from the blue and purple fluonte to the yellow 2nd colorless 

vanetles Concentrations of Na ln leachates fram quartz are slmllar ta those 

obtarned from the yellow fluonte samples Chlonne shows Cl strong dependence 

on Na, decreaslng ln concentration from blue to yellow fluonte samples. 

Potassium also follows a slmllar trend, decreaslng along wlth Np. and CI Quartz­

denved leachates gave the only slgnlflcant amounts of P2 0s These trends are 

consistent wlth mlcrothermometnc estlmates of sallnlty and the lower abundance 

of fluld Inclusions ln yellow/colorless fluonte 

Atomlc ratio of Na/K for the fluonte samples ranges between 5.39 and 8.5, 

except for the anomalously low value for one sam pie of blue fluonte (AD066z) of 

1 42, but does not correlate wlth fluonte color. The correspondlng ratios for 

quartz sarnples are lower, 1 42 and 2.08 The atomlc ratio of Ca/K for fluonte 

samples 15 al50 hlgher than that for quartz, and ranges foom 13.57 to 21.43, 

except for that of sample AD066z whlch 15 agaln anomalously low (3.57). The 

Ca/K latlo for tluld leached tram the quartz samples 150.0 and 0.43. Companson 

of the ratios wlthln the vanous fluonte color groups reveals no dlstlngulshlng 

trends. 

Decrepitate Residues 

Seml-quantltatlve analyses of preclpltates tram opened fluld inclusions in 

blue, purple and yellow tluonte, and quartz were performed uSlng a JSM-840A 

5canl1111g electran microscope wlth a Tracor Northern energy disperSive x-ray 
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spectrometer. The system was eqUlpped wilil an extr,l thm AI wmdow ttlPll'by 

allowing the detectlon of elements LIS IIght as C (A=6). Tile (ln,llyses W('ll' 

accompilshed uSlng the technique of Haynes et al (1988). DOllbly pollshod 111111 

sections were cleaned and heated untli the IILlld InclUSions dOCIOpltrlled TIH'Y 

were then coated wlth carbon and analyzed Immedlately AI1,llysus weil' 

conducted uSlng a rastenng method, ln arder tllat Cl lalge éllC;l 01 the d8crf'plldlo 

resldue would be analyzed OWlng ta the mherent errais of analyzll1~J fOI Cd 011 

a Ca-bearrng substrate, sucll as fluonte, a number of chips wcrc doclüpltalocl 

onto sllica plates The pollslled sample was placed on a sllIc;:l-qldSS plate ,ml! 

heated. Flulds from decrepltated Inclusions leaked onlo the plate i1l1r1 

preclpltated soilds (Fig. 3 19A) These sol Ids were tllen coatoe! wlth CMbOI1 ;mcl 

analyzed in tlle same manner as those preclpltated on the fluonte and qUélItl 

chips. SIX solution standards, three contammg known amounts of Na, K, Ca, CI 

and P and tllree contalning known amounts of K, Na, CI and S wCle Llsed ta 

prepare resldues by evaporatlng drops of solutions on slilca plates heatecl to 

approximately 60"C. These resldues were analyzed as descnbed élhovo <Hld tllr) 

results used ta construct calibration curves for tllese elements (Appendlx 1) 

Results 

The results of the decrepltate analyses for samples AD066x (blue f1uonto). 

AD066w (purple fluonte), AD066xy (yellow fluonte) and AD026 (quartL, barren 

vein) are presented ln Table 37. Concentrations of Ca are corrcctcd valuos 

usmg data for resldues preclpltated onto quartz plates The CalNa ratios Qf the 

resldues analyzed on these plates were remarkably consistent, and. when 

regressed Imearly, Ylelded the relatlonshlp' wt % Ca = 4.93 wt % Na whlch was 

used ta correct the other analyses 
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Figure 3.19 A) An SEM photomicrograph uf a f1uid inclusion decrepitate 

residue on a silica plate; B) Energy dispersive scan trom a typical 

Ca-, Na-, K-, Mg-, Fe-, C-, S- and CI-bearing residue . 
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Table 3 7 Chemlcal analyses of decrepltate resldues from flUld Inclusions m fluonte and quartz. calculated as molallty eqUivalent to 

sahnlty. measured from fluld Inclusions. and correspondmg atomlc ratios 

Sahmty molahty Momlc Ratios 

Sam pie wt% NaCI SI AI Ca'· Na" K* Mg p. CI' S· NaiK CaJK NaJCI 

AD026Q 060 357 039 379 004 000 a 17 016 o 10 033 NIA NIA 041 
quartz 1 79 o 15 2.77 007 003 009 002 o 10 031 208 8165 074 

1 22 Û 23 034 008 008 008 009 010 006 099 4 18 083 

AD066X 0.63 004 004 025 010 a 01 004 000 a 11 006 683 1720 091 
blue 042 o 11 028 o 11 004 005 0.00 o 11 008 3 06 771 1 02 

o 12 012 029 012 0.05 0.05 001 011 004 245 619 LOf' 
0.05 004 026 010 004 003 5E-03 a 11 004 240 604 093 

AD066X+ 063 NIA NIA NIA NIA NIA NIA NIA 000 NIA 320 782 NIA 
blue NIA NIA NIA NIA NIA NIA NIA 000 NIA NIA NIA NIA 

1387 1 92 327 1 13 0.92 088 022 a 11 1 25 1 22 3.55 10.23 
3.92 289 335 1 29 053 062 000 o 11 046 244 631 11 75 

AD066W 0.50 0.28 029 085 0.34 002 019 002 009 0.27 15 04 3789 3.88 
purple 0.31 020 076 030 002 026 0.03 009 024 1293 3257 347 

023 014 0.48 0.19 002 018 000 0.09 023 10 02 2524 2 17 
0.33 0.17 0.57 0.22 003 0.15 002 009 0.04 859 2164 258 
0.31 0.14 050 0.20 004 012 004 009 004 5.48 1380 227 

AD066XY 0.40 031 o 11 029 0.11 003 009 000 006 0.08 401 10.11 1.79 

yellow 030 028 094 037 005 0.16 a 00 006 1.75 780 1966 5.80 

·Cahbrated values us mg standards 
··Ca concentrations corrected USlng the equatlon Ca = 4 39*Na, denved from sample AD 066x· (corrections exclude sample AD 066x*) 
+Decrepltate analyses of samples prepared on slhca plates 
NIA-Not Avallable 
Data unavallable for sample AD066X due to the absence of CI, ln the analyses, whlch IS used to caiculate molahty at average sahnlty 
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The corrected results show that Si, AI, Ca, Na, K and Mg are the dOmUltlnt 

cations in the residues. CI and S were the only anions detected The averrtuo 

values for the atomic ratios Na/K (1.56, 3.68, 1041 and 5.91 for quartz and bille. 

purple and yellow fluonte, respectlvely) and Ca/K (9 28. 26 23 and 14 88 fOI 

blue, purple and yellow fluorite, respectlvely) are slmllar to those obtalned trom 

leachate results, except for the Ca/K ratio for quartz whlch IS anomalously hlgh 

(42.92). However, there IS a slgnlficant dlfference ln the average Na/CI ratios 

tram the those obtained from leachate data. The main reason fOI theso 

departures tram the leachate results lies ln the seml-quantltatlve nature of tho 

residue analyses, and the low concentrations of the elements ln the ploclpltates 

The latter can cause large errors when concentrations are close to backç,lround 

values. 

ln addition to the above elements, a slgnlficant peak was obtalned for 

carbon (Fig. 3.19B). This would further support the presence of dlssolved CO;> 

and provide another possible anion (Le. H2C03 , HC03- or CO}'·) to compensate 

for the charge imbalance in the leachate data. 

Oxygen and Hydrogen Isotopes 

Analyses of oxygen, hydrogen and carbon Isotopes of fluids from opened 

tluid inclusions were obtained in order to gain insight Into the source of the 

mineralizing fluids. One sam pIe each of blue and yellow fluonte were analyzed 

by the Isotope Laboratory at the Unrversity of Saskatchewan Oxygen and 

hydrogen compositions were determlned uSlng the CO~-H~O equllrbratlon 

(Kishima and Sakai, 1980) and uranium reductlon techniques (Blgelelsen et al., 

1952). Data uncertaintles in micro-equllrbratlon analyses are l 50
/f)f) for ()DH~o' '-
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2°/(JO for 6180 H?0 and ± 0.2%0 for both 813CC02 and 81BOC02' Results are reported 

in 6 notation relative to Standard Mean Ocean Water (SMOW) for oxygen and 

hydragen and to the Chicago POB standard, and are presented ln Table 3.8a. 

The values of 80 are slmilar 'or fluids released from Inclusions in blue and 

yellow fluorite, -46%0 and -50%0, respectlvely. Oxygen Isotopes show a 

decrease from blue to yellow (-5.4 to -6.40/00). Carbon isotopE'S from CO2 

released fronl flUid inclusions, upon decrepitatlon, yield Vô.ILi6S of -2.0%0 and 

+8.8%0, for blue and yellow fluonte, respectively. The 81BOc02.values for blue 

and yellow fluonte are 29.4%0 and 51.1 % 0, respectlvely. 

Discussion 

Pressure and Temperature 

On the basis of published measurements of stratigraphie thicknesses 

(Wadia, 1957), we estimate that approximately 250 ta 500m of Bagh sediments 

and Deccan volcanlcs have been eroded fram the Amba Oongar area since the 

emplacement of the carbonatite. This corresponds ta a lithostatic pressure of 75 

to 150 bars or a hydrostatic pressure of 25 to 50 bars. A minimum estlmate of 

the fluid pressure associated Willl fluorite deposition and sllicificatlon is pravided 

by data collected for aqueous, IIquid-vapor inclusions in fluorite. As discussed 

above, these inclusions are estlmated ta contain approximately 0.1 m NaCI eq. 

and 0.08 m CO2 and homogenized at an average temperature of 150°C. At this 

temperature, the corresponding vapor pressure is 12 bars (Barton and Chou, 

1993). Thus ln summary, It would appear that the fluid pressure was <150 bars, 

and given the open-space nature of t;,e fluorite mineralization, was probably 
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Table 3.8a Oxygen, hydrogen and carbon ISOtOplC data for flUlds extracted 
from fluid inclusions ln fluonte 

H20 C02 

umol dO d180 umol d13C 

Sam pie Color (SMOW) (SMOW) (POB) 

AOO66Z Blue 93.95 -46 -5.4 1838 -2 0 

AOO66XY Yellow 171.19 -50 -6 4 3202 88 

Uncertallltles are +/- 2 and +/- 5 0/00, for oxygen and hydrogen, respectlvely, for H20 

and +/- 0 2 0/00 for bath oxygen and carbon ln C02 

Ali data reported ln delta notation, unrts are per mil (0/00) 

Table 3.8b Oxygen and carbon isotopie data 
for carbonatite sampi es. 

Sample 

Calcitite 

Ankeritic Carbonatite 

-Data taken from Gwalanl et al. (1993) 

d180* d13C* 

(SMOW) (POB) 

9.4 
9.6 

12 

-4.28 
-5.11 

-4.15 

Ali data reported ln delta notation, unlts are per mil (0/00) 

dO 

(SMOW) 

294 

51 1 
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between 12 and 50 bars. At such low pressures, fluid inclusion homogenization 

temperatures can be used to estimate formation tempe rature without correctinn 

for pressure (The latter IS <5"C). We accordingly conclu de that dunng deposition 

of the blue and purple fluonte, the temperature of the flUld was approxlmately 

150"C, and decreased to appraxlmately 115°C dunng depositlon of the yellow 

and colorless varietles. By contrast, quartz assoclated wlth fluorite, but 

'ieposlted before It, appears to have formed at a temperature of only BODe. 

Quartz in barren quartz velns was precipitated at a temperature of apl-'roximately 

110"C 

Fluid Origin 

Although most studles of carbonatite-hosted fluorite deposlts have 

concluded, from the geologlcal setting, that the ore flUlds were orthomagmatic, 

Oeans and Powell (1968), Lahiry (1976) and Simonetti and Bell (1993) have 

proposed, on the basis of strontium Isotope data, that the flUld at Amba Oongar 

had a large meteonc component. Oxygen and hydrogen Isotopic compositions 

of aqueous flUlds extracted from blue and yellow fluorite, during the course of the 

present study, appear to support the latter conclusion. 

As can be seen from the plot of 80 versus 8180 shown in Figure 3.20, the 

compositions of the fluids from these samples plot near the meteonc water line, 

and close to the composition of present day meteoric water tram the same area 

of Indla (Knshnamurthy and Bhattacharya, 1991). Furthermore, the latter is 

probably simllar to the composition of meteoric water present during the 

emplacement of the carbonatite, as there has been little change in the latitude of 

Amba Oongar since the Late Eocene (Oietz and Holland, 1970; 
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Figure 3.20 Oxygen and hydrogen ISOtOplC data for Eocene and later, fluonte­

hosted inclusion fluids and modern meteonc water. The meteonc 

water line (MWL) and pnmary magmatlc water box (PMW) me 

shown in relation to the samples. The heavy dashed IIne in the 

field of PMW represents the typlcal Ù180 value for Amba Dongar 

carbonatltes (Gwalam et al., 1993). The Iighter dashed IInes 

between the meteoric water Ilne and pnmary magmatlc waters 

represent mixing lines for the Amba Dongar ore fluid . 
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Johnson et al., 1976). 

The carbon and oxygen Isotopic compositions of CO;.> released from fluld 

inclusions ln blue fluonte are also consistent wlth a meteOlIC onglll fOI the flLlld 

As reported earl/er, the (513C and (5180 values of CO:;, from th,s flLionte arc -2 (1tld 

-29.40/00, respectlvely. CalCite ln equihbnum wllh such CO,! at 150' C would have 

Ô13C and 8180 values of -0.6 and 1850 /00, respectlvely (Bottlnga, 1968), 1 e very 

similar to that of hmeslone (Ohmoto and Rye, 1979, Taylor. 1979) By contrr1st 

calcite ln the Amba Dongar carbonatlte typically has 0 1 ~IC and () HIO values of -5 

and +10% 0, respectlvely (Table 3.8b) We therefore conclude that tho CO.' 

composition reflects equlhbration of meteonc flUlds wlth Bagh \lmestone 01 

carbonate cement in Bagh sandstone. The CO2 from yellow fluonte, however, 

Ylelded 813C and 8180 values which are far too hlgh to represent original 

compositions. A possible explanation for the hlgher values ln yellow tlLlonte 

could be that small amounts of CO2 effervesced from the ore flU/d, removlng 

isotoplcally light C, thereby ennching the flUld ln the heavler l:IC (Richet et al., 

1977). 

On the basls of the data dlscussed above, we conclude that the pnnclpal 

fluid was meteoric and that thls fluid entered the carbonatlte after clrculallng 

extensively in the Bagh sediments. However, the small positive departure of ItS 

Ô180 and bD compositions from the meteonc water hne suggests, elther thfll Il 

evolved as a result of water-rock interaction or mlxed wlth an Isotoplcally heavler, 

e.g. orthomagmatlc, fluld. 

Support for a fluid mixture IS provlded by the chemlcal composition of the 

inclUSion flUld as deduced from bulk analyses of leachates and the analyses of 

residues of decrepitated inclusions. These data, partlcularly the hlgh contents of 

sulfur and aluminum, pOInt ta an orthomagmét!ic flUld source Sulfur and 

alumlnum are typically ln low concentrations ln most common hydrothermal flUids 
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but have been shown to be at elevated levels ln orthomagmatlc flulds exsolved 

fram carbonatltes (Samson et al., ln press) and assocmted phonolltlc magmas 

(Vard and Williams-Jones, 1993). A feature of the leachate data whlch is 

consistent wlth two sources of fluld IS that, although there 15 abundant Ca, the 

concentratIon of Na /s almost perfectly balanced by that of CI, suggesting that Na 

and CI were /ntroduced st.3parately from Ca, the flu/ds in equ/lrbrrum wlth 

carbonatlte and phonolite melts, referred ta above, are essent/ally Ca-free. Two 

sources of flUid are also suggested by the Sr Isotope data (Deans and Powell, 

1968, Simonetti and Bell, 1993) whlch show that the composition of fluonte 

(0 7082-0.71729) is intermedlate between that of calcltlte (0.70549-0.70628) and 

8agh sandstone (0.7164-0.78274). It would thus appear that although the fluid 

was largely meteoric, it did include a sm ail proportion of orthomagmatlc fluid 

exsolved from the carbonatlte. 

ln vlew of the above eVldence for an ore fluid consJstlng of a mixture of 

meteoric and orthomagmatlc flulds, we have tned to est/mate the relative 

contributions of these two components. Application of the Lever Rule to mixing 

IInes between meteonc water and mâgmatlc water for Amba Dongar fluorite, on 

a plot of ôD versus Ô180 (Fig. 320), shows that the fluid which deposlted blue 

fluonte conslsted of approxlmately 89-92% meteoric and 8-11 % orthomagmat/c 

water The correspondlng proportions of these fluids wh/ch dapos/ted yellow 

fluonte are /nterpreted to have composed approximately 92-95% and 5-8%, 

respectlvely. The composItIon of the mixture can also be estimated by 

companng the sallnity of the fluid in this depos/t with that of a pure 

orthomagmat/c flU/d. Samson et al. (in press) have determined that fluids 

exsolved from the carbonatlte magma which formed the Oka complex contained 

approxlmately 15 wt.% NaCI eq. A slmllar composition was estlmated by Vard 

and Williams-Jones for flUlds exsolved trom phonolite magma in the Francon 
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Quarry, Montreal. Sy contrast, the sallnlty of the flUlds whlch deposlted bille and 

yellow fluorite at Amba Dongar were 0 6 and 0 35 wt 00 Nael eq., 1 espectlvely 

These data are consistent wlth a mixture compnsrng 92 and 95°0 salt-free 

meteonc water and 8 and 5% orthomagmatlc water, respectlvely 

Log J02-pH Conditions 

Log .f O;>-pH conditions durrng fluorrte deposltlon have been estlmated 

tram the solublllty and stability of several key minerais found ln the deposlt The 

common occurrence of bante, ln the early stage fluorrte, requlres t:lélt the fluld 

was saturated in thls minerai By contrast, calcite was lemovod ln lalÇJe 

quantities from the host rock meanrng that the flUld was undersaturated wlth 

respect to thls phase. The domrnant Fe-beanng mlnern.1, ln al: (;;ISeS, IS 

hematite, although rare pyrite and chalcopynte has been obscrved ln fluonte, 

whlch constralns log I02-pH conditions to have been ln the field of hematlte 

stabillty, but close to the hematlte-pynte equllrbrrum boundary Flnally, Ihe 

occurrence of a kaollnlte group minerai as the only AI-beanng phase, ln tluonte 

and quartz, Implies that the pH conditions were below the kaollnlte-muscovlte 

boundary. 

Log f02-pH dlagrams were constructed for temperatures of 125 and 

150°C uSlng log K values for the relevant minerai dissolution reactlons, minerai 

stability equlltbna and reactlons amongst the aqueous sulfur specles, c81culated 

using the Supcrt92 software package and ItS thermodynamlc data base (Johnson 

et al., 1991). The concentrations of Ca2
!, KI-, S and AI were estlmated trom a 

combination of leachate, decrepltate and mlcrothermometnc data, to be 0.25, 

0.01, 0.01 and 0.1 m, respectively, for blue fluonte (150"C) and 0 15, 0.01, 0.01 

H2 
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and 0.1 m, respect:vely, for yellow and colorless fluonte and quartz (125C'C) The 

composition of the fluld whlch preclpltated purple fluorite (150~C) IS simllar to that 

for blue fluonte, wlth the exception of S, whlch has a concentration of 0.1 m. The 

molahty of dlssolved carbon was estlmated from the expansion of the vapor 

bubble on crushlng of flUld inclusions and the equatlons ln Barton and Chou 

(1993) to be 0 076 m, for both fluonte and quartz The concentration of 8a2+ was 

arbltranly assumed to be the same as that of 2:S 

Figures 3.21 a and b show the probable log I02-pH conditions whlch 

eXlsted at the tlme of fluonte deposltlon. 8ased on eVldence of calcite 

dissolution and the presence of bante, hematlte and a kaollnlte group minerai, 

the conditions of fluonte deposltlon are r-onstralned to a reglon of low pH and 

hlgh 102 (pH <3 5, log 102 >-39 and -42, for blue and yellow fluorite, 

respectlvely) The hlgh .1 02 IS predlctable glven the shallow nature of the 

system, and IS consistent wlth the lack of a negative Eu anomaly ln fluonte. 

Owing to ItS large Slze, Eu2 • may be partltioned Into early formed phases leavlng 

the later stage flUlds Eu-depleted, whlch glves REE profiles a negatlve Eu 

anomaly (Ekambaram et al., 1986). Howevt:H, under oxidizlng conditions Eu2+ 

will convert to Eu~'+ and can substitute for Ca, leaving a profile with either no 

anomaly or a positive anomaly, dependlng on the r,)lative amounts of Eu2+ and 

Eu3t (Whlttaker and Muntus, 1970; Moller and Morteani, 1983; Constantopoulos, 

1988) The low pH IS also not unexpected glven the low temperature, hlgh f O2 

and hlgh content of S of the fluld. Indeed, It IS precisely these conditions that 

produce the very low pH flUlds whlch are responsible for the formation of acid­

sulfate eplthermal Au deposlts (Stoffregen, 1987). It IS also worth notlng that 

fluonte solublilty IS greatest at low pH (Richardson and Holland, 1979a) and that 

AI, which IS relatlvely abundant ln the flUld, IS only mobile at elther low or high 
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Figure 3.21 The f02-pH stability fields of Fe-S-O minerais, calcite, ballte, 

kaolimte, muscovite and the aqueous sulfur specles at a) 125' C 

(yellow and colorless fluonte) and b) 150' C (bille and purple 

fluorite). Actlvitles of IS, LC, Ba2f , KI and Ca~)+ ln the ore flLlld 

were determ Ined to be 10-2 , 10 1 1, 10-2 , 10;> and 10 () Il, respectlvely, 

for yellow and colorless fluonte (125"C), and 1 0 1, 10 1 l, 10 l, 10 " 

and 10-06 , respectlvely, for blue and purple fluonte (150"C) The 

shaded area in each of the diagrams represents the probable log 1 

O2 and pH conditions of the ore f1uid at the tlme of fluonte 

deposltion . 
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pH (Castet, 1991). 

Fluid Evolution 

The color zonation of fluorite (i.e. blue/purple =-1 white > yellow/colorless) 

suggests that flUids which deposited fluorite evolved dunng the mlnerahzlng 

eplsode. This is confirmAd by the mlcrothermometnc data obtamed fram flUld 

Inclusions ln the various varieties of fluorite. In a plot of sahmty (wt.°'o NaCI eq.) 

versus temperature of homogemzatlon for fluid inclusions from fluonte and quartz 

(Fig. 3.22), It is evident that sahmty and temperature decreased fram blue f1uonte 

to colorless fluorite deposition. FIUld inclusions ln quartz (from barren 

siliciflcation) plot to the left of, and near the hlgh sahnity end of, the trend ln 

Figure 3.22, I.e. they have a sahnity simllar to the flUid whlch deposlted blue 

fluorite but were trapped at lower temperature. The trend of flUld evolutlon 

dunng fluorite deposition is a direct consequence of the fluld mlxlng model 

discussed above. In the context of thls model the trend Implles that the 

proportion of orthomagmatlc fluld (hlgh temperature, hlgh sahnlty) was hlgher 

initially, and decreased during the later stages of fluonte deposltlOn as the 

hydrothermal system became progresslvely more domlnated by meteorlc flUld. 

ln keeplng with the place of quartz ln the paragenesls, the sahmty of the quartz­

hosted inclusions IS slmilar to that of Inclusions ln blue fluonte However, the 

temperature IS unexpectedly low. We believe that the reason for thls Iles ln the 

fact that this fluid was cooled by reactmg with the cold calcltlte, whereas the 

slightly later fluid which deposlted blue fluonte was not cooled. ThiS 15 supported 

by the presence of vapor-nch, CO2 inclusions ln quartz (C02 released dunng the 

reaction of the acid ore fluid wlth the calcitlte), and the absence of these 
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Figure 3.22 A plot of salinity (wt.% NaCI eq.) versus homogenization 

temperature for fluid inclusions in fluorite and quartz . 
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inclusions in fluorite, whlch grew in an open space enviranment. Although these 

data are based on barren-veln quartz, It is reasonable to assume that the quartz 

assoclated with fluonte and quartz fram barren vem systems are one and the 

same, based on the evidence of fluorite replacement of siliciflcation in the fluorite 

alteratlon zone. 

The changlng composition of the REE in fluorite can also be used to 

tollow the evolutlonary path of the flUld which precipitated fluorite. Although ail 

varietles of the tluorite show strong HREE enrichment (Fig. 3.10), it IS clear trom 

the plot of Tb/La (Fig. 3.23) that this enrichment increases progressively from 

early blue and purple to late yellow and colorless fluorite (Tb IS preferred to Lu as 

an indlcator ln fluorite because the coordination of Ca in fluorite restricts 

substitution of the very heaviest REE in the structure (Moller and Morteani, 

1983)). Similar behavior has been reported by Collins and Strong (1992) for the 

St. Lawrence fluorspar distnct, Newfoundland. The higher proportion of La in the 

early blue and purple fluonte is readily explained by the relative stabihty of REE 

complexes. Wood (1990) has shown that REE form their strongest complexes 

with F, and that the stability of these complexes increases steadily from La to Lu. 

It IS thus reasonable to conclu de that the La-complex, belng the weakest, would 

be the flrst to destabilize and thus cause substitution of La for Ca in the early 

blue and purple fluonte With increasing dilution of the flUld and continued 

precipitation of fluorite, F- activlty would have decreased, thereby destabilizing 

progressively higher REE complexes. Therefore, based on REE composition, 

the chronologlcal order of fluorite deposition is interpreted to be purple, blue, 

yellow and colorless, whlch IS consistent with the zoning observed in the deposit. 
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Figure 3.23 A plot of Tb/La versus fluorite col or showing the chemlcal 

evolution fram early purple and blue fluorite to the later yellow and 

colorless varieties . 
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Transport and Deposition 

The eVldence presented earlier indicates that the fluorite at Amba Dongar 

was deposlted fram a fluid composed of a mixtu re of meteonc and 

orthomagmatic fluids tram the surroundmg sediments and the carbonatlte, 

respectlvely. Moreover, the evidence also suggests that the orthomagmatlc 

component supplied Na, AI, Fe, Ba, F, CI and S, whereas the meteonc water 

was probably only responsible for provlding calcium, strontium and CO~, whlch It 

leached from calCite ln the surrounding sandstones and limestones 

A number of factors, i.e. [Ca2 -] and [Ft temperature, sahnlty, pH, have 

been shown to influence fluorite solublhty (Booth and Bldwell, 1950, MacDonald 

and North, 1974; Richardson and Holland, 1979a; Holland and Mahnln, 1979) 

Fluorite solubihty, ln dllute NaCI solutions «0.5 M NaCI), IS at Its hlghest ln the 

temperature range 100 to 150°C. Lowenng salinity and/or aCldlty has the effect 

of decreasing fluorite solubihty. 

As mentloned above, the fluid responslble for deposlting fluonte al Amba 

Dongar was a low temperature (1 00-150°C), low sahnity «065 m), low pH «3.6) 

mixture of two fluids, one carrying Ca and the other transportlng F. Although 

temperature has a great effect on fluorite solublllty, the temperatures of fluonte 

formation at Amba Dongar would preclude thls as a IImltlng factor ln fluonte 

de position as this occurred at the temperature maximum of fluonte solublllty By 

contrast, mixing of the orthomagmatlc, F-bearing fluid wlth large volumes of Ca­

enriched meteoric fluids at the site of depositlon could be a very effective method 

for depositing fluonte. Not only would the Increase ln calCium actlvlty promote 

fluorite deposltion but the dilution would decrease pH and sallnity, furlher 

enhancing fluorite insolubility. 
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Depositional Madel 

A model IS proposed in which a carbonatlte magma was emplaced at 

shallow crustal levels «500 m), based on thlckness measurements of cover 

rocks and fluid mclusion data) mto Deccan volcamcs and Bagh sediments. 

Intrusion was accomphshed as a series of nng dykes, formed as a result of an 

Initiai fluldlzatlon event which deposited the carbonatite breccia. Following this a 

number of distinct pulses of magma were injected, resulting in the formation of a 

calcltlte nng and numerous ankentic carbonatite plugs. Emplacement of the 

carbonatite was accompanied by separation of volatiles from the melt which 

resulted in the development of large zones of potasslc and sodic fenitization in 

the sand stone surrounding the carbonatlte. The intrusion of the magma and the 

release of fluids produced numerous faults in the surrounding country rocks and 

the solldified sections of the carbonatlte, typlcally at an angle perpendicular to 

the ring. The early orthomagmatlc fluid, based on observations of fenite 

mmeralogy and studies of other complexes, was composed predominantly of Na, 

K, AI, CI and S. With the collapse of this system, a meteoric water-dominated 

system ln the surroundmg sediments became the pnncipal hydrothermal unit, 

formlng large convection cells, due to the heat from the intrusion. A sllica­

calcium bearing fluid was introduced into the carbonatlte, along the previously 

formed fractures. where it mlxed with, and oXldized, the small quantities of 

orthomagmatic bnnes which were still exsolving from the carbonatite magma. 

This produced a highly acidic flUld which dissolved carbonatite, replacing it with 

slhca and small quantitles of f1uorite to produce zones of Intense silicification. 

Water/rock ratios at thls stage were low, and the interaction of this fluid with the 

cold carbonatite caused cooling, which helped promote silica deposition. In 
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some places the silica sealed the conduits, thereby termlnatlng hydrothel mal 

actlvity at these localities. Eisewhere, partlcularly along the outer marglns of the 

carbonatite, the conduits remained open and further mlxlng of orthomagmatlc 

and meteonc flUlds caused open space deposltlon of fluonte at hlgh water/rock 

ratios. Partly ln response to the hlgher water/rock ratio and partly beci-1usE' of the 

insulating effects of the siliclfied wallrocks, temperature rncreased thereby largely 

terminating precipitation of quartz. With time, the flLlld deposltlng fluonte became 

progressively more meteoric-domlnated and temperature and sahnlty both 

decreased. The concentration of the elements, origlnatlng from the ore flUld, 

also decreased as a result of this dilution. The earllest fluonte to preclpltate Wé:lS 

the purple variety, followed closely by blue fluonte, this recorded the peak 

temperature and salinity, I.e. the helght of late orthomagmatlc Inundatlon The 

white fluorite, which was temporally next, marked the tlme when temperaturD 

decreased and pH increased to a level where the flUld became saturated wlth a 

kaohnite group mineraI. The late yellow and colorless fluonte were deposlted 

during the wamng stages of orthomagmatic actlvity, when proportions of 

meteoric water were higher and temperatures and sallnltles were therefore 

lower. Fluorite deposltion was finally halted as the orthomagmatlc component 

was diminished to the pOint that the system was solely meteonc ln composition 

At this time, the fluid locally deposited sm ail amounts of quartz on the surface of 

fluorite. 

Comparison To Other Deposits 

A small number of carbonatite hosted fluonte deposits are known 

throughout the world. The Okorusu deposit, Namibla is slmilar to Amba Dongar, 
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both ln geologlcal setting and size. Fluld Inclusion studles performed on 

Inclusions ln fluorite from thls deposit Indicate that the fluid which precipltated 

fluorite was of low temperature «160' C), moderate sallnity (:::: 5 wt % NaCI eq., 

based on freezmg pomt depresslon) and low CO2 content «0.2 m) (Roedder, 

1973). The Mato Preto deposlt, Braziiis of lower tonnage but slgnificantly higher 

grade (Table 3.1) Fluld Inclusion studies of fluonte from this deposit reveal that 

the ore fluld was of low temperature «120"C, although fluld Inclusions ln 

"remobillzed ore" gave much higher temperatures, ranglng between 220 and 

260"C) and low to moderate salinity (0-15 wt.% NaCI eq.) (Santos, 1988). 

Fluonte deposits hosted by carbonatltes ln Tuva and Eastern Sayan are similar 

to Amba Dongar ln geological settlng, but show vastly different fluld properties. 

FIUld Inclusion studles of fluonte from these deposlts indlcate that the Gre fluid 

was of high temperature (200-500°C) and hlgh sahmty (20-50 wt.% NaCI eq.), 

1 e. domlnantly orthomagmatlc ln ongln. 

From these few studles It wou Id appear that carbonatite-hosted fluorite 

deposlts show a wlde range ln the composition of the flulds responsible for their 

formation However it can be observed that the lower temperature deposits have 

consistently lower sallnitles. In view of this, and the fact that the deposits ail 

have slmilar geological setting, il is probable that they dlffer from one another 

only ln the proportlùns of orthomagmatlc flulds that were involved ln dpposition. 

It would thU8 seem that the model developed for the formation of Amba Dongar 

18 applicable to carbonatlte-hosted fluorite deposlts in general. 

Conclusions 

The Amba Dongar fluorite deposit consists of 11.6 mt of 30% CaF2 as 
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veÎns and vug fillings, and IS hosted by a carbonatlte nng dyke whlch was 

intruded, at shallow levels, Into Late Cretaceous 8agh sandstones élnd Late to 

Early Eocene Deccan basalts From the results of geochernlcal. Illlid IllcluSlon 

and stable ISOtOplC studies It can be concluded that the ore flurd conslstf'd 01 él 

mixture of meteoric and orthomagmatlc flLllds and was of low ternpemture 

«160°C) and low salinlty «0.65 wt % NaCI) The rneteonc IlLlld. whlch 

dominated the system, was responsible for provldmg Cél. whrle or1homagmatlc 

fluids provided F. The rnlxing of a S-beanng, orthornagmatrc fluld wlth an 

oxrdrzing meteoric water produced very acrdlc conditions LInder whlch 

siliclflcation of the calcltlte took place, thls was followed by de position of fluonte 

at the site of mixing, near the contact between the sandstone and the 

carbonatlte . 
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CHAPTER IV: CONCLUSIONS 

General Conclusions 

The Amba Dongar deposlt belongs to a poorly understood class of 

carbonatite-hosted fluorite deposlts. The principal conclusions of thls study are: 

1) The Amba Dongar complex consists of a nng structure Intrusion of 

carbonatlte breccla, calcltlte and ankentic carbonatite, and a number of 

randomly dlspersed syenltlc plugs. These were mtruded into Late 

Cretaceous Bagh sandstones and Late to Early Eocene Deccan 

volcanlcs, at shallow crustallevels «500 m). 

2) An Initial stage of hydrothermal actlvlty resulted in extensive potasslc and 

sodlc fenitization of the surrounding sandstones by orthomagmatic fluids 

exsolved from the carbonatltlc magma during emplacement. 

3) A later hydrothermal system resulted in extensive sillclfication of the host 

calcltlte and depositlon of vast amounts of fluonte, as veins and vug 

fillings. In the caleltlte, near ItS contact wlth sandstone Dunng fluonte 

deposltlon, early quartz ln the wallrock was partlally replaced by fluorite. 

The fluonte occurs ln purple, blue, white, yellow and colorless varieties, 

which were deposited in that order. 

4) Fluorite deposltion was locallzed along faults and fractures in the calcitite, 

formed dunng emplacement of the carbonatite and by overpressure 
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5) 

caused by the earlter fenitizlng flUld. 

Silicification and fluonte deposltlon were caused by Cl low ternperallilc 

«160°C), low salmity «0.65 wt °'0 NaCI eq) fluld. Log 102 and pH 

conditions of the ore flUld, at the tlme of deposltion, were gleater 111,111 -42 

and less th an 3.5, respectlvely 

6) Oxygen, hydrogen and carbon ISOtOplC data for flUlds trom flUid IIlciUSIOns 

in fluorite mdlcate that the ore flUld was domlnantly meteollc, and Ihnl Il 

had eqUilibrated wlth sedlmentary limestones 

7) Chemical analyses of fluid inclusion leachates and decrepltflte reslduos 

fram fluorite and quartz show slgnlflcant concentrations of Ca, AI and S, ln 

addition ta Na and CI, ln the ore flUld 

8) The 8mall positive departure of the fluonte hosted flUld trom the moteonc 

water line, and the 81gnlflcant amounts of AI, S, Na and Clin solullon, 

suggest a 8mall contnbution of orthomagmatlc flUids to the ore-formlng 

fluid. 

9) The initiai mlxlng of the orthomagmatlc fluld wlth an oXldlzlnq metoonc 

water praduced a flUld with hlgh aCldlty, causlng Inlense sIIlclflcatlon 

10) 

of the host calcltlte. The Interaction of thls fluld wllh the cold carbonatlte, 

at low water/rock ratios, resulted ln coolmg SllIclflcatlon provlded an 

Insulatlng layer for later flulds, allowlng for hlgher temperatures 

Fluonte deposltlon resulted fram the Interaction of a Ca-beanng meleonc 
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fluld with a F-beanng orthomagmatic fluid, at high water/rock ratios, at the 

site of mlxlng. The mcrease in pH as a result of thls dilution enhanced 

fluonte deposltlon . 
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Contributions to Knowledge 

1) This study provides the tirst comprehensive investigation of: 1) of the 

fluids involved in the formation of a carbonatlte-hosted fluonte deposit; 

and 2) the physico-chemical controls of fluonte depositlon ln thls 

environ ment. 

2) An interesting conclusion of this study IS that the Ca ln the fluonte was 

derived trom an external source and not, as mlght be expected, from the 

carbonatlte. The orthomagmatic flUlds, as Implied by thls study and 

shown by other recent studles of carbonatltes and assoclated sIlicate 

magmas, are NaCI bnnes wlth elevated concentrations of AL and S. 

3) The very low solubllity of fluorite requires that Ca and F be transported 

separately. It therefore follows that formation of economlc carbonatlte­

hosted fluorite deposits is favored by settlngs ln which the exsolved 

orthomagmatlc flUlds have access to external Ca-beanng flUlds 

4) Carbonatite-hosted fluorite deposits, other than those Interpreted to be 

primary magmatlc in origin, appear to differ only in the proportions of 

meteoric and orthomagmatlc flUlds ln the ore formlng tluid Therefore, the 

results of this study can be applied to other deposlts of the sa me afflnlty . 
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APPENDIX 

Analytical Equipment and Methodology 

Fluid Inclusion Microthermometry 

Microthermometric studies were undertaken on pnmary flUld Inclusions ln 

fluorite from ail parts of the deposit, and elsewhere in the complex, quartz from 

quartz veins assoclated with slliclflcatlon, and quartz assoclated wlth fluonte 

mineralization. Analyses were performed on a FIUld Inc. modlfled U S G S. 

gas flow heating/freezing system (Reynolds, 1992) Calibration was 

accomplished using synthetic CO2 and H20 inclusions. With thls method of 

calibration, accuracies of +/- O.2°C for subzero temperatures and +/- 1.0"C for 

higher temperatures were achieved. 

Owing to the soft nature of fluonte, heating expenments were performed 

first ta minlmlze stretchmg of the inclusions, whlch occurs as a result of Ice 

expansion during coclmg. 

Leachate Analyses 

Samples were prepared and the fluids extracted uSlng the methods of 

Roedder (1958) and Poty et al. (1974). However, because of the high solubllity 

of fluorite in acid solutions, samples were cleaned uSlng nanopure water rather 
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than dllute HCI and HN03 as recommended by these authors. Recently, Bottrell 

et al. (1988) have drawn attention to the problem of adsorption of doubly 

charged cations on the host minerai They have therefore recommended the 

use of a 0 13M HNO:J + 200 ppm LaN03 leachate solution to mlnlmlZe these 

problems. Because of the solubihty of fluonte in this solution, It was, however, 

necessary to use nanopure water. 

Samples conslsted of 4g ahquots of sleved and hand-separated quartz or 

fluonte They were cleaned, over a period of 14 days, ln nanopure water which 

was changed every two days. Prior ta crushing, samples were placed ln an 

ultrasonic bath. In thls step the nanopure water was replaced every ten minutes. 

Samples were then heated to 80DC, ln arder to drive off ail traces of the cleaning 

solution. Crushlng was then performed in an agate mortar and pest le with the 

sample submersed ln 10 ml of nanopure water, whlch acted as the leachate 

medium Blanks were prepared by runnlng 10 ml of nanopure water over the 

clean, uncrushed sample. Analyses for Na, K, Ca, Mg and Fe were carried out 

by flame atomlc absorption spectrophotometry, AI by graphite furnace atomic 

absorption spectrophotometry and CI, F, S04' P20 5 and Br by ion 

chromatography. 

Decrepitate Analyses 

Semi-quantltative analyses of preclpltates from opened fluid inclusions ln 

blue, purple and yellow fluorite, and quartz were performed using a JSM-840A 

scanmng electron microscope with a Tracor Northern energy dispersive x-ray 

spectrometer. The system was equlpped with an extra thln AI window thereby 

allowlng the detectlon of elements as light as C (A=6). The analyses were 

accompllshed using the techmque of Haynes et al. (1988). Doubly polished thin 

108 



• 

• 

sections were cleaned and heated untll the tluld Inclusions decrepltated They 

were then coated wlth carbon and analyzed Immedlately Analyses welc 

conducted uSlng a rastenng method, ln order that a lalge area of the declepllalc 

resldue would be analyzed OWlng to the Inherent el lorS of analyLlng fOI Ca 011 

a Ca-beanng substrate, such as fluonte. a numbel of chips were decreplt,lled 

onto silica plates. The polrshed sample was placed on a sllrca-gl,lss plrltC ilnd 

heated. FIUlds tram decrepltated InclUSions leaked onlo the plaie ,lIld 

precipitated solrds (Fig. 3.19A) These solrds were then coated wlth carbon ilnd 

analyzed ln the same manner as those preclpltated on the fluonle and quartz 

chips. 

SIX solution standards, three contalnlng known amounts of Na, K, Ca, CI 

and P and three contarning known amounts of K, Na, CI and S wero used la 

prepare residues by evaporating draps of solutions on slllca plates heélted ta 

appraximately 60"C. These resldues were analyzed as descnbed abovc dnd tht"' 

results used to construct calibration curves for these elements (FIg 1 00) 
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Figure 1.00 Calibration curves for decrepitate analyses based 

on true and measured concentrations. Analyses 
A ta Fare fram this study. Data for N 1 ta N3 
taken from Guillemette (1991). 




