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Foreword

This unedited report presents a literature review 

on the origin and petrogenesis of alkalic and carbonatitic 

rocks. It is meant to provide some theoretical background 

to the various reports published under the alkalic rock- 

carbonatite study of the Ontario Geological Survey.

E.G. Pye 
Director 
Ontario Geological Survey
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Abstract

Alkalic rocks have been subjected to extensive field and 

experimental study within the past several decades. A general 

picture is emerging on their origin even though much remains to be 

done to fully understand them. The field of alkalic rocks includes 

diatremes, kimberlites, carbonatites, and various alkalic silicate 

intrusive and extrusive rocks. The spectrum of rock types included 

makes the generation of a simple model difficult.

The alkalic rock-carbonatite suite is characterized by high 

concentrations of volatiles, incompatible elements, and lithophile 

elements. On the basis of their chemistry low degrees of partial
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melting have been invoked to generate alkalic magmas. On the basis 

of texture, mineralogy, and isotopes found within xenoliths obtained 

from various alkalic rocks, the alkalic rocks are of lower crust to 

upper mantle origin. The xenolith textures indicate that the 

alkalic magmas form in an environment of deformation and 

recrystallization and their mineralogy indicates that mantle 

metasomatism preceded or occurred simultaneous with deformation and 

recrystallization. The xenoliths indicate a depleted mantle of 

lherzolite or garnet peridotite composition that has been 

metasomatized by a fluid derived from undepleted lower mantle 

material. The operation of mantle metasomatism removes the 

requirement of low degrees of partial melting to generate alkalic 

magmas and questions mantle modelling based on xenolith composition 

since the xenolith chemistry would be altered by the metasomatizing 

fluid.

Most alkalic rock complexes are located in continental crust 

indicating that the crust modulates volatile, incompatible element, 

and lithophile element escape from the mantle. The alkalic rocks 

display a strong correlation with major continental fractures which 

penetrate to the mantle. These fractures or rifts often occur along 

the crest of domed crust however it is uncertain as to whether 

rifting preceded or followed doming. The rifts provide 

depressurization zones causing volatile migration which changes rock 

composition through volatile addition. The volatile migration is 

controlled by rift depressurization which focuses heat and develops 

less dense volatile-rich mineral phases, which promotes further 

uplift and deformation. The addition of volatiles lowers the
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solidus promoting melting which alters the rheid properties of the 

rock promoting further deformation and recrystallization. 

Deformation and recrystallization are essential to coalesce the 

small volumes of alkalic melt into discrete melts therefore the 

concentration of alkalic rocks into rift zones is not fortuitous.

It has been documented that a number of the rifts have existed 

since the Precambrian and that alkalic rock magmatism has been 

repetitive along these rifts throughout geologic time.

This observation suggests that once volatile migration, uplift, 

and melting have been established in a tectonized crust-mantle that 

it is self perpetuating throughout geologic time.

On the basis of pressure, temperature, and chemistry, kimberlite 

is an incipient melt, carbonatites represent a higher degree of 

melting, alkalic rocks yet higher degrees of melting, and tholeiites 

the highest degree of partial melting. Kimberlites are generated at 

the deepest depths within the mantle, carbonatites at higher levels 

above kimberlites, alkalic rocks above carbonatites, and tholeiites 

represent the shallowest depth magmas, and perhaps represent 25 to 

30 percent partial melting. The higher degrees of partial melting 

in the alkalic rocks and tholeiites dilute the volatiles and 

consequently volatiles have less influence on magma history in these 

rock types. The low velocity zone within the mantle may represent 

the presence of an incipient melt or intergranular fluid of 

carbonatitic or nephelinitic composition. Isotope data indicate 

that some carbonatites and kimberlites are uncontaminated by crustal 

material and that others display strong influences of crustal 

contamination.
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Once generated, an alkalic magma has a complex history. In 

kimberlites and carbonatite, liquid immiscibility is important. 

Within kimberlites, a carbon dioxide-rich immiscible fluid phase may 

form the fluidizing agent for its emplacement. In carbonatites 

fluid inclusion studies demonstrate that two immiscible liquids 

occur in association with a carbon dioxide-bearing alkalic-rich 

phase. Experimental studies indicate that phosphorous which is 

abundant in carbonatite complexes, may encourage immiscibility. In 

carbonatites, one immiscible phase is sodium-rich, carbonate-rich, 

silica-poor and analogous to carbonatite, and a second is potassium- 

rich, carbonate-poor, and silica poor and analogous to ijolite. The 

aqueous phase is analogous to the fenitizing agent that alters the 

wall rocks enclosing carbonatites. In the case of carbonatites the 

solidus of the silica rich phase is much greater than the 

carbonate-rich phases and will crystallize before the carbonatite 

eogenetic magma. This creates a superheated carbonatite magma which 

can intrude and react with the solidified eogenetic silica magma. 

Fluid inclusion studies have not only documented liquid 

immiscibility but indicate that an original carbonatite magma is one 

of alkali carbonate. The alkalies are lost to the aqueous phase 

during the fenitization process raising the carbonatite solidus and 

promoting crystallization. The calcium and calcium-magnesium 

carbonates found in nearly all carbonatites are thus a residuum left 

over from alkali metal and volatile loses.

Crystal fractionation can enhance magma alkalinity but it is 

largely a method of magma modification. In low density and low 

viscosity carbonatite magmas it is likely to have a considerable

influence in forming rocks of highly variable composition.
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In silicate alkalic rocks representing higher degrees of partial 

melting crystal fractionation occurs and has been demonstrated to be 

operative by a number of studies where fractionated crystals are 

found to be in disequilibrium with the host. This observation 

indicates that a fractionating alkalic magma can been intruded by 

and mixed with a later pulse of more primitive magma. Mineral or 

rock absorption are not likely major influences in alkalic rock 

formation. The assimilation of carbonate by a siliceous magma to 

generate an alkalic magma is thermally impossible for the loss of 

the heat of fusion to melt the carbonate would cause the 

crystallization of the silicate magma before significant 

assimilation had occurred.

Volatiles are important in the generation of alkalic magmas. 

Potassium, sodium, and water are held in amphibole to depths at 75 

km and in phlogopite to depths of 150 to 200 km. Carbon dioxide is 

held in the carbonates dolomite-magnesite which are stable at mantle 

conditions. Amphibole and phlogopite are present in xenoliths of 

mantle origin and carbonate and carbon dioxide have been found as 

inclusions in minerals obtained from mantle derived xenoliths.

Partial melting in the presence of a water dominated system 

gives rise to a silica-rich melt and partial melting in the presence 

of carbon dioxide produces silica-undersaturated alkalic melts. 

Both volatiles lower the melting point of the mantle. Carbon 

dioxide solubility is pressure sensitive and its solubility 

decreases dramatically at depths of 80 km or less. It is 

fractionated to the vapour phase at the shallower depths effectively 

removing it from the melt. The pressure sensitivity of carbon
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dioxide therefore requires alkalic rocks to be generated at deep 

levels or at higher pressures. The dramatic decrease in carbon 

dioxide solubility at 80 km may be the cause of the explosive 

emplacement of carbonatites, kimberlites, and diatremes. Studies of 

mantle derived xenoliths from kimberlites and alkalic rocks has 

indicated that the volatile-bearing minerals amphibole, phlogopite, 

and carbonate are present in the mantle. These volatile-bearing 

minerals are the source of volatiles found concentrated in alkalic 

rocks. In the case of amphibole and phlogopite, they may be the 

metasomatic product of upper mantle metasomatism of lower mantle 

derived fluids.

Carbonatites and kimberlites do not generally occur spatially 

close together but since both are mantle derived and display similar 

geochemical and isotopic characteristics there is an indirect 

connection. They both require access from the mantle to the surface 

and therefore both must be situated in an environment of deep 

crustal fracturing. Kimberlites represent lower degrees of partial 

melting under high pressure (deeper) conditions than carbonatites. 

Therefore a spatial association between carbonatite and kimberlite 

is not to be expected. It is thus to be expected that kimberlites 

would form on the .flanks of rifts or along its extensions and not in 

the areas of shallower depths and higher degrees of partial melting 

that carbonatite emplacement would suggest. The different siting of 

carbonatite and kimberlite magmas defines two types of carbonatite 

by association. The two associations are carbonatite-kimberlite and 

carbonatite-melilite-nephelinite.

The aqueous fluids emitting from an intruding carbonatite magma

xviii



that fenitize the enclosing wall rocks form a distinctive 

metasomatic halo that characterizes carbonatite intrusions.

Potassium fenitization reflects low temperature distal 

metasomatism and sodium fenitization reflects high temperature 

proximal metasomatism. Silica depletion occurs proximal to a 

carbonatite and silica addition may occur in a distal setting. As 

cooling of a carbonatite continues a potassium fenite halo may be 

telescoped onto the sodium fenite halo as the isotherms collapse. 

Potassium fenites characterize high levels of exposure and sodium 

fenites deep levels.

Metasomatic alterations refered to as fenites occur with 

kimberlite intrusives but in general such alteration has not been 

described.

xix





AKNOWLEDGEMENTS

Since the start of the Alkalic Rock-Carbonatite Project, the 

number of individuals contributing to the project are too numerous 

to cite. Those individuals aiding in field work and those corporate 

citizens contributing information are cited within reports covering 

each individual complex. Those that have contributed and supported 

the overall project are Dr. D. Watkinson, Carleton University; 

Dr. V.G. Milne, former Chief Geologist, Ontario Geological Survey; 

Dr. D. Pyke, former Subsection Chief, Precambrian Section, Ontario 

Geological Survey; Mr. N. Trowell, Subsection Chief, Precambrian 

Section, Ontario Geological Survey; and Mr. J. Wood, Chief 

Geologist, Ontario Geological Survey.

The original concept for the alkalic rock-carbonatite study 

originated with Dr. D. Watkinson, Carleton University. Dr. 

Watkinson and the author presented a proposal to undertake the study 

to Dr. E.G. Pye, Director, and Dr. V.G. Milne former Chief Geologist 

in 1973. The proposal was accepted and work began in the summer of 

1974.

XXI





Literature Review of Alkalic Pocks-Carbonatites

by

R.P. Sage

l Geologist, Precambrian Section, Ontario Geological Survey.

Manuscript approved by John Wood, Chief Geologist, Ontario 
Geological Survey

This report is published by permission of E.G. Pye, Director, 
Ontario Geological Survey.

xxii





-1-

INTRODUCTION

In 1975, the Ontario Geological Survey undertook a program to 

map and sample alkalic rock-carbonatite complexes of Ontario, 

excluding those along the Ottawa-Bonnechere graben. The purpose was 

to document past exploration activity, identify types and varieties 

of mineralization present, propose directions for additional 

exploration, and provide expertise to exploration efforts evaluating 

the complexes for their mineral potential. Extensive literature 

review was completed and all outstanding exploration data gathered 

to make each report on each complex as complete as possible. 

Extensive chemical work was completed by the Ontario Geoscience 

Research Laboratory and these data are given in tabulated form 

accompanying each report on each complex. Rocks of the alkalic 

rock-carbonatite suite have been subjected to a variety of petro 

logic processes, such as liquid immiscibility and crystal 

fractionation, therefore bulk rock chemistry is unsuitable for 

identifying silicate liquid trends giving rise to the alkalic 

rocks. Petrologic modelling will have to be done on the basis of 

mineral chemistry and will involve microprobe work. All complexes 

examined by the author warrant additional study of an economic- 

academic nature. All specimens and thin sections are on file at the 

Royal Ontario Museum where the material is being catalogued under 

the direction of Dr. S. Lumbers.

The review of topics critical to the understanding of alkalic 

rocks is necessarily brief and the present review should be 

interpreted as only representing the current status of ideas and 

concepts on alkalic rocks. Significant changes may occur as
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science advances. 

ALKALIC ROCK-CARBONATITES 

Origin 

Partial Melting

Partial melting of mantle rocks has been the most common method 

of deriving silicate melts of alkalic affinity. Low degrees of 

melting have been proposed since alkalic magmas are commonly 

enriched in incompatible and rare earth elements and only relatively 

low degrees of melting can account for their degree of concentration 

in alkalic melts.

Bailey (1974b) summarized features of alkalic magmatism. 

Alkalic magmatism displays a trend to peralkalinity and strong 

volatile emission and to generate these magmas. Bailey (1974b) 

proposed: 1) addition of heat by convection; 2) decompression; and 

3) volatile introduction. He observed a correlation of alkalic 

rocks with: 1) rift zones; 2) continental uplift, i.e. pressure 

relief; 3) volatile activity; 4) high concentrations of volatiles; 

and 5) despite a heterogeneous source, the magmas have a uniform 

composition. Bailey (1974b) proposed that alkaline felsic magmas 

were generated by partial melting in the deep crust and that 

pressure release at depth leads to volatile influx that reduces the 

melting range and focussed heat into the active zones. He envisaged 

that the continental plate served two main functions in the 

generation of alkalic rocks. These functions are: 1) impeding or 

muffling volatile escape from the mantle; and 2) upwarping and 

fracturing which channels volatile release and focusses partial 

melting.
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Experimental Studies and Partial Melting

O'Hara and Yoder (1967) obtained hypersthene normative picritic 

magma by partial melting of a garnet peridotite which they presumed 

represented mantle compositions. Fractionation of this liquid by 

the precipitation of garnet and orthopyroxene leads to alkaline, 

silica-poor, mafic magmas. The experimentally based model of O'Hara 

and Yoder (1967) combines the process of partial melting followed by 

crystal fractionation to produce silicate liquids that are geochemi- 

cally similar to kimberlite or potassic mafic lavas.

An experimental study of the system Na20-Al2O3-Fe203-SiO2 by 

Bailey and Schairer (1966) identified two entities, one equivalent 

to silica oversaturated granite and the other undersaturated nephe 

line syenite. The investigators observed liquids of low melting 

ijolite composition at a quaternary point in the system. They 

interpreted their experimental results to indicate that 

carbonatites, which represent volatile-rich fugitive material, are 

mantle derived and that syenite, nepheline syenite, and alkaline 

granite are low melting fractions derived by partial melting of 

basaltic materials in the lower crust or upper mantle. To generate 

the alkalic magmas a process of crustal arching, pressure relief 

melting, and fugitive element concentration was proposed by Bailey 

and Schairer (1966).

The presence of large ion lithophile elements in alkalic 

basalts are considered by Cast (1968) to result from low degrees of 

partial melting (3 to 7 percent) of the mantle and that tholeiites 

represent much higher degrees of partial melting (20 to 30 

percent). On the basis of minor elements, alkali metals, and rare



-4-

earth elements, Kay et al (1970) have interpreted alkalic basalts to 

represent low degrees of partial melting at greater depths than 

tholeiites. Tholeiites therefore are characteristic of high degrees 

of partial melting at higher levels in the mantle or crust. Compar 

ison of alkalic rocks from continental and oceanic areas by Kay and 

Cast (1973), using the rare earth elements, indicate an origin by 

low degrees of partial melting of a hydrous garnet peridotite mantle 

enriched 2 to 5 times chondritic abundances.

Green (1969) proposed that olivine basanite with greater than 

10 percent normative nepheline, olivine nepheline, and olivine 

melilitic nephelinite magmas are hydrous magmas at point of origin 

thought to be at depths of 60 to 100 km. The mantle was assumed by 

him to be peridotite in composition and that melting took place at 

temperatures 100 to 200 0 C below anhydrous conditions.

At high levels (15 km or less) crystal fractionation of a 

tholeiitic magmas leads to quartz tholeiite and crystal fractiona 

tion of an alkali magma leads to hawaiites, mugearite, or trachyte 

(Green, 1964). At deeper levels at 40 to 70 km alkalic magmas in 

the presence of water will fractionate towards olivine basanites and 

olivine nephelinites. At still deeper levels of 60 to 100 km 

fractionation of alkalic magmas in the presence of water leads 

towards olivine nephelinite and olivine melilite compositions 

(Green, 1966).

Green (1969) proposed that the composition of magmatic liquids 

depends on three things: 

1) the composition of the partial melt and its residuum. This

depends on degree of partial melting, pressure, temperature and
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presence of water;

2) crystal fractionation after melt formation; and

3) the wall rock reaction process.

Using pyrolite as a mantle composition, Green (1970, 1973) 

investigated low degrees of partial melting in the presence of small 

quantities of water (0.1 to 0.4 percent) at 25 to 30 Kb pressure. 

He (Green, 1973) reported the production of a melt of basanite 

composition using 0.2 to 0.4 percent water at 25 to 30 Kb pressure. 

In the presence of 0.2 to 0.4 percent water, low degrees of partial 

melting produces liquids containing 2.0 to 7.0 percent water in 

equilibrium with olivine, garnet, clinopyroxene and orthoclinopyrox- 

ene (Green, 1973). With smaller degrees of melting and higher water 

content, the melts are even less silica-saturated and more 

alkali-rich. Green (1970, 1973) considers the mantle to be 

inhomogeneous, of peridotite composition, and that the low velocity 

zones contain less than two percent partial melt that is of olivine 

nephelinite to olivine melilite in composition.

An extrapolation of experimental data obtained from melting 

experiments on garnet lherzolite in the presence of water by Kushiro 

(1972) indicate that jadeite-bearing peridotites could produce 

nepheline-normative liquids with only small degrees of partial 

melting; tholeiites represent high degrees of partial melting.

Bravo and O'Hara (1975) studied partial melting of phlogopite-

bearing spinel Iherzolites (CaO-K2O-MgO-Al205-Si02-H20) at 1080 Plus 

or minus 10 degrees centigrade and 30 Kb pressure and observed an 

alkalic liquid containing 14 percent olivine, 18 percent hypers 

thene, 12 percent diopside, and 3.6 percent K 2O. At 15 Kb the
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liquid contained 1.0 percent K 2O, 6.5 percent quartz, 28.5 percent 

hypersthene, and trace of diopside. The investigators were unsuc 

cessful in obtaining melts analogous to kimberlite and suggested 

work at higher pressure.

Griffin and Taylor (1975) suggested on the basis of strontium 

isotope data and alkali metal ratios that partial melting of perido 

tite produced the damkjernite (a lamprophyric ultrabasic rock) at 

the Fen Carbonatite Complex in Norway and Mitchell and Brunfelt 

(1975) also applied partial melting (less than 10 percent) of a 

mantle source to produce the carbonated nephelinitic magma that gave 

rise to the Fen Complex.

Eggler and Wendlandt (1979) experimented on a composition 

equivalent to the average Lesotho kimberlite in the presence of 5.2 

weight percent carbon dioxide and 10.0 weight percent water and 

extrapolated their data to 55 and 60 Kb. The study indicated that 

garnet, olivine and two pyroxenes precipitate near the liquids con 

sistent with a model that kimberlite is a primary magma and a 

product of incipient or beginning of melting of parental peridotite.

Wendlandt and Mysen (1980) experimented with peridotite plus 

carbon dioxide as a function of degree to partial melting at 15 and 

30 kb. Their data indicated that at low degrees of partial melting 

at pressures equivalent to 90-100 km of a carbonated peridotite, a 

melt analogous to a carbonatite is produced. Increased partial 

melting results in a melt composition richer in silicate components.

Wendlandt and Eggler (1980) and Kuehner et al (1981) investi 

gated the system KAlSi04-MgSi04-SiO2 with and without C02-

The investigation determined that the volatile-absent and
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volatile bearing systems mimic each other below 30 Kb and that as 

pressure increases the liquids become more enriched in potassium and 

depleted in silica. From their experimental data they concluded 

that high potassium and aluminum basalts with low magnesium, such as 

leucitites, originated by low degrees of partial melting at 

pressures greater than 14 Kb, of water-poor peridotite containing 

minor quantities of potassium-bearing minerals. 

Xenoliths, Xenocrysts and Partial Melting

Many studies of garnet peridotite, lherzolite, pyroxenite, and 

hornblende lherzolite xenoliths in kimberlites and alkali basalts 

have been completed (Carswell and Dawson, 1970; Reid and Frey, 1971; 

Varne and Graham, 1971; Frey and Green, 1974; Sutherland, 1974; and 

Frey and Prinz, 1978). Carswell and Dawson (1970) interpreted 

garnet pyroxenite and eclogite from kimberlite to represent crystal 

lization products of a partial liquid melt. The garnet peridotite 

is interpreted as a source which upon partial melting will produce 

undersaturated melts and a harzburgite and dunite residuum. Reid 

and Frey (1971) concluded that lherzolite xenoliths in Hawaiian 

volcanics were a residue after extraction of a basalt liquid. 

Hornblende-bearing lherzolite xenoliths relative to spinel lherzo 

lite xenoliths from South Yemen are enriched in light earth elements 

and if partially melted could yield liquids of a nephelinite 

composition (Varne and Graham, 1971). Clinopyroxene-bearing lherzo 

lite xenoliths from Victoria basalts, Australia are interpreted by 

Frey and Green (1974) to represent a residuum after basalt extrac 

tion followed by later melt addition (metasomatism). The introduced 

liquid represents a partial melt of less than 5 percent and is
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enriched in P, K f Ti, Th f U and light REE. They propose explosive 

volcanism, increasing temperature, decreasing pressure causing 

melting of the hydrous phases to generate the alkalic magmas. These 

observations are consistent with that of Reid and Frey (1971) and 

Varne and Graham (1971).

Hutchinson et al (1975) examined chemical variation in ultra 

mafic xenoliths from France and on the basis of TiO2 content of 

fertile xenoliths, 4% partial melting would form alkalic basalt 

magmas. The study indicates a mantle of heterogeneous composition. 

A study of ultramafic xenoliths from volcanics of San Carlos, 

Arizona indicate two groups (Frey and Prinz, 1978). The first group 

consisted of magnesium-rich peridotite with chrome-rich clinopyrox 

ene and a second group of clinopyroxene-rich xenoliths contained 

aluminum-titanium rich augite. The second group of xenoliths 

represents cumulates from a silica undersaturated magma. The first 

group is a residue from a partial melt liquid that has had a partial 

melt liquid added that represents a less than 5 percent partial melt 

of a garnet peridotite. The added partial melt is presently 

represented by clinopyroxene and amphibole. The work of Frey and 

Green (1974) and Frey and Prinz (1978) suggests that two-stage 

partial melting has taken place in the source areas of the magmas.

Spinel lherzolite xenoliths and xenocrysts in tholeiitic basalt 

from Andover, Tasmania are interpreted to be of mantle origin on the 

basis of their high pressure mineralogy (Sutherland, 1974). The 

xenocrysts were interpreted to have formed under near liquid condi 

tions at the time of magma formation which is estimated to represent 

15 to 20 percent partial melting. Sutherland (1974) indicated the
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the lherzolite xenoliths span a composition range from olivine 

tholeiite to olivine melilitite and observed that the xenoliths were 

more abundant in the peripheral areas of the volcanic sequence and 

regions of less intense melting.

The minor element content of the Monaro complex, Australia was 

investigated by Kesson (1973). The alkalic basalts, basanites, and 

nephelinites are primary magmas that have undergone limited crystal 

fractionation. Minor element variation between rock groups 

displayed considerable overlap and was interpreted by him to result 

from the patchy distribution of amphibole, mica and apatite in a 

heterogeneous mantle.

Leeman and Rogers (1970) examined xenoliths from Cenozoic 

alkalic olivine basalts in the Basin and Range province of the 

U.S.A. The alkali basalts are a product of less than 20 percent 

partial melting of a peridotite mantle at depths of 40 to 60 km in 

response to a rising geotherm.

In an island arc setting the earliest volcanics are tholeiitic 

and the latest are alkalic (Jakes and White, 1972). They assumed a 

homogeneous source and on the basis of the abundance of potassium 

they suggest that tholeiitic magmas represent 15 to 25 percent 

partial melt at shallow depths and shoshonites represent 5 percent 

partial melt at much greater depths. They suggest that more mica 

relative to amphibole is involved in partial melting with increasing 

depth and that melts from greater depth are from undepleted oceanic 

crust.

Also in an island arc setting Nicholls et al (1980) relate 

magma generation to the depth to the Benioff Zone. Tholeiitic
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magmas reflect shallow depths and alkalic magmas much deeper 

levels. The alkaline magmas may originate at depths of 250 km and 

Nicholls et al. (1980) observed that magmas become more alkaline 

with increasing depth and that there is a corresponding increase in 

the incompatible element content.

The degree of partial melting decreases from 25 percent for 

high level tholeiitic magmas to less than 10 percent for the 

alkaline magmas (Nicholls et al, 1980). The relationship of magma 

composition to depth to the Benioff Zone accounts for the general 

increase of alkalic volcanics from the fore arc to the back arc 

region.

Sun and Hanson (1975) examined rare earth element and lead 

isotopes on basanitoids from Ross Island, Antarctica. From this 

study they proposed that phlogopite is a residual mantle phase for 

nephelinitic magmas but not for alkali basalt. Using rare earth 

elements, K, Rb, Se, Ba and ?2O 5 contents in alkalic basalts and 

nephelinites normalized to chondrite abundances, a mantle source 

enriched 3 times chondrite concentration is indicated. With this 

enriched mantle as a source, nephelinitic magmas require 3 to 7 

percent partial melt and alkali basalt 7 to 15 percent (Sun and 

Hanson, 1975).

On the basis of rare earth element data from potassic lavas in 

Uganda, Mitchell and Bell (1976) propose very small degrees of 

partial melting (0.2 percent for katungite; 0.3 to 7.5 percent for 

ugandites; and 1.0 to 9.0 percent for leucite-phonolites. They 

noted that partial melting of mantle metasomatized by alkaline 

earths and rare earth element bearing fluids or the mixing of
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carbonatite and nephelinite magmas are also compatible with observed 

geochemistry. Gas transfer may have selectively enriched the rare 

earths masking evidence of early partial melting differentiation and 

thus rare earth elements are of little value in modelling petro 

genetic processes forming the potassic lavas.

A highly potassic lava from central Africa was studied by Edgar 

et al (1976), who concluded that such highly potassic magma could 

not be derived by direct partial melting of the mantle. They 

observed that potassic basaltic liquids equivalent to these potassic 

rocks must be in equilibrium with olivine and phlogopite at 50 to 

100 km and must contain greater than 5 percent I^O. Titanium is 

partitioned into the liquid. In these rocks the clinopyroxene that 

crystallizes is close to diopside-hedenbergite in composition (Edgar 

et al, 1976). The liquids contain a high Na2o content and they 

suggest that the high K 2O7Hu 2O) ratios must be characteristic of the 

melt source region.

Baxter (1976) examined alkali basalts from Mauritius in the 

Indian Ocean and observed primary trends in K, Ti, P, Sr, Rb, Ba, 

Zr, which indicated the alkali basalts, basanites, and nephelinite 

magmas are unmodified and probably came from a depth of 45 to 60 

km. Variable Rb/Sr, K/Rb, K/Sr and K/Ba ratios indicate the rocks 

were derived by less than 10 percent partial melting of peridotite 

(Baxter, 1976).

An investigation of quartz tholeiites to olivine nephelinites 

from south eastern Australia indicated to Frey et al (1978) that for 

low degrees of partial melting the composition of the liquid and 

residuum are dependent on water and carbon dioxide content and the
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ratio of carbon dioxide to water. A pyrolite source can yield 

observed trace element abundances for olivine melilites (4 to 6 

percent melting), olivine nephelinite (5 to 7 percent melting), 

alkali basalt (11 to 15 percent melting), and olivine basalt, 

olivine tholeiite (20 to 25 percent melting) (Frey et al, 1978). 

Mantle heterogeneity is present and results from the migration into 

the upper mantle (low velocity zone or below) of a melt fluid (water 

plus carbon dioxide) enriched with incompatible elements similar to 

that found in olivine melilite, kimberlite, or carbonatite. This 

heterogeneous mantle varies from light rare earth element enriched 

to light rare earth element depleted.

Nicholls and Whitford (1978) proposed approximately 25 percent 

partial melting of mantle to derive olivine tholeiite and 5 to 10 

percent partial melting to derive high potassium basanite in the 

Sunda volcanic arc, Java. They also proposed that the depth of 

magma generation increased from 30 to 60 km for the potassium rich 

lava. A maximum depth of 80 km within a phlogopite-rich mantle is 

considered likely.

Alkalic rocks from the New South Wales, Australia range from 

olivine nephelinite, basanites, alkali olivine basalt, nepheline 

hawaiites to hawaiites, are interpreted to be primary liquids, and 

contain mantle derived xenoliths (Wass, 1980). The trace element 

data are variable, which she attributed to small degrees of partial 

melting of a relatively undepleted, inhomogeneous source, or a 

depleted source that has undergone subsequent metasomatism.

On the basis of a pyrolite model Wass (1980) proposed that 

nepheline basanite was derived by 5 to 7 percent partial melting,
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and that potassic basanite, alkali basalt, and nepheline basanite 

were derived by 8 to 11 percent partial melt. She suggests that 

mantle metasomatism precedes partial melting and interprets the 

presence of amphibole, apatite and iron-rich clinopyroxene in xeno- 

liths to indicate the presence of a metasomatising fluid.

Wass (1980) suggests that the extraction of high pressure 

clinopyroxene from a primitive magma composition will yield 

potassium-rich nepheline hawaiite from potassium-rich nepheline 

basanite and potassium-rich basanite from alkali olivine basalt.

The above interpretation is based on the following textural and 

geochemical data (Wass, 1980):

1. Geochemically, continental alkalic volcanism contains high

abundances of incompatible elements and the presence of water 

and carbon dioxide at the partial melting site is indicated.

2. Amphibole, apatite, and iron-rich clinopyroxene occur as veins 

in, or as partial replacement of, chrome diopside and 

aluminum-augite xenoliths.

3. Relatively high abundances of incompatible elements in some 

chrome diopside xenoliths.

4. Tectonic association of continental alkalic volcanism with rift 

zones. This association requires the introduction of incompa 

tible elements and partial melting.

The Hawaiian alkalic volcanics were examined by Claque et al 

(1980) who determined that the least fractionated alkalic basalts 

are in equilibrium with mantle olivine ^037). The data indicates 

the Hawaiian mantle region is not unusually iron-rich. The basalts 

can be generated by 5 to 10 percent partial melting of a garnet-
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bearing source enriched in the light rare earth elements (Claque et

al, 1980).

They conclude that the mantle beneath Hawaii is heterogeneous

before and after melt extraction.

Jakes and White (1972) consider the mantle to be homogeneous, 

Frey et al (1978), Kesson (1973) and Claque et al. (1980) consider 

the mantle to be inhomogeneous. Wass (1980) proposed that the low 

degrees of partial melting have taken place in a metasomatized 

mantle implying inhomogeneity.

On the basis of the high content of incompatible elements in 

alkaline volcanic rocks of central Italy, Baldridge et al (1981) 

propose low degrees of partial melting of a phlogopite-bearing 

mantle. In summation, studies of alkalic volcanic rocks and their 

inclusions indicate that alkalic rocks represent low degrees of 

partial melting from greater depths than tholeiitic magmas.

In summation, the generation of alkali magmas by low degrees of 

partial melting of a mantle source is almost universally accepted. 

The method accounts for the anomalous concentrations of incompatible 

elements, alkali metals, and rare earth elements found in alkalic 

rocks. Existing data on mineral phases within xenoliths and xeno- 

crysts and the general distribution of alkalic volcanics in some 

settings, such as island arcs, indicate that alkalic magmas are 

generated under higher pressure or at greater depths than tholeiitic 

magmas. Volatiles play an important part in alkalic magma genera 

tion. The solubility of carbon dioxide, which is pressure sensitive 

and essential to alkalic rock genesis, requires high pressure or 

great depth to be effective in alkalic magma generation. Whether
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rifting causes volatile migration or volatile migration causes rift 

ing is uncertain, since rifts that control alkalic magmatism appear 

in some cases to extend back to the Early Precambrian and have been 

periodically reactivated during geologic time. The migration of 

volatiles into rift zones of pressure relief changes the bulk 

composition of the mineralogy, lowers the solidus, transports heat, 

and induces partial melting to give rise to alkalic magmas.

Two stage partial melting of the mantle has taken place. The 

first partial melt removed a basaltic liquid leaving a depleted 

residuum. This depleted mantle was metasomatically enriched by the 

addition of volatiles, alkalies, incompatible elements and rare- 

earth elements from the undepleted lower mantle. The alkalic rocks 

are a partial melt of this metasomatized mantle. 

Liquid Immiscibility

Liquid immiscibility may have a major role in carbonatite 

formation but its importance, if any, in the more silica-saturated 

rocks is less well known. Fluid inclusion studies by Rankin and Le 

Bas (1974) and LeBas et al (1977) on apatite crystals from the 

ijolite phase of the Usaki carbonatite complex of West Kenya identi 

fied the presence of two liquids within the apatite inclusions which 

were in equilibrium with a third phase that is carbonate-rich. One 

of the liquids is rich in K2O and oversaturated in silica and the 

second liquid is rich in Na2O and poor in silica. Trace element 

studies on apatites from both the ijolite and carbonatite phases 

suggest a common beginning for the apatites (LeBas and Handley, 

1979). The trace element contents of apatite from the two different 

rock types indicate two differentiation trends from the common
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parent, which implies liquid immiscibility rather than crystal 

fractionation (LeBas and Handley, 1979).

Fluid inclusion studies by Nesbitt and Kelly (1977) on the 

Magnet Cove carbonatite showed coexisting supracritical CO2' carbon 

atite magma, and H2O-rich fluids in apatite and Roedder (1973) 

reports coexisting H2O- and C02~rich fluids from the Amba Conger 

carbonatite, India.

Experimental melting studies on rock compositions equivalent to 

carbonatite lava, phonolite, and nephelinite found at the Volcano 

Oldoinyo Lengai, Tanzania, produced carbonate globules in silicate 

glasses and silicate globules in carbonate (Hamilton et al, 1979). 

The silicate glasses have similar composition whether it occurs as 

host or globule and silicate-carbonate contacts are sharp. The 

investigators observed that decreasing temperature expands the two 

liquid phase field in a manner similar to increasing pressure. 

Hamilton et al. (1979) interpreted the experimental results to 

indicate the derivation of the Oldoinyo Lengai lavas by immiscibil 

ity from a carbon dioxide-rich phonolite magma. Carbonatites are 

commonly associated with ijolitic rocks, not phonolites, however on 

the basis of trace element data, Freestone and Hamilton (1980) 

propose an origin by liquid immiscibility from a phonolitic magma. 

They suggest that if the carbonatite-ijolite association originated 

by liquid immiscibility than large quantities of alkalies have been 

lost, perhaps by fenitization. The miscibility gap closes away from 

Na2O-rich compositions with the tendency to exsolve a carbonatite 

melt being greater in salic than mafic silicate magmas (Freestone 

and Hamilton, 1980).
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Liquid immiscibility in alkalic rocks of greater silica 

saturation than thus of the carbonatite suite was rejected by 

geologists for a lengthy period on the basis of work by Greig (1927) 

and Bowen (1928) who concluded that on the basis of textural 

criteria, immiscibility does not exist in rocks of high silica 

content.

In 1966, Roster Van Groos and Wyllie experimentally produced

liquid immiscibility in the system Na20-Al203-SiO2~CO2' The two 

liquids consist of NaC0 2-rich and Na 2AlSi 308-rich liquids. The 

NaC03-rich liquid contained 3 weight percent NaAlSi3O8 and fche 

NaAlSi3Og-rich liquid contained 20 weight percent Na 2C03 (Koster Van 

Groos and Wyllie, 1966). The immiscibility gap occurred at 33 Kb 

and as pressure increased the miscibility gap increased.

Koster Van Groos and Wyllie (1968) added water to the previous 

system and identified three phases. One phase is a silicate liquid 

with dissolved Na2CO3 and H20; the second was a carbonate liquid 

consisting of Na 2CG)3 with dissolved H 2O and minor silicate; and a 

third phase consisting of H 2O and CO 2 with dissolved Na 2O and SiO2 - 

The three phases may be compared with ijolite and carbonatite magmas 

and associated fenitizing liquids.

Immiscibility is dependent on total pressure, partial pressure 

of CO2 and H20/ temperature and composition, (Koster Van Groos and 

Wyllie, 1968). In these studies crystallization of a carbonatite 

magma leads to exsolution of a vapour phase enriched in water and 

carbonate dioxide relative to liquid. A proposed model of rising 

vapour bubbles through the magma under high CO2 partial pressure 

produces immiscible carbonate liquid (Koster Van Groos and Wyllie,
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1968). This carbonate liquid forms globules in the silicate melt 

along with vapour bubbles which rise, forming a carbonatite magma 

above silicate. Increasing crystallization enriches coexisting CO2 

and H20 vapour in Na2C03 and SiO2 since increased solubility will 

occur in the vapour. They consider this vapour to be analogous to a 

fenitizing fluid. Under changing conditions of pressure and 

composition coalescence of the silicate and carbonatite magmas 

leave an aqueous vapour phase (Roster Van Groos and Wyllie, 1968).

Additional experimental testing of the above system was under 

taken by Roster Van Groos and Wyllie (1973) with the addition of 

anorthite. Above 750*C a two-liquid field was identified consisting 

of a calcium-enriched, silicate-poor carbonate liquid in a 

immiscibile relationship with a peralkaline undersaturated silicate 

liquid. A third phase is in equilibrium with the two liquid phases 

which consists of an aqueous vapour enriched in sodium silicate and 

carbon dioxide (Roster Van Groos and Wyllie, 1968). The results 

were again equated with ijolitic and carbonatitic rocks and a 

fenitizing fluid.

Using compositions comparable to rock compositions of the 

ijolite suite with excess CO2 and 10 percent water, Roster Van Groos 

(1975) obtained a carbonate liquid, a solid assemblage enriched in 

Na2O and CaO and a crystalline basaltic silicate assemblage enriched 

in FeO, MgO and R2O. The data is consistent with the primary origin 

of carbonatitic magmas enriched in CaO, MgO, FeO and alkalies. The 

data also indicates that in the presence of water a carbonate liquid 

rich in alkalies would form. Thus the loss of alkalies would cause 

solidification. The solidus of the carbonatite magma occurs at
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lower temperatures than associated silicate magma (Roster Van Groos, 

1975). Alkali loss to a vapour phase would encourage reaction with 

the solidified silicate phase and provide the fenitized fluid 

required to metasomatize the wall rocks.

Visser and Roster Van Groos (1979a f b r c) investigated the 

effects of phosphorous and titanium in the system R20-FeO-Al203~ 

SiO2. The study disclosed that the two liquid field expands upon 

the addition of phosphorous 2 to 3 times greater than with titani 

um. For each weight percent of added phosphorous the two liquid 

field is raised 35 0 C and for each weight percent titanium the two 

liquid field is raised 25 0 C. However up to two weight percent 

titanium has no effect (Visser and Roster Van Groos, 1979a). The 

titanium and phosphorous are concentrated into the more mafic phases 

and Visser and Roster Van Groos (1979a) concluded that it would be 

difficult to separate rocks derived by immiscibility from those 

derived by crystal fractionation.

With increasing phosphorous, miscibility decreases with 

increasing pressure and at high pressures immiscible liquids can 

contain more R2O and A12O3 than those formed at low pressure (Visser 

and Roster Van Groos, 1979b). The study indicates that 

feldspar-rich magmas can form through the process of liquid 

immiscibility.

Roedder (1978) described liquid immiscibility in the system 

R20-FeO-Al203-Si02 and observed that within small temperature 

intervals (1100 to 1150 0 C) rapid phase changes and crystallization 

have considerable effect on the geometry of the two liquid phase 

field. Also, small changes in composition can eliminate immiscibil-
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ity. The immiscible split consists of silica-undersaturated mafic 

liquid and a silica-saturated liquid (Roedder, 1978). Liquid 

immiscibility permits crossing of the silica-saturation barrier, 

however physical separation of the liquids and crystallization will 

eliminate evidence for immiscibility (Roedder, 1978).

Ocelli-bearing lamprophyre dikes of the Monteregian Hills have 

been studied and textures considered representative of liquid 

immiscibility identified, Philpotts and Hodgson (1968) and Philpotts 

(1976). Dike rock melting experiments were conducted using KOH and 

NaOH fluxes. The felsic liquids are depleted in phosphorous and to 

a lesser degree titanium relative to the mafic liquids and since 

phosphorous is concentrated in the felsic phase in normal crystal 

fractionation the site of phosphorous accumulation may be a criter 

ion for separating rocks derived from crystal fractionation from 

those derived by immiscibility (Philpotts, 1976). He established 

that ocelli-bearing rocks reflect a restricted composition range in 

a range of dike compositions implying that immiscibility formed as 

late-stage segregations and not at the source of magma generation. 

Study of the ocelli indicate that the felsic phase is silica- 

saturated and that the mafic phase is silica-undersatured, therefore 

silica-saturated and silica-undersaturated melts may be co-magnetic 

(Philpotts, 1976). Philpotts (1976) suggested that the bimodal 

plutonic suite of the Monteregian Hills may be the result of liquid 

immiscibility and Eby (1979), using major and trace element concen 

trations, suggested that liquid immiscibility played a role in the 

formation of the outer felsic rocks of Mt. Johnson, which consist of 

syenite and hornblende-rich essexite. Kendrich and Edmond (1981)
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have proposed liquid immiscibility to produce associated syenite and 

shoshonite rocks of the Shonkin Sag and Square Buttes laccoliths 

using a gravity-controlled differentiation mechanism.

Eby (1980) studied the ocelli in the lamprophyre dikes from the 

Monteregian Hills and agreed with Philpotts (1976) that liquid 

immiscibility had taken place. The study indicated that, 1) the 

greater the relative difference in polymerization of the two 

coexisting melts, the stronger the high-charge density cations are 

partitioned into the mafic liquid; 2) carbon dioxide, possibly as a 

vapour phase, tends to concentrate high-charge density cations in 

the CO2 enriched phase; 3) the P2Os enrichment in the mafic liquid 

relative to the silica liquid favours positioning of high-charge 

density cations in the C02 enriched phase; and 4) the presence of 

solid phases at the onset of liquid immiscibility can affect element 

distribution.

Eby (1980) established that it was necessary to know the 

compositions of the immiscible liquid pairs before quantitatively 

using the partitioning of minor and major elements to support liquid 

immiscibility.

Ferguson and Currie (1971) describe ocelli from lamprophyre 

dikes found at the Callendar Bay complex, Ontario, which they 

ascribe to liquid immiscibility.

Using rare earth element distribution patterns on ijolitic and 

carbonatitic rocks from the Seabrook Lake and Callendar Bay alkalic 

rock-carbonatite complexes, Cullers and Medaris (1977) developed a 

three stage process for their formation. The process is: 1) small 

degrees of partial melting of upper mantle with a rare earth element
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content less than that for ijolite; 2) crystallization fractionation 

of this melt producing residual melts with rare earth element 

content of ijolite; and 3) carbonatite forming as an immiscible

liquid phase from the parent ijolite.

A problem of the generation of dike-like bodies of apatite and 

iron-titanium oxide such as found in the No.6 ore body at the Lakner 

Lake alkalic rock complex. Philpotts (1967) proposed that these 

bodies represent an eutectic mixture of three immiscible phases, 1) 

diorite, 2) iron-titanium oxide, and 3) apatite which coexist 

between temperatures of 850-1000 0 C. The dikes are immiscible 

liquids which have separated from silicate melts that have undergone 

strong differentiation. Philpotts (1967) suggests that sodium, an 

important constituent in alkalic melts, may play an important role.

High MgO/FeO ratios in magmas tend to raise liquid temperatures 

while CaO, FeO, Fe 2O 3 , alkalies and water tend to lower the liquidus 

and promote or encourage immiscibility (Irvine, 1975). Alkalies 

appear to suppress immiscibility over a broad compositional range, 

however they also appear to be essential for its development by 

suppression of the silicate mineral liquidus, so melts precipitating 

minerals leave access to the alkali feldspar solvus (Irvine, 1976). - 

The presence of silicate-liquid immiscibility in alkalic volcanic 

rocks of western Sicily consisting of felsic ocelli in a basaltic 

host member described by Lucido (1981). The felsic ocelli are 

richer in Si, Al, Na and K and poorer in Ga, Fe. Mg, Mn, Ti and P 

than basaltic rocks and on the basis of both texture and chemistry 

they are interpreted as an immiscible feature.

The work of Koster Van Groos and Wyllie (1966, 1968, 1973) and
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Koster Van Groos (1975) establishes the possibility of liquid 

immiscibility in systems analogous to carbonatite-ijolite complex 

es. These immiscible systems consist of three immiscible phases. 

One phase is an aqueous alkali carbonate low in silica and analogous 

to carbonatite and a second is an alkaline silicate low in carbonate 

analogous to ijolite. The third phase is a carbonate-rich, alka 

line, aqueous liquid analogous to a fenitizing fluid. Since the 

solidus of the carbonatite magma occurs at much lower temperatures 

than the associated silicate magma, the immiscible split forms a 

carbonatite magma that is superheated. Loss of alkalies from the 

carbonatite magma (fenitization) would cause rapid solidification of 

the carbonatite magma. Immiscibility is dependent on composition, 

temperature and pressure.

Fluid inclusion studies of apatite crystals in carbonatite 

complexes by Rankin and LeBas (1974) and LeBas et al (1977a) have 

identified immiscible phases in natural occurring systems analogous 

to experimental results.

Philpotts (1976), Philpotts and Hodgson (1968) and Eby (1980) 

have documented the occurrence of liquid immiscibility in lampro 

phyre dikes and sills which are possibly restricted to dikes of 

limited compositional variation and represent late-stage segrega 

tions .

Roedder (1978) describes liquid immiscibility in a system 

analogous to rocks of syenite composition and Eby (1979, 1980) has 

invoked liquid immiscibility to explain bimodal rock relationships 

in the Monteregian Hills, Quebec. In the case of the alkaline sili 

cate rocks subsequent process of crystal fractionation mask liquid
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immiscibility. The fractionation of phosphorous and titanium into 

mafic liquids during liquid immiscibility versus fractionation into 

silicic liquids for crystal fractionation help distinguish rocks 

originating by these two processes (Philpotts, 1976).

Phosphorous and titanium are concentrated in alkalic rocks and 

on the basis of experimental work by Visser and Rooster Van Groos 

(1979a,b,c), phosphorous and to a much lesser degree titanium favour 

the formation of immiscible pairs. 

Crystal Fractionation 

Experimental Studies

Crystal fractionation involves a magma after it forms, and it 

is a process that has been invoked to explain the origin of alkalic 

rocks and to a more limited extent carbonatites. It is only one 

process of many involved in alkalic rock formation. Most published 

studies deal with pantellerite and comendite alkalic volcanics and 

to a lesser degree alkalic complexes of Greenland.

Bowen (1945) completed a pioneering study in the system Na20- 

CaO-Al203-SiO2 and observed that select liquids would crystallize 

melilite, nephelinite and wollastonite but that under conditions of 

fractional crystallization, plagioclase, initially calcic, later 

sodic, would crystallize. Fractional crystallization in this simply 

system indicates that alkalic rock compositions could be produced by 

fractional crystallization.

In the NaAlSi303-KAlSi30s-Si02 system feldspar crystallizing 

from a silica oversaturated peralkaline liquid is more potassium 

rich than the parent liquids (Bailey and Schairer, 1964). This 

phenomenon is known as the "orthoclase effect" and the separation of
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alkali feldspar from slightly alumina deficient liquid will 

fractionate alumina and potassium leading to strongly peralkaline 

and sodic residual liquids.

The system NaFeSi2O6-CaMgSi2O6-H2O was studied by Nolan 

(1966). The presence of water in this system will depress the 

melting point of nepheline and albite more than that of acmite and 

diopside. Crystal-liquid equilibrium could therefore have strong 

control in the genesis of both nepheline syenite and peralkaline 

nepheline syenite (1966). If magnetite is precipitated from the 

system, the liquid may be enriched in silica and Na2O-2SiO2 if not 

resorbed.

The operation of the "plagioclase effect", i.e. crystalliza 

tion of plagioclase rather than albite, might lead to liquids 

enriched in Na2O and SiO2 (Nolan, 1966). The study indicated that 

the "plagioclase effect" in the above system moves the liquid 

composition towards the granite minimum and the removal of silica 

would move the liquid composition from the alkali feldspar join 

towards the nepheline syenite minimum. Processes that could remove 

silica are the precipitation of pyroxene rather than magnetite or 

the gaseous transfer of silica (Nolan, 1966).

The system NaAlSi 3o8-KAlSi 30 8-Si02 was examined by Thompson and 

MacKenzie (1967) with the addition of 5 percent Na2Si02/ NaFeSi206/ 

K2Si03 and NaKSi03 in four pseudoternary joins. Synthetic peralka 

line liquids fractionating in the feldspar phase volume in 

SiO2-Al203-Na20-K20 will move into the low temperature zone and hold 

there by the crystallization of feldspar of Or3o-40 composition. 

There are fractionation curves from both sodic and potassic
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trachytes into a low temperature zone and there is also a liquid

line of descent into the "ternary" minimum region in Ab-Or-Qz and 

the line of minimum temperature across the feldspar-quartz field 

boundary surface in SiO2~Al2O3-Na2O-K20 (Thompson and MacKenzie, 

1967). Rock types parent to pantellerite and comendites are both 

sodic and potassic trachytes and rhyolites. These rocks or other 

similar compositions which fall into the low temperature zone which 

must be slightly peralkaline or within the metaaluminous range in 

bulk composition, can become peralkaline through the operation of 

the plagioclase effect (Thompson and MacKenzie, 1967).

A comparison of peralkalinity (Na2O plus K2O/A12O3) versus 

sodacity (Na2OXNa20 plus F^O) with peralkaline felsic volcanic and 

plutonic rocks show a distribution closely corresponding to 

experimental results. The results of the investigators support 

crystal-liquid processes in the genesis of alkalic rocks, and 

fractional crystallization of any slightly alumina undersaturated, 

silica-saturated trachytic or syenitic liquid, or a similarly 

alumina deficient rhyolitic liquid would give rise to a sodic 

peralkaline felsic liquid.

Warner (1973) derived silica saturated liquids from silica 

undersaturated liquids by either fractional crystallization or part 

ial melting in the system CaO-MgO-SiO2~H2O and noted that under 

extreme fractional crystallization, rhyolite may be produced. A 

thermal barrier on the vapour-saturated liquid surface near the 

CaMgSi2Os-Mg2SiO4-H2O join exists which upon crystallization on the 

silica-poor side may yield silica undersaturated, lime rich liquids 

resembling simplified Kimberlites (Warner, 1973).
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Olivine ugandite from Uganada was studied by Edgar et al (1980) 

in the presence of water and carbon dioxide. Clinopyroxene is the 

only liquidus phase at pressures greater than 30 Kb under H 20 satur 

ated conditions which indicates that it is unlikely that these lavas 

rich in potassium are formed by partial melting of a peridotite 

mantle in the presence of water alone. With the presence of carbon 

dioxide in addition to water clinopyroxene, orthopyroxene and garnet 

are present on the liquidus at 30 to 35 Kb pressure (Edgar et al, 

1980). Olivine ugandite may be formed by small degrees of partial 

melting of a peridotite mantle containing both water and carbon 

dioxide at less than 30 Kb and at 1250 to 1300 0 C.

Early fractionation in the presence of water and carbon dioxide 

of olivine and olivine plus clinopyroxene can explain the rock 

sequence olivine ugandite-ugandite-olivine leucitite (Edgar et al, 

1980).

Wyllie and Bigger (1966) investigated fractional crystalliza 

tion in the system CaO-MgO-FeO-H2O and CaO-CaF-P2O5-CO2-H20 and 

identified carbonate-rich liquids to temperatures as low as 575 0 C. 

The liquids are at low viscosity and crystallization paths are 

dependent on pressure, temperature and vapour composition. Crystal 

fractionation within these systems could produce rocks analogous to 

those observed in nature (Wyllie and Bigger, 1966).

Bultitude and Green (1967) used synthetic systems analogous to 

rocks that contain high pressure xenoliths in natural rocks. Under 

dry conditions, fractionation at high pressure did not produce 

compositional trends found under natural conditions which would 

produce olivine basanite, olivine nephelinite, olivine melilite
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nephelinite; however under wet conditions at 28 Kb to 27 Kb, the 

fractionation trend is dominated by orthopyroxene, which upon separ 

ation with minor olivine and later by garnet, produces liquids 

closely matching the olivine nephelinite, olivine melilite nephelin 

ite series (Bultitude and Green, 1967). Highly undersaturated 

olivine and melilite nephelinite lavas can be developed by extreme 

crystal fractionation of picritic magmas or low degrees of partial 

melting of the mantle at 60 to 100 km and small amounts of water are 

essential to produce these magmas at temperatures of 150 to 250 e C 

below that required under dry conditions.

Watkinson and Wyllie (1971) studied the system NaAlSiO4-CaC03- 

H2O at 1Kb, 25 percent water and a temperature of 600 to 900 0 C. 

Crystal fractionation in this system is capable of producing the 

following mineral assemblages: 1) nepheline, 2) melilite plus 

nepheline, 3) hydroxyhauyne plus melilite, 4) cancrinite plus 

melilite, and 5) calcite plus cancrinite plus melilite (Watkinson 

and Wyllie, 1971). These investigators observed that late-stage 

fractions are rich in calcite and the associated vapour rich in 

sodium. The sodium-rich vapour may be analogous to a fenitizing 

fluid found associated with carbonatite complexes (Watkinson and 

Wyllie, 1971). The system is analogous to the carbonatite at Oka, 

Quebec, but the absence of melilite in Ontario carbonatites may 

restrict its applicability to Ontario. Melilite is formed at low 

pressure and its absence indicates higher pressure or deeper levels 

of exposure, or perhaps both.

Yagi and Onuma (1978) studied nephelinitic rocks via the system 

Na2O-CaO-MgO-Al2O3-TiO2~Si02. At high temperatures and pressure
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crystallization does not produce melilitic nephelinite. At low 

pressures two trends occur. These are 1) olivine nephelinite to 

nephelinite and 2) olivine melilite to melilite nephelinite. Gener 

ally the nephelinite magma will crystallize before all the olivine 

has reacted (Yagi and Onuma, 1978). Melilite-free rocks crystallize 

at greater depth (higher pressure) than melilite-bearing rocks. 

Field Studies

Peralkaline glass compositions from world-wide locations were 

examined by Noble (1968) who observed that Fe plus Mn increases and 

Al decreases nonlinearly with both Na and Na plus K content and the 

Na/K ratio. He related the observation to crystal fractionation of 

a trachyte magma to derive both comendite and pantellerite glasses. 

A ternary plot of Na, K and Al plot in a thermal low within the 

system NaAlSi308-KAlSi3-08-SiO2- Extension of this thermal low for 

more peralkaline and iron rich compositions may be analogous to the

system Na20-Al2O3-Fe2O3-SiO2-

McBirney and Aoki (1968) studied major element trends in 

volcanic rocks of Tahiti and observed two trends. One trend 

consisted of syenite and trachyte and the other phonolites and 

nepheline syenites. They proposed that fractionation of major 

minerals, feldspar, silica-poor pyroxene, kaersutite, biotite and 

iron titanium oxides should have caused silica enrichment which was 

not observed. Therefore, crystal fractionation is not a deciding 

factor in magma composition but depth of origin; more undersaturated 

magmas have a deeper origin. Crystal fractionation follows in the 

evolution of magmas of differing composition.

A comparison of mildly peralkaline comendite glasses from



-30-

oceans and continents using the system Na2O-K2O-Al203-8102 indicate 

that the comendites are derived from a trachyte parent by fractional 

crystallization of alkali feldspar (Bailey and MacDonald, 1970). 

Continental comendites have a pattern consistent with derivation 

along a quartz-feldspar minima and may represent partial melting in 

the continental crust in the presence of alkali-bearing vapour.

Schilling and Winchester (1965) subdivided the Hawaiian lavas 

into three groups; tholeiites, alkalic and nephelinite-melilite and 

examined the rare earth element contents. The rare earth element 

patterns are consistent with deriving the alkalic volcanics by 

crystal fractionation of an olivine basalt magma (Schilling and 

Winchester, 1969). However, the trachytes had a more complicated 

past which could be explained by either fractional crystallization 

of olivine basalt to tholeiite magma or differing degrees of partial 

melting of the mantle. The rare earth element data are consistent 

with either a fractional crystallization or partial melting model 

for the derivation of the three Hawaiian volcanics.

Using minor element chemistry Rb, Sr, Ba and Zr, Abbot (1969) 

interpreted the alkalic volcanics of the Nandewar volcano, N.S.W. 

Australia, to be the product of crystal fractionation of silica 

saturated olivine basalt. The composition varies from alkali 

olivine basalt to comendites or alkali rhyolites. The clinopyroxene 

varied from diopsidic augite in the olivine gabbro to 

riebeckite-arfvedsonite in the trachyte and comendites. Abbot 

(1969) found no evidence for crustal contamination, xenoliths were 

absent and volatile and metasomatism were minor.

Coombs and Wilkinson (1969) derived the silica undersaturated
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trachytic volcanic rocks of the Otago volcanic province, New Zealand 

by crystal fractionation of an olivine basalt parent and phonolitic 

volcanics from a basanitic parent. Fractionation trends in both the 

sodic and the potassic series are defined by variation in 

differentiation index and normative nepheline and the trends 

indicate that the degree of undersaturation of the derivative sialic 

liquid is dependent on the parent and influenced by the partial 

pressure of oxygen (Coombe and Wilkinson, 1969). The production of 

phonolite from a trachyitic magma could not be established. Three 

lineages were proposed: 1) alkali basalt-hawaiite-mugearite- 

benmoreite-trachyte, 2) basanite-nepheline hawaiite-nepheline 

mugearite-nepheline benmoreite-phonolite, and 3) a nephelinite 

series of .restricted composition. Two other lineages were proposed, 

trachybasalt-trachyandesite-tristanite-trachyte and sanadine 

basanite-nepheline trachyandesite-nepheline tristanite-phonolite.

Coombe and Wilkinson (1969) propose that crystal fractionation 

can derive the major element chemistry found in the lineages but 

does not account for the diversified parent. Alkalic magmas 

crystallize over broad temperature and pressure ranges and small 

variations in initial magma composition may persist to-very late 

stages. Derivative liquids produced by low pressure fractionation 

follow no single line of descent to phonolite or peralkaline 

compositions into which they should ultimately converge.

Bowen (1937) attributed the glassy peralkaline trachyte in 

Kenya to crystal fractionation. However, chemistry completed by 

McDonald et al (1970) is not consistent with crystal-liquid 

equilibria. These investigators suggested an alkali feldspar-
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liquid-alkali bearing vapour equilibrium for evolutionary control.

Barberi et al (1971) and Barberi et al (1975a,b) consider the 

alkalic rocks of the Ethiopian rift valley to be products of crystal 

fractionation under low and falling oxygen fugacity of mildly 

alkalic magma. This fractionation produced iron enrichment and 

clinopyroxene more typical of tholeiitic rocks than alkalic. Low 

water pressure favours crystallization of plagioclase rather than 

clinopyroxene giving rise to the observed iron enrichment and 

products more typical of tholeiitic and alkalic suites (Barberi et 

al, 1971).

The order of mineral paragenesis is olivine, plagioclase, 

clinopyroxene, iron-titanium oxides, alkali feldspar and the 

transition to peralkaline rocks did not go through a true trachyte 

field (Barberi et al, 1975b). The alkalic nature of these volcanics 

is determined by the "plagioclase effect". It is suggested (Barberi 

et al, 1975b) that at the transition to the pantellerite field, a 

sudden drop in the pressure of oxygen occurs with the crystalliza 

tion of iron-titanium oxides which is followed by an increase in 

oxygen pressure. This limited oxygen unbuffered zone is important 

in the basalt-pantellerite transition for it permits a marked 

chemical variation in a restricted crystallization interval which 

may account for the apparent scarcity of rocks of transitional 

compositions. Barberi et al (1975b) interpret the Ethiopian rock 

series to be from transitional basalt to comendite and/or 

pantellerite and that it should be subdivided from alkalic under 

saturated igneous rocks derived by differentiation of alkalic 

basalts .
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Bizouard et al (1980) attributed the alkalic and tholeiitic

rocks of the Afar Rift, Ethiopia to be the result of crystal 

fractionation of transitional basalts at shallow levels. In the 

alkalic rocks, olivine was stable throughout the crystallization 

sequence and clinopyroxene has a composition intermediate between 

tholeiitic and alkalic. The alkaline affinities, low K2O relative 

to Na2O, are preserved during crystallization due to fractionation 

of plagioclase (Bizouard et al, 1980). Plagioclase crystallization 

leaves a magma with increased alkali and decreased alumina content. 

The chemistry indicates the operation of the "plagioclase effect". 

Anorthoclase crystallizes from the residual liquid.

Gibson (1972) using major and minor element data related the 

volcanics of the Ethiopian rift to crystal fractionation of alkalic 

feldspar. He interpreted his data to explain all chemical varia 

tions found in the volcanics.

The rare earth element, strontium, and barium contents found in 

alkali rocks from Oki-Dogo Island, Japan, were studied by Nagasawa 

(1973) and the results indicated that basalts and trachyte could be 

explained by crystal fractionation of olivine basalt magmas but 

other rocks had more complicated histories.

In a study of Precambrian potassic ultramafic biotite pyroxen 

ite and biotite peridotite rocks of Greenland, Upton and Thomas 

(1973) proposed a model of fractionation of forsterite olivine from 

a more magnesian magma of Kimberlite type. This model presents the 

potassic ultramafic rocks as being a residue of the fractionating 

magma. It was also suggested that Kimberlites may be the residue 

magma derived from eclogite fractionation of iron-titanium rich
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primary magmas in the upper mantle (Upton and Thomas, 1973).

Green et al (1975) examined lherzolite bearing lavas in Hawaii 

and considered the volcanics to represent primary magmas of alkali 

olivine basalt or basanite composition derived by partial melting of 

mantle. Some volcanics consisting of hawaiite, mugearite, and 

nepheline benmoreite with a (100 MgJ/Mg plus Fe ratio of approxi 

mately 60 or less are the result of crystal fractionating of alkali 

basalt or basanite magmas in the upper mantle (Green et al, 1974). 

The fractionation trends are dominated by kaersutitic hornblende 

together with olivine, and perhaps clinopyroxene.

Villari (1975) studied pantellerite from the Island of 

Pantelleria and related the various alkalic rocks by crystal frac 

tionation of a mildly alkalic parent. The pantellerite represents 

depletion of Mg, Fe, Se, Co, Ce and Sr in the initial stages due to 

fractionation of plagioclase, olivine and pyroxene. The strontium 

data suggests a common parent for alkalic and peralkaline volcan 

ics. Villari (1975) recognized two groups: 1) a low iron group 

transitional in composition towards comendite, and 2) a high iron 

group which is considered the type pantellerite. Alkali feldspar 

dominated the fractionation of high iron group which took place 

under high volatile pressure and low oxygen fugacity (Villari, 

1975). The low iron pantellerites may have resulted from pressure 

release and higher oxygen fugacities.

In the Azores contemporaneous basalt and salic peralkaline 

lava were interpreted by Self and Gunn (1976) to result by partial 

melting in the mantle followed by crystal fractionation to develop 

oversaturated peralkaline magmas. The model is based on major
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element chemistry.

A study of the Oslo Region plutonic rocks using major element 

rock chemistry and mineral chemistry by Neumann (1976) relates the 

various rocks and pyroxene compositions (augite to aegerine) to 

plagioclase fractionation. The formation of peralkaline rocks was 

by crystallization of plagioclase from a melt that was initially 

alkaline. This is the "plagioclase effect" and this can relate 

genetically nepheline syenite, peralkaline alkali syenite, alkali 

granites, monzonites, and plagiofoyaites.

The intrusions were over to undersaturated in silica and of 

intermediate composition due to the removal of feldspar -f olivine ^ 

clinopyroxene * Fe-Ti oxide + apatite (Neumann, 1980). The parent 

magmas are basaltic which underwent fractional crystallization at 

between 7 and 10 Kb pressure in the lower part of the crust before 

emplacement at their present level.

Intermediate composition rocks are absent from the ferro- 

basalt-pantelleritic trachyte association at the Emuruangogolak 

volcano on the Kenya rift, Kenya (Weaver, 1976-1977). Using major 

and minor element data, the basalts and trachytes are related and he 

proposed crystal fractionation as the means of tying them together. 

Weaver (1976-1977) suggested that melts of intermediate composition 

(45-59 percent Si02) are rapidly traversed and therefore of small 

volume.

Transitional basalts, ferrobasalt, benmoreite, and trachyte 

flows in the Gregory Rift, Kenya are related by crystal fractiona 

tion (Baker et al, 1977). Plagioclase, clinopyroxene, olivine, 

titanomagnetite, and apatite crystallization determine compositional
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trends. Baker et al (1977) found no evidence of wall rock reaction, 

magma mixing, crustal partial melting or volatile transfer.

Alkaline eruptive and plutonic rocks in the northeast Atlantic 

were examined using major and trace element contents (Stebbins and 

Thompson, 1978). The investigators invoked fractional crystalliza 

tion of a hydrous magma characterized by early formation of titanium 

rich biotite rims on olivine. The incorporation of titanium into 

the biotites generated pyroxene with low Ti/Al ratios and increasing 

differentiation is marked by a decreasing K/Na ratio (Stebbins and 

Thompson, 1978).

Using rare earth element and Rb-Sr isochron data on rocks from 

the Mondor complex, Central Australia, Langworth and Black (1978) 

proposed crystal fractionation to derive the ultrapotassic rocks. 

Their data indicated that the rocks are the product of crystal 

fractionation of an ultrapotassic magma derived from partial melting 

of a phlogopite-bearing heterogeneous mantle. The Mondor complex 

lies along a lineament containing the "Mud Tank" carbonatite and 

appears similar to the ultrapotassic rocks of Greenland described by 

Upton and Thomas (1973).

Mclver and Ferguson (1979) examined kimberlitic and carbona- 

titic rocks at Sutherland, South Africa. The carbonatite eruptives 

are related through a combination of the processes of crystal 

fractionation, liquid immiscibility and crystal-liquid reaction 

phenomena in an ascending kimberlitic magma. The alkalic magma was 

generated by partial melting of a hydrous carbonate-bearing garnet 

lherzolite mantle at a depth of 100 to 200 km. The kimberlite was 

considered by Mclver and Ferguson (1979) to be the primary magma.
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The simplified model is of olivine and orthopyroxene fractionation 

in kimberlite magma followed by liquid immiscibility in the 

carbonate phase followed by olivine-liquid reaction forming olivine 

melilite. If fractionation goes beyond the limits of melilite 

stability, it would give rise to assemblages of potassium-rich 

trachytes (Mclver and Ferguson, 1979).

Mclver (1981) generates lamprophyre and alkali gabbro by frac 

tionation of phlogopite from an olivine melilite magma. The 

proposal is based on a study of ultrabasic and basic alkaline 

intrusive rocks from Bitterfontein, South Africa. The proposed 

trend displays no overlap with rocks of tholeiitic affinity (Mclver, 

1981).

Crystal fractionation in syenite liquids of feldspar * olivine 

* clinopyroxene * magnetite tends to Mg-poor alkali feldspar- 

ferrohedenbergite-fayalite-magnetite rocks within the laminated 

syenites of the layered series of the Klokken gabbro-syenite 

complex, south Greenland (Parsons, 1981). Crystallization was 

probably over a narrow temperature interval, possibly 880 to 940 e C.

Crystal fractionation in synthetic systems can produce alkalic 

residual magmas. The production of an alkalic magma depends on 

original composition, pressure and temperature which determine the 

crystals to first form and residual fluid composition. The "plagio 

clase effect" can produce sodium-rich, silica-rich fluids and the 

"orthoclase effect" will also fractionate potassium and alumina 

leaving sodium-rich liquids. Pyroxene or pyroxene plus olivine 

crystallization will remove silica from the system leaving a 

residuum richer in alkalies than the parent magma.
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Experimental and field studies have both indicated that

fractional crystallization plays a role in the development of rocks 

as we now seen them. Both the "plagioclase effect" and the "ortho 

clase" effect have played roles in the development of some rocks. 

Pyroxene, olivine/ mica and amphibole crystallization have influ 

enced others. Crystal fractionation does not develop alkalic magmas 

but appears to make more alkalic magmas that already exhibit alkalic 

affinity. Pressure, temperature, and original composition play 

vital roles in the crystal fractionation process in relation to 

alkalic rocks. The formation of primary alkalic magmas is likely 

depth controlled with alkalic magmas from deeper levels than 

tholeiitic magmas.

Crystal fractionation has not by itself been invoked to gener 

ate carbonatites but it has been applied along with liquid-crystal 

reaction and liquid immiscibility to generate rocks as we now see 

them from an alkalic mafic magma. 

Magma Mixing

Magma mixing has not been applied to the generation of alkalic 

rocks but to explain disequilibrium relationships observed in them. 

In a volcanic environment evolved magmas will continuously be mixed 

with more primitive magma with each magmatic pulse. Most investiga 

tions into magma mixing concern volcanic rocks or composite dike 

rocks. Most composite dikes have been explained in terms of liquid 

immiscibility and the reader should refer to that section of this 

report dealing with the topic.

Chapman and Powell (1976) explained anorthoclase megacrysts 

associated with megacrysts of kaersutite, aluminous augite, pyrope
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titanomagnetite, biotite and apatite associated with cumulate 

nodules and occasionally with mantle derived spinel lherzolite 

nodules in alkali basalt as products of magma mixing. Assuming 

eogenetic anorthoclase megacrysts and cumulate nodules it is 

observed that the nodules are anorthoclase free, suggesting that the 

anorthoclase remained suspended in the magma while other minerals 

sank (Chapman and Powell, 1976). On the basis of density 

calculations the anorthoclase crystals crystallized in magma of 

trachyandesite composition while the megacrysts generally are hosted 

by magmas more basic than trachybasalts. The anorthoclase crystals 

did not crystallize from the host basalt but were picked up from a 

more highly evolved magma by a later surge of more primitive magma 

(Chapman and Powell, 1976).

Megacrysts of clinopyroxene, kaersutite, ferrokaersutite, 

orthopyroxene, and anorthoclase from several Australian volcanic 

centers were examined by Stuckless and Irving (1976). Chemical 

equilibrium with host volcanics existed for the clinopyroxene but 

other megacrysts were in chemical disequilibrium with the hosts. In 

addition, the anorthoclase may be more or less radiogenic than the 

host basalts and the Sr^/sRSe ratio for 14 basalts within the study 

area varied from 0.7035 to 0.7045. The data indicate that the 

anorthoclase, amphibole, and orthopyroxene megacrysts crystallized 

in isotopic equilibrium with one magma and that they were caught up 

in a pulse of later magma of differing isotopic composition. The 

variation in strontium ratios is attributed to a heterogeneous 

source area (Stuckless and Irvine, 1976).

A study of relict phenocryst phases in mafic alkaline volcanic
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rocks was undertaken by Brooks and Prinzlau (1978). Rounded green 

clinopyroxene richer in Na, Fe, and Mn than groundmass pyroxene was 

observed. This feature was considered by the investigators to be 

common in alkaline rocks such as basanites, monchiqites and leuci- 

tites. Some of the pyroxenes are accompanied by iron-rich 

kaersutite, biotite, anorthoclase, sodium plagioclase, apatite, 

magnetite, and sphene which are cognate with green clinopyroxene 

(Brooks and Printzlau, 1978). This disequilibrium is the result of 

crystals being derived from intermediate to salic magma which have 

become mixed with more primitive magma. The model is one of mafic 

alkaline magmas evolved in the mantle which display high Fe/Mg ratio 

and low Ni content and are the result of melting of anomalous meta- 

somatized mantle. Volatile and incompatible element influx from 

deeper levels of the mantle will locally or regionally generate less 

dense mantle compositions which would cause uplift and doming 

(Brooks and Printzlau, 1978). The process is concomitant with 

partial melting, possibly delayed for long periods, which evolves 

melts rich in incompatible elements and volatiles. These magmas 

rise to intermediate level magma chambers which are subsequently 

overtaken and mixed with less evolved or more primitive magmas.

Most magma mixing studies deal with non-alkalic rocks, however 

the general conclusions are the same. Evidence for magma mixing is 

based on the recognitiion of megacrysts that are not in chemical 

equilibrium with their host rock. This feature has been regularly 

explained as resulting from more evolved alkaline magmas being mixed 

with less evolved magma in response to later magmatic pulses. Magma 

mixing, as presently envisaged, does not generate alkalic magmas but
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the process results in more complex mineral-liquid relationships. 

Assimilation and Mineral Resorption

Assimilation has been proposed by several investigators to 

either generate or modify alkalic magmas.

Von Eckermann (1948a,b) discounted limestone syntexis for the 

generation of the Alno carbonatite complex, but proposed 

assimilation of silica and some soda from the wall rocks by a low 

temperature potassium-rich carbonatite magma to derive some of the 

alkalic rocks (desilicated and alkalized) found at the complex.

Holmes (1950) proposed assimilation of crustal material by 

carbonatite to generate the compositions displayed by ultrapotassic 

volcanic rocks found in East Africa. The influx of magmatic 

carbonate would also lower the density beneath the rift causing 

uplift which is common in regions of alkalic magmatism (Holmes, 

1950).

Rubidium-strontium isotopes within potassic lavas in the Roman 

province of Italy indicate high levels of strontium concentration 

(Harley et al. 1966). The study suggests that the isotopes could 

not have been derived from carbonatites, normal basalts, or by lime 

stone assimilation, but by anatexis of continental crust containing 

anomalously high strontium content, with possible admixture of alkali 

basalt magma.

On the basis of strontium isotope ratios of 0.7036 to 0.711 

Bell and Powell (1969) discounted limestone syntexis and fractional 

crystallization and proposed mixing of two end products such as 

sialic crustal material and carbonatitic or nephelinitic magmas for 

the origin of carbonatites in east and central Equitorial Africa.



-42-

The data displayed a linear correlation with rubidium-strontium 

ratios and a negative correlation with Sr, Rb and Zr abundances.

A later study (Bell et al, 1973) of strontium isotopes on the 

carbonatite volcano Oldoinyo Lengai, Tanzania, did not support 

crustal or sialic contamination. The low Rb/Sr ratio for these 

carbonatite volcanics support an upper mantle origin for the carbon- 

atitic volcanics.

Using major and minor element chemistry, Nixon and Hornung 

(1973) examined 40 alkalic rocks from Uganda and proposed that 

assimilation at depth of sialic crustal material by carbonatite 

magma was required to explain rock compositions. The rocks were low 

in Si, Ti, Al, K and Rb. They proposed assimilation of crustal 

rocks by carbonatite magmas followed by gravitational separation of 

olivine, biotite and pyroxene from this low specific gravity magma.

A suite of volcanic rocks referred to as basaltic from the 

Queen Range, Antarctica containing high silica (56.5 percent) and 

potassium (1.29 percent) and low alumina (12.92 percent), magnesium 

oxide (13.44 percent) and calcium oxide (3.44 percent) was examined 

by Faure et al (1974). The Sr^/Sr^6 ratio ranged from 0.7094 to 

0.7133 and Na2O, K2O, P2O5* Rb an^ Sr decrease stratigraphically 

upward and TiO 2 , A1 2O3, MgO, CaO, and MnO increase stratigraphically 

upward. The chemical data is inconsistent with crystal fractiona 

tion and is compatible with a normal tholeiitic magma assimilating 

varying amounts of granitic rock in the Precambrian basement (Faure 

et al, 1974) .

The Borgtinderne, Greenland syenite complex was examined by 

Brown et al (1978). This complex contains mechanically disaggre-
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gated basalt, breakage of which was aided by metamorphic and 

metasomatic processes. The incorporation of basalt is reflected by 

the non-linear nature of major element chemistry (Brown et al, 

1978). A model of intruding syenite magmas undergoing crystal 

fractionation of alkali feldspar producing ever increasing silica- 

undersaturated and peralkaline liquids was proposed. Direct large 

volume assimilation of basalt by syenite is not energetically 

possible and thus mechanical disintegration is the proposed mechan 

ics of forming hybrid syenite (Brown et al, 1978).

Using (NaaO plus K2O) versus SiO2 plots and AFM diagrams for 

alkali olivine basalts from both continental and oceanic settings, 

Schwarzer and Rogers (1974) concluded that alkalic magmas were 

generated at sufficient depth to be unaffected by c.hemical and ther 

mal differences between mantle and surface. The magma composition 

is unaffected by the type of crust through which it passes.

Vollmer (1975) interpreted strontium isotope data from Vesuvius 

to indicate that the rocks came from different intrusive centers and 

that limestone assimilation did not take place. The isotope data 

between flows was variable and considered by the investigator to 

result from surface contamination. If limestone assimilation had 

taken place a correlation with volcanic eruption and silica content 

should be observed but it was not.

Cox et al (1976) obtained a correlation of SrS^/Sr 86 with K, 

Rb, Sr, Ba and Zr on Italian alkalic volcanics whose concentrations 

are considered close to that of primary parental magma derived form 

the mantle. The study would discount significant crustal contamina 

tion for the Roman alkalic rocks on the basis of a lack of major or
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trace element data supporting crustal involvement. Cox et al (1976) 

proposed a heterogeneous source for the Roman alkalic volcanics.

Oxygen isotope data on Roman alkalic volcanics indicate 

increasing crustal contamination from south to north (Turi and 

Taylor, 1976). The volcanics have been subjected to crustal contam 

ination without appreciable oxygen isotope change but contamination 

has produced a correlation between oxygen isotope and silica content 

at several volcanic centers. The isotope data can be explained by a 

mixing model consisting of a primary strongly undersaturated 

carbonated alkaline magma derived from the upper mantle and contin 

ental crust (Turi and Taylor, 1976). Isotope data mitigate against 

limestone assimilation and the highly potassic leucitite lavas may 

be produced by partial melting of portions of the upper mantle that 

was contaminated by ancient subductal material carried down to 

depths in a Benioff zone.

Vollmer (1977) studied lead content and strontium isotopes of 

the Roman alkalic lavas and the results indicate that a mixing model 

is required to explain the data. The two end members consist of a 

mantle derived partial melt and argillaceous sedimentary rocks. The 

Pb data indicates rather uniform compositions but the Sr^/Sr^ 

ratios are variable. The combined Pb and Sr data require that over 

a period of time the Sr concentration ratio for both end members 

must change, perhaps reflecting change in the Sr bulk mineral-melt 

distribution coefficient for the crustal and member prior to mixing 

(Vollmer, 1977).

In 1910, Daly proposed that limestone assimilation by a sialic 

magma would generate the silica undersaturated rock suite. In the
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system NaAlSi 3O8 -CaC03-Ca(OH)2-H2O at 1 Kb pressure and temperature 

of 600 to 1100 0 C Watkinson and Wyllie (1969) observed that 20 weight 

percent limestone was needed to desilicate feldspathic magma to 

produce nepheline. The heat of fusion of the limestone by the 

feldspathic magma would cause crystallization before desilication 

proceeds very far and the C02 that is released during assimilation 

would introduce crystallization in a hydrated magma. Therefore as 

assimilation proceeds, a magma is forced to crystallize and thus 

silica-undersaturated alkalic rocks would be restricted to reaction 

zones at the contact (Watkinson and Wyllie, 1969). The study of the 

above system indicates that the derivation of large volumes of 

alkalic magma by limestone assimilation is not likely and that the 

converse of producing alkalic rocks by sialic rock assimilation by a 

carbonatite magma is also unlikely.

Existing opinions are perhaps split on the possible effects of 

assimilation in the generation of alkalic rocks. Recent literature 

discounts large scale assimilation to generate the alkalic rocks as 

we now see them, however isotope data do indicate crustal contamina 

tion of some alkalic rocks. The experimental work of Watkinson and 

Wyllie (1969) is strong evidence against the generation of alkalic 

rocks by assimilation of carbonate rocks. 

Mineral Resorption

Using published experimental data Luth (1967, 1974) proposed 

that under special conditions muscovite may be resorbed in a 

granitic liquid precipitating leucite upon fractional crystalliza 

tion and that the resorbing of biotite-phlogopite in a water 

saturated silicate liquid caused by a pressure drop can generate
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alkalic magmas.

Paragosite amphibole may interact with an olivine tholeiitic 

liquid and generate a nepheline normative liquid (Luth, 1974). If a 

liquid-amphibole assemblage is intruded to a near surface region, 

the amphibole may be resorbed to produce alkaline magmas, particu 

larly if a portion of the liquid has been previously removed (Luth, 

1974).

If arfvedsonite amphiboles are resorbed by a granitic magma an 

alkaline pantellerite-comendite rock suite could be produced 

(Carmichael and MacKenzie, 1963). If the absorbed amphibole is 

hastingsite-barkevikite, the addition of normative nepheline, albite 

and anorthite to the liquid would desilicate the magma.

If the magma is of intermediate composition, the addition of 

hastingsite-barkevikitic amphibole would add normative nepheline and 

olivine to the magma causing desilication (Luth, 1974). Magmas of 

dioritic, monzonitic, and andesitic composition would have the 

greatest effects of desilication by the absorption of hastingsite- 

barkevikite (Luth, 1974).

In conclusion, mineral resorption can under special conditions 

and/or magma compositions produce desilicated magmas but due to the 

specialized conditions it is not likely to be either a major or 

minor mechanism to produce alkalic magmas. 

Miscellaneous

Harris (1957) suggested that the process of zone refining 

generated potassium-rich basalts. This model envisages that an 

uprising magma formed at great depth will ascend by melting roof 

rock and crystallization at the base. This process will ultimately
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develop a magma enriched in the incompatible elements characteristic 

of the alkalic rocks.

In an experimental test similar, but not analogous to zone 

refining, Sakugama and Kushiro (1979) observed vapour transport in a 

hydrous (7.5 to 12.0 weight percent water) andesitic magma at 

pressures of 5 to 15 Kb and 1,115 0 C. The separation of a vapour 

phase occurs and moves upwards transporting the alkalies resulting 

in alkalic depletion of the base and alkali enrichment at the top of 

the container (Sakugama and Kushiro, 1979).

While zone refining may generate alkalic magmas it remains to 

be established that it is indeed a valid process.

Using major and trace element data, Duchesne et al (1974) 

related monzonoritic and anorthositic rocks in the south Rogaland 

anorthositic complex in Norway. The monzonitic rocks are parental 

to anorthosite and contain high Ti and P; low Si; high Fe/Mg and 

high K207SiO2 which are characteristic of alkalic rocks. Duchesne 

et al (1974) propose partial fusion of kaersutite in the upper 

mantle to generate the required magmas.

Similar rare earth element patterns were found in gabbro, 

syenogabbro, and anorthositic xenoliths from the Tugtutug Younger 

dike complex of south Greenland by Blaxland and Upton (1978). 

Similar enrichment patterns were observed in the Ilimaussq alkaline 

complex and the results interpreted to indicate a relationship 

between all rock types (Blaxland and Upton, 1978). A strong nega 

tive Eu anomaly in the alkaline rocks suggests that considerable 

feldspar fractionation took place at depth before emplacement.

Within the limits of the current project there is no
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demonstratable relationship between anorthositic rocks and alkalic 

rock-carbonatite complexes.

Ayrtan (1974) suggested assimilation of evaporites in rift 

areas to account for the distribution of alkalic rocks and associa 

ted metasomatism. He envisaged the remobilization of alkaline 

material from brines leading to feldspathization.

Within the Grenville Province of the Superior Province Apple 

yard (1974) proposed that metamorphism of an evaporite sequence gave 

rise to the alkaline Grenville gneisses of that province.

Within the project area there is no apparent relationship 

between evaporites and alkalic rock-carbonatite complexes. 

STRUCTURAL RELATIONS 

Geologic Structure and Alkalic Rock-Carbonatite Magmatism

The relationship of major geological structures and alkalic 

rock-carbonatite intrusion or volcanism has been long recognized. 

The distribution of alkalic rocks in Ontario is no exception to this 

recognized relationship with the Ottawa-Bonnechere graben 

(Kumurapeli and Saull, 1966), Kapuskasing horst (Bennett et al/ 

1967) and Big Bay-Ashburton Bay fault system (Sage, 1978a), 

providing apparent structural control for nearly all the alkalic 

rock complexes known to exist in Ontario. The only exception is 

three carbonatites located in northwestern Ontario to which any 

associated major structures are ill-defined due to lack of outcrop 

and sufficient geophysical data. A review of the world-wide 

association of alkalic rock-carbonatite complexes with structure is 

warranted.

Large volumes of alkaline rocks found in East Africa are
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related to expeirogenic movements in continental crust stimulating 

the concentration of alkalies, volatiles, and rare earth elements 

(Bailey, 1964). The restriction of alkalic magmatism to largely 

continental areas results from a passive role of the crust requir 

ing long periods of stability for the secretion of volatile 

beneath. Bailey (1964) recognized that crustal uplift and rifting 

is associated with alkalic magmatism and suggested that uplift 

relieves pressure which encourages partial melting and concentration 

of fugitive elements from the undelying mantle.

In a review of this problem Bailey (1974) suggested uplift 

associated with the East African rift is the result of compression 

and not convection in the mantle. In this model, arching relieves 

pressure, induces melting and encourages volatiles to migrate into 

the lower pressure zone which further encourages melting due to bulk 

chemical changes. The addition of volatiles would permit the forma 

tion of less dense minerals which will tend to generate additional 

uplift. Once induced the zone will to some degree become self 

perpetuating and act as a heat and volatile sink from the surround 

ing mantle for long and periodic activity during geologic time.

Vail (1969) mapped the southern extension of the East African 

rift system and noted a parallelism of rifting and gneissic struc 

tures associated with Precambrian rocks. He also noted a preference 

for rifting in East Africa to occur at margins of Precambrian 

cratonic areas and while locally fractures may cross gneissic 

trends, regionally the structural trends parallel those found in the 

gneisses. Movement along the faults and fractures were dominantly 

vertical even though lateral movement has been recognized (Vail,
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1969).

The age of volcanism and faulting becomes older with increasing 

distances from seismically active zones and this has been 

interpreted as the result of attenuation of the African plate 

(Girdler et al, 1969). A short wavelength positive Bouguer gravity 

anomaly over the center of the rift suggests the presence of intrus 

ive rocks under the rift and long wavelength negative Bouguer 

gravity anomalies imply thinning of the lithospheric plate over the 

rift (Girdler et al, 1969).

As with Vail (1969), King (1970) considered the East African 

rift system to be related to Precambrian structure. The faulting 

associated with the rifting is normal, tensional and characterized 

by arching of the lithosphere. The volcanism is alkaline to 

strongly alkaline with nephelinitic (oldest) being followed by 

trachyte, and then rhyolite (youngest) (King, 1970).

Wooley and Garson (1970) traced the Lebombo monocline in 

Mozambique into the East African rift system and noted an increase 

in the number of carbonatite and nephelinite intrusions as the rift 

is approached. They related varying degrees of partial melting and 

the tapping of the mantle at ever increasing depths to explain the 

observation.

For the East African rift system Saggerson (1970) suggests an 

alkali olivine basalt parent for the alkalic rocks. Along with 

doming and rifting, Saggerson (1970) observed a change in volcanic 

composition from nephelinite (oldest) followed by trachyte, followed 

by rhyolite (youngest). The sequence of volcanic eminations are in 

agreement with those described by King (1970). Saggerson (1970)
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interpreted the rifting to be tensional and suggested on the basis 

of rock chemistry that the primary magmas split by an undefined 

process producing both a mildly subalkaline lava and a strongly 

alkaline lava.

Baker et al. (1971) has also noted compositional changes in 

volcanic eminations. They report that the volcanism changes from 

nephelinite, alkali basalt, and phonolite to later volcanism of 

trachyte, phonolite and nephelinite along the East African rift. 

Only minor rhyolite is present. Phonolitic and trachytic volcanism 

occurred during strong crustal uplift and basaltic volcanism 

occurred during crustal stability implying a relationship between 

tectonism and magma composition (Baker et al, 1970).

The East African rifts occur in continental crust in a tectonic 

setting differing from the oceanic settings (LeBas, 1971). The 

continental rifts are characteristically peralkaline and the oceanic 

setting tholeiitic in the nature of their volcanism. LeBas (1971) 

correlated peralkaline rocks with crustal updoming and suggested 

mantle degassing and expansion at the top of the mantle to cause the 

upwelling and peralkaline volcanism.

Williams (1972) and Cass (1972) correlate alkalic volcanism 

along the East African rift in Kenya to domal uplifting. Gass 

(1972) attributes this doming to mantle plumes penetrating the upper 

mantle.

The structure of the East African rift was summarized in 1972 

by Baker et al. The system is described as consisting of normal 

faults and grabens over a width of 40 to 65 km that crosses domal 

structures in Ethiopia and Kenya. The volcanism associated with the
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rift is alkaline and Baker et al (1972) proposed that crustal 

thinning occurs beneath the rift.

Mcconnell (1967) recognized that the East African rift system 

originated in Early Precambrian time as a wrench fault. He recog 

nized repeated re-activation of the structure throughout geological 

time and as a result of this persistance for such a great length of 

geologic time, he questioned those models requiring continental 

drift to form the rift.

Mcconnell (1972, 1974) recognized high heat flow associated 

with the rift and proposed that the Cenozoic arching along the rift 

is related to Precambrian structures that follow mobile belts molded 

upon ancient shields. These rifts affect the deep lithosphere and 

therefore the mantle is involved in the rifting (Mcconnell, 1974). 

The high heat flow is attributed by him to be the result of intrus 

ion of low density rock beneath the rift. Dilation across the rift 

is minimal (Mcconnell, 1974).

Volcanism along the rifts extends into rifts associated with 

sea-floor spreading and occurs only in those areas of weakened crust 

or cross-over intersections when tectonic compression has slackened 

(Mcconnell, 1974, 1978). He considers the rift to be Archean in age 

(2300 to 2700 m.y.) which would make them similar in age to the 

regional fractures controlling the emplacement of Ontario carbona- 

tites.

In examining alkaline complexes in Angola, southwest Africa, 

Brazil and Uruguay, Marsh (1973) correlated the linears hosting the 

alkaline intrusions with transform faults offsetting the mid- 

Atlantic ridge. This model requires that continental drift be
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active.

The East African rift is interpreted by Oxburgh and Turcotte 

(1974) to be a propagating fracture created by tensional stress in 

the lithosphere. The tension is correlated with plate motion and 

the fracture is migrating southward and associated volcanism will 

migrate with it.

Thorpe and Smith (1974) interpreted the Cenozoic volcanism 

associated with the rift to be related to a non-random thermal- 

tectonic event associated with structures in the lithosphere and 

that younger Mesozoic volcanism may be related to crustal 

separation, thus it is more random in nature.

MacDonald (1975) has recognized several tectonic settings for 

alkalic rocks. These settings are uplift and rifting, oceanic 

islands, later stage development of orogenic cycles, isolated 

occurrences within mobile belts, and areas of extensional tectonics 

at continental margins. The East African setting would be the first 

setting cited by MacDonald (1975) and this may be the dominant 

setting for alkalic magmatism.

Bahat (1979) has interpreted the East African rift system to be 

a function of two processes; an ancient Precambrian event which 

resulted in brittle fracture of the crust and a much later Jurassic 

to recent event of horizontal and vertical movement along this 

earlier system.

The Afro-Arabian dome which is the northern extension of the 

East African rift system displays old alkalic basalt volcanism and 

younger peralkalic volcanism (Cass, 1970). The early phase is 

associated with early uplift and the peralkalic volcanics were
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intruded through attenuated sialic crust. Cass (1970) proposed that 

a thermal event in the mantle raised the temperature, inducing the 

changes to less dense minerals causing uplift, rifting, and partial 

melting. As the thermal event rose, partial melting would take 

place at higher levels producing melts more sialic than those formed 

at depth.

Mohr (1971) examined the Red Sea, Aden Ocean, Afar and the main 

Ethiopian rift. He observed that the alkalic volcanics displayed a 

relationship with the high plateau areas lying beneath the rifts. 

Relative to the plateau areas the rift volcanics are more sodic and 

iron-rich. Mohr (1971) correlated these compositional differences 

to depth of melting and considered the sialic volcanics to be a 

product direct from the mantle.

In a plate tectonic model Khan (1975) correlated the Afro- 

Arabian rift system, Dead Sea, Red Sea, Gulf of Aden and East Africa 

with the ocean ridge system. The East African rift was considered 

by Khan (1975) to be an incipient plate boundary.

Celal Sengor et al. (1978) applied a plate tectonic model to 

explain the Rhine graben system in Germany. The graben is inter 

preted to be the result of strike-slip movement from compressional 

faulting and volcanism that is associated with collision orogeny. 

Celal Sengor and Burke (1978b) recognize two types of rifting. The 

first type occurred where the continent-mantle interface was active 

and volcanism and doming precedes rift formation. The second type 

occurs where the mantle is passive in an oceanic setting and rifts 

form first and volcanism follows.

de Gruyter and Vogel (1981) correlate the alkaline complexes at
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the Nubian Shield in southern Egypt with major linears and not 

directly with doming and rifting. They generate the alkalic magmas 

by melting in the asthenosphene by shear heating caused by plate 

motion.

In a study of plate motion and rifting Mueller (1978) proposed 

a model of transformation of continental crust to oceanic crust in 

an episodic fashion. At incipient rifting the crust-mantle system 

is thermally altered and a graben forms at the surface. Necking of 

the sialic low velocity zone in the upper crust governs the 

beginning of crustal attenuation (Mueller, 1978). Magmatic 

intrusion originates in an anomalous mantle under the rift modifying 

the intermediate and lower crustal layers. The initial crust is of 

intermediate composition and is later replaced by oceanic crust by 

injection from mantle sources.

Ramberg and Spjeldnes (1978) have proposed a history of rift 

development based on their studies in the Oslo graben. The life of 

the rift follows a definite pattern which is as follows:

1) A stage of fracturing, intrusion and subsidence of sedimentary 

basins ,

2) An initial volcanic stage with possible crustal doming,

3) Normal faulting, fissure eruptions, rift valley formation and 

granitic intrusion,

4) A central volcano and cauldron stage accompanied by explosion 

vents and diatremes,

5) The emplacement of composite batholiths, and

6) Terminal stage of faulting and dike intrusion.

Alkalic rock complexes are common in the Oslo graben, however
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carbonatite complexes which are common to the East African rift are 

rare in the Oslo structure.

The Baikal rift in the U.S.S.R. is underlain by anomalous 

mantle which Zorin (1981) interprets to be the result of astheno- 

spheric mantle intruding into the lithosphere. Intrusion has caused 

faulting and occurs above convectively ascending anomalous mantle. 

Alkalic rock complexes display a strong correlation with deep 

continental fractures which may have existed since Precambrian 

time. These fractures have undergone episodic reactivation through 

geologic time. The generation of the rifts and associated alkalic 

magmas have their origin in mantle processes even though the nature 

of these processes are not understood. 

Geophysics of Rifts 

East African Rift

Baker et al. (1972) reports a negative Bouguer anomaly over the 

East African rift and an axial positive Bouguer anomaly. The 

gravity data indicate crustal extension on the order of 10 km below 

the floor of the central rift as a result of intrusion of mafic 

igneous rocks.

The East African and the West African rifts are presently 

seismically active (Bath 1975).

Pairhead (1976) has interpreted the negative Bouguer anomaly 

over the East African rift to represent lithosphere thinning and 

replacement by low density asthenosphere. Lithosphere thinning is 

restricted to the rift and areas affected by domal uplift. The 

axial positive gravity anomaly is attributed to intrusion of mafic 

dikes (Fairhead, 1976). Negative anomalies within rifts are
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correlated with thick sequences of sediment (up to 3 km thick) and 

negative anomalies along the flanks are correlated with low-density 

volcanics (Fairhead, 1976).

The axial positive anomaly terminates just north of where the 

Kenya rift valley changes to block faulting in northern Tanzania 

(Fairhead, 1976). This termination coincides with change in spatial 

distribution of seismic and geothermal activity.

Fairhead and Reeves (1977) using teleseismic P-wave travel time 

residuals predict a thin lithosphere or thick asthenosphere is 

associated with the East African rift system. This is in agreement 

with Fairhead's (1976) interpretation of the Bouguer gravity 

anomalies over the rift.

Using gravity Fairhead (1979) related uplifted domal areas in 

North Africa to the East African rift system and considered the 

crust to be under tension. 

Baikal Rift

The Baikal rift of the U.S.S.R. is attributed to crustal atten 

uation with neck-shaped strain developing in the crust (Artemjev and 

Artyushkov f 1971). The crust is plastically deformed and faults 

formed only in upper layers of crust which is highly viscous. The 

rift is characterized by negative Bouguer gravity anomalies 

(Artemjev and Artyushkov, 1971).

Logatchev et al (1978) describe the Baikal rift as being 

seismically active and formed by upwelling of mantle material 

induced by convection. The rift formed in an extensional stress 

field which is caused by a slow outward displacement of anomalous 

upper mantle (Loyatchev et al, 1978).
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Zorin (1981) describes the rift as being characterized by a 

decreased seismic velocity, decreased density, and high tempera 

ture. He explains these geophysical observations as being the 

result of intrusion of anomalous asthenosphere mantle over a width 

of 250 to 300 km. The Baikal rift represents extension of a few 

tens of kilometres and the faulting and extension are likely the 

result of the asthenosphere intrusion. 

Dead Sea Rift

Seismic data along the Dead Sea rift indicate an intermingling 

of upper mantle and lower crustal material along the gabbro 

(Ginzburg et al. 1979). Mantle upwelling increases as the Red Sea 

with an active spreading mechanism is approached.

Pevathoner et al. (1981) reports a smooth transition in seismic 

waves within the Dead Sea rift and within the Rhine graben which 

contrasts with an abrupt transition outside the graben structure. 

They interpret their results to strong vertical crustal movements 

caused by phase transitions or magmatic injections from the crust- 

mantle boundary. Ginzburg et al. (1981) favour crustal thinning and 

intrusion of upper mantle material into the lower crust to explain 

the observed seismic velocity transition zone. 

Oslo Graben

The Oslo graben is the site of numerous alkalic rock intrusion 

in Permian time (Ramberg and Larson, 1978). The Oslo rift is an 

integral part of the northwest European rift system.

The Oslo rift displays a positive Bouguer anomaly and a linear 

magnetic pattern (Husebye and Ramberg, 1978). They also report that 

seismic data suggest increasing crustal thickness to the west. The



-59- 

rift is not thermally active at present and displays only limited

earthquake activity (Husebye and Ramberg f 1978).

The Rhine graben, which is part of the northwest European rift 

system, displays an elevated moho and pronounced crustal thinning 

(Prodehl, 1981). Mantle updoming into the lower crust has taken 

place.

Geophysics over rifts that host alkalic rock-carbonatite magma 

tism have one feature in common. This feature is one of mantle 

involvement in the rifting process inferring direct mantle involve 

ment in the generation of alkalic magmas. 

Tectonics and Magma Generation

The alkalic rock-carbonatite suite of rocks occur in zones of 

crustal deformation which determined the site of emplacement. The 

tectonic activity along these zones of deformation has not only 

determined the site of the magma emplaced but it has also had an 

influence on magma generation and its coalescence into a discrete 

body of magma.

The physical properties of rock are affected by pore-fluid 

pressures (Rubey and Hubert, 1959); confining pressure (Handin et 

al r 1963); and dehydration-temperature (Heard and Rubey, 1966). 

These properties all have an influence over the generation of 

silicate melts.

In 1969, Shaw completed a study of basalt rheology which 

indicated that the heat of deformation influences the rheological 

behaviour of basalt in the melting range. Geologic structures can 

become hotter as a result of stress and strain rates. He concluded 

that appropriate stress and strain rates exist in the mantle and
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that if the stress couple is large, periodicity of melting and 

magmatism will occur until stress is depleted (Shaw, 1969). He 

proposed viscous fracture flow as part of the mechanism which would 

knead the melt fraction from the mixed crystal-melt.

Jackson and Wright (1970) examined xenoliths from the Honolulu 

volcanic series and proposed that the mantle is hetergeneous and 

that the Hawaiian chain of volcanoes is the result of a fracture 

propagated through the zone of partial melting. They proposed 40 

percent partial melting for alkali olivine basalt and 20 percent 

partial melting for nepheline basalt.

Anthony and Cline (1971) studied the migration of KC1 brine 

droplets in solid KC1 and observed that they migrated up the thermal 

gradient, but it is unclear if silicate melts operate in the same 

fashion. Weertman (1968, 1971a,b, 1972) has studied movement in 

glacial ice and observed that shear flow concentrates or coalesces 

bubbles trapped in the ice. He extrapolated the observations in 

glacial ice to the mantle and proposed that thas the magma pool 

increases its pore pressure becomes equal to overburden pressure and 

the bottom of the fracture pinches off. Part or all of the magma 

may reach the surface (Weertman, 1971b).

Llibouty (1971) observed that if an inclusion in ice is 

oriented normal to the principal stress, it will enlarge at the 

expense of its neighbours and if inclusions are interconnected no 

enlargement would occur. Shreve (1972) observed that water in 

glacial ice moves along triple junction grain intersections and that 

deformation allows for expansion and contraction of the channels. 

As heat is dissipated from movement, the channels for water may
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expand. Shreve (1972) also noted that the network of passages will 

become arborescent with the passage of time.

Watkinson (1979, personal communication) has pointed out to the 

author that a problem exists in comparing solid-liquid transforma 

tions in response to pressure and temperature variation. The slope 

of the liquid-solid transformation in ice is negative while that for 

silicates is positive under anhydrous conditions. Silicates under 

water saturated conditions will have a negative slope for 

solid-liquid transformations as does ice. Since alkalic 

rock-carbonatite magmas are volatile-rich and water is a major 

volatile component, the solid-liquid transformation may have some 

comparative value if used with caution.

Mantle deformation by creep was proposed by Raleigh and Kirby 

(1970), however Green and Radcliff (1972a,b) have proposed that 

deformation is rate controlled by dislocation climb in the olivine 

structure. Mantle recrystallization accompanies deformation.

Ave'Lallemant and Coates (1972) proposed that mantle 

deformation is a process of deformation and syntectonic recrystal 

lization. The deformation mechanism is based on a study of textures 

found in ultramafic xenoliths from different environments, 

principally kimberlite.

On the basis of calculated viscosities of partial melts in the 

athenosphere, Sleep (1974) predicted that the viscosities are too 

high to segregate efficiently under static conditions. The work 

implies that low degrees of partial melting required for alkalic 

rocks could not form distinct magmas in a non-tectonically active 

environment. Mao and Bell (1971) indicate that melting of a solid
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at a stress location can occur if liquid pressure is less than solid 

pressure and melting is not simply a function of mechanical 

heating. Under stress conditions liquids can be produced of a 

composition different from that formed under simple hydrostatic 

conditions. More than one liquid can form and it can coexist with 

other liquids (Mao and Bell, 1971). Under stress conditions solidus 

temperatures can be lowered and melting is a rate dependent process.

Anderson and Perkins (1974) applied the concept of viscous 

heating during mantle movement and suggested it as a mechanism of 

Kimberlite magma generation. The model is one of thermal surges in 

the lower crust-upper mantle which favours irregular distribution of 

volatiles which locally concentrated would lead to kimberlite erup 

tion. The model involves thermal surges from the asthenosphere 

which favours unequal volatile distribution.

Mavo and Nur (1975) developed three models of fluid flow in 

partially melted mantle as a basis for comparison of theory with 

observed geophysical data. The models were viscous flow, regional 

flow and melt squirt. Comparing geophysics and models, Mavko and 

Nur (1975) favoured the melt squirt model. The model is one of 

fluid flow through cracks from pockets of melt on the order of one 

grain size or less and movement takes place over a time interval 

measured in years. The melt segregation model may explain some 

aspects of melt segregation and associated tectonism.

In 1976, Yoder completed a lengthy synoptic report on the 

tectonics of melting. The main points are as follows:

1) Initial melt is a three-dimensional film.

2) The concentration of low temperature impurities along grain
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boundaries in the final stages of original crystallization 

undoubtedly

contributes to the development of a film of liquid along grain 

boundaries during subsequent melting.

3) In anhydrous melting an increase in mean stress will cause

melting to stop since dT/dP is positive; however, horizontal 

stresses are of opposite sign and rock can maintain mean stress 

and melting continues, i.e. every compression causes a dila 

tion.

4) If strain rate promotes viscous heating which exceeds heat 

conduction away from site, melting may ensue.

5) If heat conduction slows relative to strain rate, magma will 

retain fluidity and move in response to applied stress.

6) Magma collects-in lenses parallel to principal stress.

7) Shearing will coalesce interstitial droplets.

8) Large volume change takes place during melting.

9) Melting will produce volume changes that will deform or break 

confining rock.

10) Interstitial liquid occurs as:

a. drops along four phase boundaries 

b. veins along three phase boundaries 

c. films between grains.

11) Under stress the liquid will aggregate along those boundaries 

perpendicular to the least compressive stress.

12) Fluid or plastic behaviour occurs at high temperature along 

long term low magnitude stress.

13) After establishment of an interconnecting network under a few
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kilobars pressure the liquid may literally squirt out of the 

containing rock.

14) Near the solidus, lherzolite behaves plastically under small 

stress difference.

15) Magma generation is by fractional melting rather than batch 

melting.

16) The behaviour of lherzolite is such that mass movement of a 

mass would quickly bring about liquid separation.

17) Presence of melt within a rock lowers rock strength by a large 

degree. The formation of a melt generates a pore pressure 

which counters the confining pressure thereby reducing rock 

strength.

18) The process of magma aggregation into rivulets and cracks

occurs through the process of magma fracturing in the region of 

brittle behaviour.

19) In tectonized rocks the interfacial angles of approximately 

120* mark potential channels and veins.

20) Melting involves all phases and communication between adjacent 

and distant grains is by diffusion processes along grain 

boundaries.

21) First melt begins within inclusions or minor phases.

22) Failure of rock to have previously reached textural and 

chemical equilibrium such as zoning should tend to lower 

melting temperature of grain boundaries relative to the 

interior.

23) Fluid inclusions migrate to grain boundaries up the thermal 

gradient.
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24) Pervasive melting begins at grain junctions where all phases

are in contact and in this sense the initial melt is as

isolated droplets.

The results of fluid inclusion studies (see fluid inclusion 

section, this report) and experimental studies have produced a model 

proposing an intimate and essential relationship between tectonics 

and low degrees of partial melting thought to be characteristic of 

alkalic rock-carbonatite magmatism which has been perhaps best 

summarized by Yoder (1976). This model can explain the close 

spatial relationship observed between major deep seated fracturing 

and alkalic rock-carbonatite magmatism which requires low degrees of 

partial melting.

Yoder (1978) modelled magma generation and accumulation for 

basaltic compositions in the forsterite-diopside-pyrope system and 

natural garnet peridotite and concluded that melting behaves 

invarient-like up to approximately 30 percent liquid. If fractional 

removal of melt occurs, melting terminates, however if melting 

occurs again at higher temperatures, the liquids produced will be 

more mafic than the previous liquid. He noted that garnet perido 

tite becomes permeable at the beginning of melting and therefore a 

large volume of relatively homogeneous liquid can be immediately 

produced. Segregation of the melt occurs under small stress differ 

ences and the melt will penetrate the plastic envelope around the 

magma chamber along slowly propagating ductile faults (Yoder, 

1978). Convective mixing at the site of origin may occur which 

accounts for the limited variation in trace element values found in 

some large volume intrusions.



-66-

Arzi (1978) studied solid-melt mixtures and determined a non 

zero rheological critical melt percentage at approximately 20 

percent plus or minus 10 percent. Below the above melt percentage, 

bulk shear and segregation compaction filter pressing are retarded, 

and melt separation requires strain in the solid fraction and 

squeezing of thin melt films (Arzi, 1978).

Arzi (1978) considers the low velocity zone of the upper 

mantle, if partially melted, to be stabilized below the rheological 

critical melt percentage with excess heat, melt and shear strain 

creating local areas over the rheological critical melt percentage. 

Flow is thus concentrated into narrow high melt channels within 

unsheared low velocity zone rocks (Arzi, 1978). The model of Arzi 

(1978) would appear directly applicable to alkalic magmas generated 

by low degrees of partial melting.

A dynamic melting model was proposed by Wood (1979) for basalts 

found in Iceland, Scotland and Cyprus. The volcanic rocks are 

compositionally zoned with the most magnesium rich and K, Rb, Ba, 

La, Th, Nb and Ta depleted basalts occurring near the top and the 

lava pile. He considered this distribution to be inconsistent with 

batch partial melting of a homogeneous upper mantle. A model of 

dynamic partial melting is invoked to explain this compositional 

variation and he considers the rare earth element distribution 

pattern to be consistent with this model. The chemical inhomogene- 

ities in the mantle required by Icelandic volanics are consistent 

with a K, Rb, Ba, La, Th, Nb and Ta depleted source that is veined 

with magmatic fluids from previous melting events. Dynamic partial 

melting of this mantle material would result in the observed verti-
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cal chemical variation of the lava pile if the source area did not

undergo replenishment (Wood, 1979).

While the model proposed by Wood (1979) is based on a study of

rocks of basaltic composition, the proposed mantle tectonics and 

composition would also apply to the alkalic rock magmas generated at 

low degrees of partial melting. 

Xenoliths from Volcanic Rocks

Xenoliths of lower crustal to upper mantle material occur in a 

number of volcanic provinces. Their texture and composition may 

give clues as to tectonic activity associated with magma production.

Xenoliths of lherzolite composition from many different 

environments were classified into three groups by Mercier and 

Nicolas (1975). These groupings are 1) protogranular, 2) porphyro 

clastic, and 3) equigranular. The first texture is the result of 

recrystallization after partial melting, the second is a syn- to 

post-tectonic recrystallization under high temperatures and the 

third is the result of complete recrystallization of a porphyroclas 

tic texture (Mercier and Nicolas, 1975).

Pike and Schwarzman (1977) classified xenoliths found in 

basalts of the western United States and Hawaii into four metamor 

phic divisions. The four metamorphic groups are porphyroblastic, 

cataclastic, foliated and equigranular. The xenoliths were also 

grouped into those of unknown origin, those of igneous origin and 

those of partial melting origin.

The igneous textured xenoliths display zoning in pyroxene, 

growth twinning in pyroxene, euhedral grain shapes, coarse grain 

size, and inclusions of small euhedral spinel grains within coarse
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silicate minerals. The recognition of partial melting is based on 

the identification of interstitial glass with quench crystals of 

olivine, clinopyroxene, plagioclase or oxides and the occurrence of 

spongy border zones along the edge of the crystals (Pike and 

Schwarzman, 1977).

The xenolith textures indicate a complex interplay of tempera 

ture, pressure, strain rate, composition, rock anistropy and 

metamorphic events.

Francis (1978) examined spinel lherzolite xenoliths from 

Nunivak Island, Alaska and subdivided these into three groups. 

These groupings are 1) coarse-equant, 2) coarse-tabular, and 3) 

granuloblastic-equant. The change from coarse-equant to coarse- 

tabular lherzolite is gradational in texture and chemistry and is 

the result of deformation and metasomatism (Francis, 1978). The 

granoblastic textured xenoliths were considered to be derived from 

coarse-tabular xenoliths b annealing and deformattion. Francis 

(1978) proposed a model of deformation and metasomatism accompanying 

mantle diapirism. The process is as follows:

1) An upper mantle consisting of depleted spinel lherzolite.

2) Rising of the garnet lherzolite as a diapir into the spinel 

lherzolite and breaking down of the garnet to clinopyroxene, 

spinel and orthopyroxene. The diapirism would be accompanied 

by local deformational recrystallization and metasomatic 

introduction of Al, Ti, Fe, Ca and Na to both the spinel and 

garnet Iherzolites.

3) Magmatic emplacement of pyroxenite dikes in the lherzolite

mantle followed by hydrothermal development of amphibole after
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pyroxene and spinel. The parent melt for the pyroxenite dikes 

may have been produced by partial melting of the proposed 

garnet lherzolite diapir.

4) Local annealing of highly deformed lherzolite to produce 

amphibole-free granuloblastic-equant lherzolite.

5) Entrapment and incipient melting of fragments of this diapir is

sampled by basanitic magmas which transported them to the

surface. 

Xenoliths from Kimberlites

Since kimberlites are mantle derived, studies of xenoliths of 

mantle material found in kimberlites may offer clues to mantle 

deformation. Boullier and Nicolas (1973) subdivided xenoliths from 

kimberlites into four groupings on the basis of texture. These 

groups are 1) granular, 2) tabular (tabular olivine and enstatite 

from possible recrystallization and annealing), 3) porphyroclastic 

(large elongated olivine and enstatite grains in finer grained 

groundmass), and 4) mozaic texture (intense deformation followed by 

recrystallization). Differences in mineralogy and chemistry were 

considered by them to result from mixings of a layered source area.

Nixon and Boyd (1973) classified the xenoliths as sheared or 

granular. They noted that the mineralogy of the granular type was 

similar to inclusions in diamond and have been derived from a more 

depleted mantle than the sheared xenoliths. The granular xenoliths 

were interpreted to be from the mantle and that the sheared 

xenoliths resulted from movement of the lithosphere over the asthen 

osphere (low velocity zone) (Nixon and Boyd, 1973). They determined 

that the geotherm in the region of study was raised 300*C above the
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ambient level.

At the Monastery mine, South Africa, Nixon and Boyd (1975) 

interpreted the nodules to be coming from a depth of 150 to 200 km. 

The xenoliths are deformed and exhibit porphyroclastic and mozaic 

textures. The degree of deformation increases with depth with 

shallower depth lherzolite being granular and the megacryst suite 

being deeper level (Boyd and Nixon, 1975). The granular lherzolite 

regularly contained phlogopite (volatile bearing phase) suggests 

that the low-velocity zone (zone of partial melting) occurred at a 

depth bf 150 km at the time of eruption. The phlogopite-bearing 

higher level granular xenoliths suggested to them that the deeper 

levels have undergone plastic flow and that the lack of phlogopite 

in the deformed xenoliths suggests the presence of a hydrous 

silicate melt below the transition to deformed xenoliths. Nodules 

of bronzite and diopside are considered by Boyd and Nixon (1975) to 

have originated in bodies of crystal mush in the low velocity zone. 

The crystal mush is dispersed in a large volume of sheared 

lherzolite which has undergone small degrees of partial melting. 

The melt is kneaded out in the shearing process and the granular and 

sheared xenoliths can be considered as two sections of the mantle 

brought together along a fault (Nixon and Boyd, 1975).

Kimberlite emplacement modelling by diapiric upwelling by Green 

and Gueguen (1974) is based on high temperature deformation of 

xenoliths within kimberlite intrusions. Recrystallization of the 

xenoliths produces grains with extremely low defect densities. The 

investigators propose that the mantle is not melted but exists at 

subsolidus conditions. An important observation of these investiga-
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tions is that deformation crystallization provides a mechanism to

expel volatile-rich inclusions from the primary mineral grains.

More recently, O'Conner and Budiansky (1977) related the 

seismic low velocity zone to fluid flow between rocks in a solid, or 

possibly to grain boundary relaxation in an unmelted upper mantle. 

Whether the mantle is unmelted or contains small quantities of melt, 

deformation-recrystallization would be required to concentrate 

existing fluid into a discrete magma.

Boullier and Nicolas (1975) expanded on their earlier study 

(1973) and suggested that movement in the mantle was staccato and 

melting is by shear heating. This conclusion is in accordance with 

the location of carbonatite-kimberlite complexes along or on deep 

seated fractures.

A study of xenoliths from kimberlites from South Africa by 

MacGregor (1975) indicated a steepening of the interpreted geother 

mal gradient which correlated with intensely sheared xenoliths. The 

change in slope and the geothermal gradient marks the top of the low 

velocity zone.

Major textural breaks correlate the disappearances of phlogo 

pite with a peridotite H2O/CO2 saturated solidus (MacGregor, 1975). 

He concluded that phlogopite dehydration and melting reactions mark 

boundaries of increasing deformation, defining rheid properties of 

the mantle. The release of water weakens the mantle aiding or 

promoting additional deformation. The boundary between granular and 

mozaic-textured xenoliths correlates with the melting curve for a 

vapour-saturated peridotite (MacGregor, 1975). The xenolith study 

indicates a complex tectonic-magmatic relationship between deforma-
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tion and kimberlite complexes. A similar model would apply to 

alkalic rock-carbonatite complexes.

Green and Radcliff (1975) examined xenoliths from alkalic 

basalts and kimberlites and observed large numbers of very small 

Co2-rich fluid inclusions attached to crystal defects whose forma 

tion preceded incorporation into the host magma. During syntectic 

recrystallization these bubbles collect on migrating grain boundar 

ies implying that the tectonized xenoliths are the magma source rock 

or residuum (Green and Radcliff, 1975). They proposed that the 

earth's asthenosphere was not partially melted which agrees with 

Green and Gueguen (1974). The presence of bubble structures is 

known to weaken the high temperature creep characteristics of metals 

and ceramics and similar effects would be expected in mantle deform 

ation.

Nixon et al (1981) examined harzburgite xenoliths from kimber 

lites from South Africa and divided them into fertile and depleted 

on the basis of Mg/Fe ratio, A1 2O3, CaO ' Na 2o and Tio 2 content. The 

depleted lithospheric types are enriched in light rare earth 

elements and incompatible elements, contrasting with the deeper 

(asthenosphere) fertile types with chondritic patterns. The degree 

of light rare earth element enrichment in kimberlite is similar to 

that of depleted inclusions and hence they represent the source of 

kimberlite magma (Nixon et al, 1981).

The model is as follows (Nixon et al, 1981):

1. Depletion of lithosphere due to basalt extraction.

2. Gradual accumulation of incompatible elements under craton.

3. Deep-seated diapiric upwelling of relatively hot fertile
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asthenosphere resulting in melting to form proto-kimberlite 

magma in which large phenocrysts developed.

4. Deformation textures in xenoliths provide evidence that diapir 

ic upwelling and kimberlite conduit formation took place within 

the basal lithosphere.

5. Melting took place at the light rare element-enriched base of

the lithosphere in proximity of the diapiric thermal aureole,

producing an ultradepleted residue.

The model indicates a heterogeneous mantle, the upper portion 

of which is depleted and a lower portion that is fertile. 

Summary of Alkalic Rock-Tectonic Relations

Diatremes, alkalic rocks, carbonatites, and kimberlites occur 

in rifted crust. It is difficult to envision any accumulation of 

volatiles in such a structured setting that could sustain any 

significant pressure greater than overburden pressure and account 

for the explosion emplacement of kimberlites, carbonatites and 

diatremes. It seems probable to the author that to obtain the 

explosive emplacement of kimberlites, carbonatites and 

diatremes structures that a phase transition may occur such as 

liquid-gas at deep levels within fractures controlling the location 

of the alkaline event. Presumably this would occur when stress 

relief occurred along the fracture or rift changing suddenly the CO2 

and H2O solubilities and local undulations of the rift plane 

channelling the explosive event. Therefore, not only does the 

tectonic environment play an important role in magma generation, it 

also determines the site and manner of emplacement.

The spectrum of diatremes, kimberlites, carbonatites, alkalic
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rocks f and alkalic gabbro represent ever increasing degrees of 

partial melting and decreasing volatile content. The volatile fluid 

phase accompanying diatreme emplacement may be below the silicate 

solidus (McGetchin, Nikhanj and Chodos, 1973; Reid et al, 1975) for 

kimberlitic diatremes and volcanics and thus the structure may not 

be accompanied by a clearly identifiable magmatic phase; however the 

alkalic gabbro end members represent higher degrees of partial 

melting and thus dilution of volatile content. In contrast to the 

explosive emplacement of the rock types with high volatile content, 

those resulting from higher degrees of partial melting and lower 

volatile content can be expected to be more passively emplaced.

Another factor in magma type not discussed in this subsection 

is the importance of depth. Carbon dioxide solubility is pressure 

sensitive and is an important volatile in alkalic rock genesis. 

Thus diatreme kimberlite, and carbonatite emplacement characterized 

by high CO2 content not only requires low degrees of partial melting 

but carbon dioxide solubility requires their generation at deeper 

levels than the more silica saturated phases which reflect higher 

degrees of partial melting. Studies of xenoliths from kimberlites 

and volcanics as well as modelling of the mantle based on extrusive 

rock compositions have all indicated a tectonically active mantle. 

The location of alkalic rock magmatism to crustal rift, above a 

mantle that is tectonically active, is not fortuitous but it is a 

requirement for the generation of discrete alkalic magmas that 

represent low degrees of partial melting. Tectonism appears essen 

tial to the coalesce of these relatively limited melts into discrete 

magmas.
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CHEMISTRY OF ALKALIC ROCKS 

Geochemistry

Not all items concerning isotopes and geochemistry are cited in 

this section since reference to the data has been made in other 

sections. Agpaitic rocks have been avoided since rocks with these 

chemical traits (Na plus K greater than Al, Sorenson, 1974, p.560- 

561) are not known to occur in Ontario.

In an early study of the ultrapotassic rocks katangite, 

ugandite and mafurite from Uganda and the former Belgian Congo, 

Higazy (1954) obtained high concentrations of Sr, Ba, Rb and Zr. 

The rocks contain relatively large amounts of K2O, TiO2, V2®5 an^ 

were characterized by K20 greater than Na20, A1203 greater than K2O 

plus Na2O. On the basis of the rock chemistry he rejected both 

fractional crystallization and limestone assimilation as possible 

means of origin. Higazy (1954) proposed that a carbonatitic magma 

reacted with sialic crust to create the rocks. In this model Ca, 

Sr, La, Y, Mg, Cr, Ni, Fe, V, Ti and P coming from the carbonatite 

magma and Si, Al, Ga, K, Rb and Ba from the crust.

Scandium was studied in the Oka carbonatite complex, Quebec and 

it was determined that in urtitie it is less than ijolite which is 

less than okaiite which is less than sovite which is less than 

alnoite (Eby, 1973). The minerals nicoalite, perovskite, pyro 

chlore and apatite are the potential scandium bearing minerals since 

scandium content varies sympathetically, with these minerals and not 

others (Eby, 1973). The scandium content of the ferromagnesisan 

minerals is biotite is less than pyroxene, which is less than garnet 

and he observed that monticellite, melilite, nepheline, albite,
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feldspathoids and zeolites contain little. Eby (1973) suggests an 

alkali peridotite magma as a source and suggested that the concen 

tration of the scandium into the sovite phase is a function of the 

partitioning of the scandium into a volatile-rich phase.

Mitchell and Brunfelt (1974) investigated Scandium geochemistry 

in the Fen alkalic rock complex, Norway. They reported a decrease 

in scandium from ijolite to sovite due to pyroxene and garnet 

crystallization. In the damitjernite-rodberg series an increase is 

observed which they attributed to concentration by volatiles. 

Scandium distribution is determined by crystal fractionation and 

where it has been operative scandium content is low (Mitchell and 

Brunfelt, 1974). They concluded that scandium is transported and 

concentrated in the late metasomatic stage. Comparing the Oka (Eby, 

1973) and Fen complexes, Mitchell and Brunfelt (1974) concluded that 

the Fen and Oka complexes were similar only where extensive 

volatile-metasomatic action is present.

The minor element content of the Homa and Wasaki carbonatite 

complexes, Kenya were examined by Barber (1974). The carbonatites 

are enriched in Ce, Sr, Ba, Nb and rare earth elements and low in 

Gr, Co, Ni, Pb, Ga, Ge, Sn, Bi, Li and Mo. Early sovites are rich 

in strontium and the later carbonatites are enriched in Ba, rare 

earth elements, Fe and Mn (Barber, 1974). He suggested fractional 

crystallization of a carbonatite magma rich in these elements to 

give rise to the concentrations observed in the later phases.

Loubet et al. (1972) examined the rare earth element content in 

several carbonatites and determined that the rare earth elements 

were greatly enriched and that the light rare earth elements are
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more concentrated than the heavy. He also concluded that carbona- 

tites and kimberlites have similar rare earth element distribution 

patterns. They proposed that carbonatites and kimberlites came from 

a common magma source in response to different oxidation-reduction 

conditions, carbonatite, representing oxidizing and kimberlites 

reducing conditions (Loubet et al, 1972).

Mitchell and Brunfelt (1979) determined the rare earth element 

chemistry of the Fen alkalic rock complex, Norway and observed the 

REE content of urtite is less than ijolite which is less than fine 

grained sovite which is less than coarse-grained sovite which is 

less than silicocarbonatite. In a second magmatic series, alkaline 

ultrabasic rock (damitjernite) has a rare earth element content less 

than vibetuite-rauhaugite (dolomite) which is less than rodberg 

(hematite carbonatite). They attribute the REE enrichment in the 

second magmatic series to the transfer of the elements by volatile 

bearing carbonate complexes. Mitchell and Brunfelt (1979) consider 

their data consistant with a source derived from a carbonate nephe 

line magma formed by less than 10 percent partial melting of mantle 

material that has undergone later liquid immiscibility, differentia 

tion, and volatile transfer. Earlier, Mitchell and Crockett (1972) 

had proposed that ijolites were rheomorphic fenites on the 

basis of strontium isotope data, however the REE data indicated to 

them that some were magmatic.

Rare earth element distribution patterns from the Fen, Alno and 

Kaiserstuhl alkalic rock-carbonatite intrusions were studied by 

Moller et al (1980). In an effort to explain observed patterns they 

proposed a multi-stage process which is outlined as follows:
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1. The formation of an alkaline earth rich, but alkali poor,

liquid by CO2 emanations from the inner zones of the mantle.

2. The formation of a parental liquid by Ca-metasomatism of

olivine-rich, deep seated, subcrustal rocks. This exchange is 

required to explain both rare earth distribution patterns in 

carbonatites and alkalic rocks and the maintenance of origi 

nally low SrST/srSS ratios.

3. Liquid-liquid separation. The rare earth element distribution 

between the two liquids is determined by availability of 

octahedral coordination sites. The enrichment of the rare 

earths in the carbonatite fraction is due to the greater 

capacity for complex formation in this liquid.

4. The separation of alkali-rich, late stage, hydrothermal fluids

which cause fenitization.

Kapustin (1977) determined rare earth element, barium, and 

strontium content of apatite from carbonatites. The earliest rocks 

were ultrabasite, ijolite, followed by later carbonatite. The 

apatite content increases from ultrabasic to carbonatite and carbon 

atite may contain 10 to 15 percent apatite. The rare earth element 

content of apatite varies from 0.2 to 0.7 percent, strontium, 0.3 to 

0.6 percent, and 0.01 to 0.1 percent barium with apatites from the 

latest ankeritic phases containing the highest concentrations. 

Kapustin (1977) determined that 80 to 85 percent of the rare earth 

elements are Ce, La, Nd and that apatites from both carbonatites and 

alkalic rocks contain similar concentrations.

The distribution of K, Rb and Cs was studied in the Alno 

carbonatite, Sweden by Kresten (1977). He observed a lack of corre-
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lation of cesium with potassium and rubidium implying cesium occurs 

in discrete mineral phases. He determined that alnoite contains 53 

to 161 ppm Rb and 0.2 to 38 ppm Cs and that carbonatite contains 

from less than 1 to 107 ppm Rb and from less than 0.1 to 6.5 ppm 

Cs . The low Cs values in the carbonatite were considered by him to 

result from degassing or from liquid-liquid partition.

Chernyaheva et al (1976) examined chlorine and fluorine in 

carbonatite formation and noted that the fluorine content increases 

with differentiation. The fluorine is held principally in apatite 

and phlogopite.

Dawson and Faye (1980) examined the halogen content of some 

mineral phases from carbonatites of Southern Africa. Fluorine, 

chlorine and iodine are concentrated in apatite and chlorine and 

fluorine are concentrated in phlogopite and vermiculiate. They 

observed that chlorine in carbonatite may vary from a few ppm to 

3.61 percent and that in those carbonatites where iodine is 

detected, there appears to be a correlation with sulphur content. 

No systematic variation in F/C1 ratios with time was noted (Dawson 

and Faye, 1980). 

Isotopes 

Carbon and Oxygen

Deines (1970) examined the carbon and oxygen isotopes from the 

Oka carbonatite in Quebec. He observed a C13 enrichment in the 

dolomites which is later than calcite in the order of crystalliza 

tion. The oxygen data is more complex since it is affected by 

precipitation of both carbonate and silicate phases. Deines (1970) 

observed a Q18 enrichment in the fenites relative to the ijolites
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and attributed it to reaction with C)18 enriched gneissic wall rocks.

Carbon and oxygen isotopes were studied by Suwa et al (1975) 

and interpreted to be characteristic of mantle origin. On the basis 

of isotope ratios they suggest a temperature of crystallization of 

between 800 to 380 degrees centigrade for calcite and from greater 

than 700 to 380 degrees centigrade for dolomite. 

Rubidium-strontium

Mitchell and Crocket (1972) report that Sr877Sr86 ratios range 

from 0.703 (sovite) to 0.710 (rauhaugite) at the Pen alkalic complex 

in Norway. They concluded that on the basis of the low Sr877Sr86 

ratios for the sovites that the other rocks were derived from the 

sovites. The Rb/Sr ratios are inconsistent with bulk assimilation 

of granitic crustal material enriched in strontium but they suggest 

that the selective concentration of crustal Sr of high Sr8 VSr86 

ratio together with loss or gain of variable amounts of Rb may 

account for the observed ratios.

Powell and Bell (1974) reported that most alkalic rock carbona 

tite complexes have SrQ-j/SrQQ initial ratios varying from 0.704 to 

0.710 which are too low to result from the anatexis or fusion of 

hornblerrdic or micaceous rocks. In using the isotopic Srgv/Srge 

method to model origin of alkalic rocks they implied that ratios of 

0.702 to 0.710 suggest mantle origin and that values above 0.710 

imply a crustal component. They suggest that it is possible to form 

most alkalic rocks in the upper mantle by partial melting or by 

partial melting of areas rich in a potassic phase such as phlogo 

pite. Powell and Bell (1974) report a lack of correlation between 

potassium content and strontium isotopic ratios that indicates mica
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resorption by basalt to generate alkalic magmas is not valid. They 

observed SrST/SrSS ratios and Rb/Sr ratios of continental alkalic 

rocks overlap those of oceanic alkalic rocks over a wide range which 

extends to those values for average crust, suggesting that mantle 

and crust have mixed. While simple mixing can explain Sr8?7Sr86 

ratios it cannot explain the rubidium content and it was their con 

clusion that strontium isotope data provide no satisfactory answer 

to the problem of alkalic rock genesis. Alkalic rocks may or may 

not have a crustal component, and earlier work by Powell and Bell 

(1970) on 8 alkalic rock suites indicated that the alkalic rock 

suites from West Kimberly, Australia (Sr 8 ?/sr 86 , 0.7125 to 0.7215) 

and Jumilla, Spain (Sr877Sr86 , 0.7136 to 0.7158) contain crustal 

material while the others did not.

Stueber and Ikramuddin (1974) determined Sr877Sr86 ratios on 

clinopyroxene, orthopyroxene, and olivine from lherzolite nodules 

from the United States, Antarctica and Hawaii. The mineral separ 

ates were in disequilibrium with the host basalt implying mantle 

inhomogeneity or differing mantle histories.

Stuckless and Irving (1976) completed a similar strontium 

isotope study on megacrysts from basalt. They determined the stron 

tium isotope compositions of kaersutite, ferrokaersutite, 

orthoclase, and anorthoclase with host basalt which indicated 

chemical disequilibrium and they suggested source inhomogeneity. 

The isotope chemistry could also be explained by crystals in one 

magma being caught up in a later magma.

Strontium isotope and geochronological studies at the Alno 

carbonatite complex were undertaken by Brueckner and Rex (1980).
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They obtained a Rb-Sr isochron age of 553   6 m.y. Strontium 

contamination from crustal rocks occurred in some samples and the 

data is consistent with the ijolites, pyroxenites and nepheline 

syenites of the core being formed at the same time as the associated 

dike rocks. The sovites and alnoites which cut the core rocks did 

not intrude much later and are likely from the same parent magma 

(Brueckner and Rex, 1980). The samples displayed open system behav 

iour during intrusion or fenitization or after crystallization. 

Higher Sr87^r 86 ana Rb/Sr ratios in the fenites than in the alka 

line rocks imply that it is unlikely that the alkaline rocks are a 

product of remobilization or extreme fenitization as suggested by 

von Eckermann (1948) (Brueckner and Rex, 1980). 

Sulphur

Sulphur isotopes were examined by Makela and Vartiainen (1978) 

on samples from the Sokli carbonatite, Finland. The S34 values 

ranged from -0.6 to -5.6 0/00 and they are similar to those from 

Kovdor (-1.9 to -6.4 0/00) and Vuorijarri (-1.0 to -4.3% 0/00) which 

are located in the Kola peninsula, U.S.S.R. Each stage of 

emplacement at Sokli has its own S34 content which combined with 

temperature, relative f02, pH of silicocarbonatite fluids, and 

Fe-O-S mineral relations, indicate a temperature range of 600 to 300 

degrees centrigrade for its emplacement (Makela and Vartiainen, 

1978).

Mitchell and Krouse (1975) examined the sulphur isotopes in a 

number of carbonatites, i.e. Mountain Pass, Oka, Magnet Cove, 

Bearpaw Mountain, Phalalo bora. The results indicate that each 

carbonatite has its own mean sulphur isotope composition. The
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isotopic composition of the sulphur is indication of a non-mantle

source or is a function of the physical conditions prevailing at the 

time of intrusion (Mitchell and Krouse, 1975). 

Geochemistry of Kimberlite Rocks

Due to the limited distribution of these rocks in Ontario and 

the fact that kimberlite was not encountered in the present project 

only a limited amount of data is presented on this rock group.

Mitchell and Brunfelt (1975) identified a small negative 

europium anomaly in kimberlite which they attributed to either 

perovskite, apatite or calcite. However Reitan (1974) suggested 

that the anomaly is related to clinopyroxene breakdown during 

partial melting.

Kresten (1974) examined the uranium content of Lesotho 

kimberlites and found the average U content in basaltic kimberlite 

was 2.35 ppm; in micaeous kimberlite 4.91 ppm; and in ultrabasic 

nodules 0.20 ppm. The uranium was considered to be present in 

perovskite and apatite and that it was enriched in a late-stage 

deuteric process during which K, Rb, Nb, Th, Ga, water and carbon 

dioxide were also added. The geochemistry is inconsistent with 

partial melting in the upper mantle followed by fractionation 

(Krestin, 1974). The partial melting-fractionation model does not 

explain the high content of "mobile" K, Rb, U, Th, Nb and "immobile" 

Mg, Fe, Ti, Gr, Ni elements in kimberlite and therefore U must be 

added from outside the source. Krestin (1974) proposed that kimber 

lite is the product of reaction of carbonatite magma on upper mantle 

material.

Paul et al. (1977) indicates a U content of 14.02 to 60.44 ppm
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for Indian kimberlites and noted a correlation between U and Th and 

phosphorous. They suggest that U enrichment involved kimberlite 

magma reaction on wall rock.

In the United States, Brookins et al (1979) examined the urani 

um content of kimberlites from a number of locations. A close 

correlation between uranium content and carbonatitic calcite is 

common in phlogopite-bearing kimberlites. While high U, Th and K 

are characteristic of many kimberlites, the U/Th ratios are commonly 

very different between kimberlites (Brookins et al, 1979). They 

observed a correlation of U/Th ratios with the carbonatite- 

kimberlite ratio particularly in the case of micaeous kimberlites.

Paul et al (1975) found the Indian kimberlites to be light rare 

earth element enriched relative to chondrite normalized patterns and 

considered the patterns to be consistent with a model of partial 

melting of garnet peridotite followed by crystal fractionation.

A study of rare earth element contents of kimberlites from 

North America, Siberia, Africa and India disclosed a fractionation 

factor (La/Yb) that is different for the different regions (Kaminsky 

et al, 1978). The La/Yb ratios for Siberia and North America are 

higher than those for India and Southern Africa suggesting mantle 

inhomogeneity. With 0.3 to 0.9 percent partial melting of the 

mantle, the rare earth element values would only slightly exceed 

those levels found in garnet ultrabasite, indicating that the rare 

earth element concentrations in the mantle do not correlate with 

chondritic abundances (Kaminsky et al. 1978).

Fluorine and chlorine contents were determined in kimberlites 

from Greenland, Africa and India (Paul et al, 1976). The fluorine
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content of kimberlites is high relative to other ultrabasic rocks 

and it is likely held in the mineral apatite. Chlorine is held in 

the mineral phlogopite (Paul et al. 1976). They propose that the 

fluorine content is likely a function of a zone refining process 

since it isn't normally affected by differentiation processes. The 

chlorine is transported in an aqueous phase and is also not affected 

by normal differentiation processes.

Kaminsky et al. (1977) noted differences in Zr, Hf, Nb and Ta 

abundances in kimberlite from different provinces and he observed 

that associated ultramafic xenoliths of possible mantle origin are 

much lower in the above elemental contents than the kimberlites 

themselves. They suggest selective melting by mantle plumes in the 

upper mantle as possibly causing the enrichment of these elements.

Palladium, iridium, and gold in kimberlites were examined by 

Paul et al. (1979) who noted that the above elements were enriched 

by a factor of approximately 2 in the matrix over that found in the 

enclosed xenoliths. They found that no simple model could explain 

the values.

South African kimberlites, nephelinites, alkali basalts and 

tholeiites were compared using minor elements by Wedepohl and 

Muramatsu (1979) and on the basis of the minor elements suggested 

that the sequence kimberlite to tholeiite represent increasing 

degrees of partial melting. They observed the following minor 

element chemistry:

1) With the exception of the alkalies and sulphur, Li, F, U, 

Gr, Na, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Cd, Ba, Hg, Ti, 

Pb and Bi do not scatter a great deal about their arithme-
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tic mean.

2) Chromium, nickel, magnesium and cobalt are incorporated

into the residual ultramafic material and are increasingly 

depleted towards the tholeiite compositions.

3) Iron, manganese and silica display little variation between 

the rock groups.

4) Gallium, aluminum and heavy rare earth elements are low in 

kimberlites exclusively.

5) Sodium may have been transported from kimberlite by a 

carbon dioxide vapour.

6) The incompatible elements, Th, U, light rare earth

elements, niobium, tantalum, etc. are consistently increas 

ing in concentration towards kimberlite magmas followed by 

heavy alkalies, alkaline earths, Pb, Tl and Li.

7) The elements Eu to Ho, Sr, K and Ti display a maximum 

accumulation in alkali olivine basalt and nephelinites.

8) The elements Ga, Zn and Cu are accumulated about equally in 

all rock types relative to ultramafic rocks.

On the basis of chemistry, Wedephol and Muramatsu (1979) 

suggested that the mantle is not very heterogeneous.

A recent summary of kimberlite geology and chemistry by Dawson 

(1980) indicates the geochemistry of kimberlite to be as follows:

1) Se, V, Gr, Co, Ni, Cu, Zn, Cd occur in the same order of 

magnitude as found in ultramafic rocks.

2) CI, B, Mo, Pt, Y, Se, B, Bi and HREE Ga to Lu are moderate 

ly enriched relative to ultramafic rocks.

3) Alkali metals (Na excepted), Zr, Hf, F, Tl, Sr, Ba, Pb, Rb,
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Nb, Ta, U, Th, La and LREE (Ce-Eu), Cs are extremely 

enriched relative to ultramafic rocks.

4) The following elemental pairs show a positive correlation, 

K/Rb, K/Cs, Sr/P, La/P, Th/SmfLREE), Cr/Ni, Zr/Hf, Zr/Nb, 

Nb/Ta, and Ti/Ta.

On the basis of mineralogy enrichment can be anticipated in the 

following manner (Dawson, 1980):

1) Rb and Cs are enhanced in mica-rich kimberlite.

2) Sr, LREE, La are enriched in apatite-bearing kimberlite.

3) Zr, Hf, Nb, Ta are enriched in perovskite and ilmenite-rich 

rocks.

4) Ni, Gr and Co will be high in varieties rich in olivine, 

xenocrystal chromite, and garnet.

The REE are considered enriched in kimberlite relative to other 

ultramafic rocks and chondrite. Enrichment in LREE is relative to 

HREE. The REE are contained in garnet, diopside and phlogopite 

(small amounts) and apatite and perovskite (large amounts) (Dawson, 

1980). The geochemistry of kimberlite indicates that the minor 

elements fall into two groups: ' 1) those that are typical of ultra 

mafic rocks; and 2) those that are enriched relative to ultramafic 

mafics (Dawson, 1980). 

Isotope Geology of Kimberlite

Carbon isotopes in carbonate were examined by Kobelski et al 

(1979) from kimberlites in South Africa and Lesotho. They observed 

a trend to heavy isotopes if the carbonate had a chance to interact 

with ground water. Comparing the isotopes between kimberlite 

intrusions, a significant difference was noted; thus a inhomogeneous
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source is implied (Kobelski et al, 1979).

The strontium isotope composition of several South African 

kimberlites was determined by Mitchell and Crocket (1971). On the 

basis of isotope data they proposed that the kimberlite is the 

result of 5 phase partial melting of garnet, mica peridotite and 

that the bulk assimilation of crust proposed by Dawson (1966a) is 

unlikely. The strontium isotope ratios are highly variable and

Mitchell and Crocket (1971) propose late-stage removal of Sr87 by 

fluids associated with the kimberlite.

Strontium isotopes in a number of South African kimberlites 

were studied by Barrett and Berg (1975). Low Sr 877Sr 8 6 ratios are 

typical of fresh kimberlite and vary between 0.704 and 0.711. The 

large spread of strontium ratios is not the result of assimilation 

of wall rock, or Sr 87 diffusion, (Barrett and Berg, 1975). They 

attribute the isotope spread to percolating ground water.

Barrett (1975) interpreted the strontium isotope data to indi 

cate that eclogite and peridotite are accidental inclusions. Garnet 

peridotite is not parental to kimberlite and co-existing mica and 

omphacite strontium ratios indicate the mica is secondary (Barrett, 

1975). The strontium isotope data increases in the following 

manner: diopside nodules (0.703-0.704); basaltic kimberlite 

(0.704-0.705); eclogite omphacite (0.7047 - 0.7062); and peridotite 

diopsides (0.7060-0.7075).

Paul et al (1979) report Sr877Sr86 ratios of 0.7027 to 0.7102 

for kimberlitic rocks from two provinces in India. They interpreted 

the data to indicate melting of a heterogeneous source or disequili 

brium partial melting in the source region.
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The strontium isotope composition of the Prairie Creek kimber 

lite, Arkansas was measured by Boliver and Brookins (1979). The 

SrST/sr 8^ ratios varied from 0.7052 to 0.7132 with a mean of 0.7094 

and they attributed this variation to source inhomogeneity.

Lead and strontium isotopic data on 12 Cretaceous kimberlites 

and 5 Cretaceous autoliths from Lesotho and Kimberly were determined 

by Kramers (1977). The autoliths had a Sr87/Sr86 ratio between 

0.7035 and 0.7095. A large spread in Pb isotope data for matrix 

kimberlites and autoliths gave Pb206ypb204 17.6-20.0 and Pb208^b204 

37.7-39.5. The lead data give an approximate age of 1575 m.y. even 

though the kimberlites are of Cretaceous age. The xenoliths in the 

kimberlites have Sr877Sr86 ratios between 0.704 and 0.706 and lead 

ratios of Pb2067Pb204 17.5-20.0 and Pb2087Pb 204 37.3-39.4. The 

isotopic pattern of xenolithic material, kimberlites and autoliths 

indicate the upper mantle beneath South Africa is isotopically 

heterogeneous (Kramers 1977).

Kramers (1979) combined lead and strontium data with potassium 

and rubidium data for inclusions in diamonds and mantle-derived 

xenoliths from Southern Africa.

The Pb isotopic data on sulphide inclusions in diamonds from 

the Finsch mine gave a modal age of 2.0 b.y. even though the pipe 

is Cretaceous. The diamonds are therefore xenocrysts. At the 

Premier mine the Pb isotope modal ages gave an age of 1.2 b.y. 

similar to the age of the pipe.

The strontium isotope data on the Matsoka kimberlite indicate 

an Sr 8 77Sr86 ratio of 0.704 with one group of "fertile" xenoliths 

displaying isotopic evidence for a young event involving isotopic
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homogenization. Kramers (1979) interpreted the similarity in Pb

isotopic data obtained on clinopyroxene from xenoliths and sulphide 

inclusions in diamonds from Finsch and Kimberly to suggest that 

diamonds might be eogenetic with old rock provinces in the subconti- 

nental mantle beneath Southern Africa.

Dawson (1980) prepared a brief summary of kimberlite isotope 

geology and some of the important points are as follows:

1) The C^8 values in kimberlite display a wide range which 

strongly suggests an intersection of the kimberlite magma 

with ground water.

2) The bulk c13 isotope ranges for kimberlite is similar to 

that for carbonatites and falls within the range of dia 

monds. In basic igneous rocks the C^3 i s depleted relative 

to kimberlite.

3) The strontium isotopes display lower values for hypabyssal 

kimberlite relative to diatreme facies which may be due to 

percolation of ground water.

4) Lead isotopes are comparable to those found in carbonatites 

and oceanic volcanoes and are consistent with a heterogene 

ous source beneath a South African crator.

In summation, the isotopic and geochemical data have not 

provided as yet a definitive answer as to the origin of alkalic 

rocks. The bulk of the geochemical studies deal with kimberlite 

rocks and to a lesser degree carbonatites. Recent geochemical data 

on the alkalic rocks is deficient. On the basis of isotopes, 

carbonatites, kimberlites and presumably alkalic rocks are of mantle 

origin, generally uncontaminated by crustal material and enriched in
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volatiles, alkalies, light rare earth elements and incompatible 

elements. Kimberlites represent incipient to low degrees of partial 

melting with nephelinite, alkali basalt and tholeiites representing 

ever increasing degrees of partial melting. 

Sources of Alkalies and Volatiles 

in Alkalic Rock-Carbonatite Magmatism

The source of the volatiles and alkali metals that are abundant 

in the alkalic rocks; in particular kimberlite and carbonatite, is 

worth discussing. Experimental, field and geophysical data all 

indicate a mantle source for the kimberlite-carbonatite alkalic 

rocks and the minerals in which the mantle contains these elements 

is of interest to alkalic rock genesis since the mantle does not 

contain volatiles and alkalic metals in any abundance. This topic 

overlaps with mantle metasomatism.

Ringwood (1969) and Kay et al. (1970) have predicted mantle 

water contents of 0.1 to 0.5 percent. Ringwood (1966), Nicholls 

(1967) and Kushiro et al (1967) have predicted mantle potassium 

contents ranging from 0.015 to 0.15 percent.

Kaersutite has been described by Mason (1968a,b) in mantle 

derived xenoliths from basalt flows at San Carlos,- Arizona and from 

garnet pyroxenite xenoliths in volcanic breccia at Kahanni, New 

Zealand. The amphibole is interpreted to be from the upper mantle 

but Prinz and Nehru (1969) on the basis of mineral chemistry and 

associated minerals suggested lower temperature and pressure 

conditions than mantle for the San Carlos occurrence.

Dickey (1968) interpreted the Kahanni lavas as being formed by 

the extraction of anorthoclase, pyrope and clinopyroxene from a
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basaltic magma. He considered the inclusions to be of deep-seated 

origin and observed that all the xenoliths and xenocrysts contained 

carbon dioxide-rich fluid inclusions.

Xenoliths containing kaersutite from the alkalic volcanics of 

Teneriffe, Canary Islands were studied by Bowley et al. (1971) and 

determined that it was a hydrous-high pressure phase formed at 11 to 

30 km depth. They suggested that kaersutite crystallization may 

form a silica gap between trachybasalt and trachyphonolite-phonolite 

and that kaersutite plus anorthoclase crystallization may produce 

peralkaline liquids. Binns (1969) has also indicated that 

kaersutite crystallizes under high pressure for the kaersutite 

megacrysts in lavas from Armidale, New South Wales.

Xenoliths in the Lashaine tuff ring, Tanzania were examined by 

Dawson et al (1970). The ring consists of carbonatite, tuff, glassy 

scoria, and ultramafic rocks. Blocks with both xenomorphic, granu 

lar and idiomorphic textures contain mica and the mica in the 

granular rocks contain up to 9.0 percent TiO2.

The garnet lherzolite xenoliths at Lashaine resemble those 

found in kimberlite and Dawson et al. (1970) consider them to be of 

mantle origin. Mica is present in these xenoliths indicating the 

likelihood of its presence in the mantle and thus a source of.water 

and potassium. An incipient partial melt of such a rock would 

produce a melt rich in K2O, TiO2, iron and volatiles and contain 

xenocrysts and xenoliths of more refractory material producing a 

rock petrographically and chemically similar to kimberlite. Dawson 

et al (1970) suggests that increasing degrees of partial melting 

would give rise to melts of olivine nephelinite or melilite which
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are commonly associated with kimberlite in time, space and tectonic 

setting.

In a continuing study of the Lashaine volcano, northern 

Tanzania, Dawson and Smith (1973) described amphibole-bearing 

pyroxenite xenoliths. The amphibole was a titanium paragasite 

interstitial to olivine. The clinopyroxene of the pyroxenite is 

described as having a composition similar to nephelinite.

Kaersutite-bearing peridotite inclusions described by Best 

(1970) from basanitic lavas, Grand Canyon, Arizona were attributed 

by him to be of cumulate origin derived from fractionating basaltic 

magma at upper mantle to lower crustal conditions.

Phlogopite mica in xenoliths from the Lashaine Volcano, Tanzan 

ia and from xenoliths in kimberlite are considered to be of mantle 

origin by the respective investigators (Dawson and Powell, 1969; 

Dawson, 1972). Erlank and Finger (1970) report finding potassium- 

rich amphibole in association with phlogopite, garnet, olivine and 

orthopyroxene in nodules from Wesselton Kimberlite Pipe, South 

Africa.

Amphibole associated with lherzolite xenoliths from Atag, South 

Yemen is enriched in rare earth elements which upon partial melting 

would yield a partial melt of nephelinitic magma with appropriate 

rare earth element abundances (Varne and Graham, 1971). They 

consider the xenoliths to be of mantle origin.

Kaersutitic amphibole from basic alkaline rocks from several 

areas of the world were examined for their minor element contents by 

Kesson and Price (1972). They assumed the kaersutite or paragasite 

amphibole is an accessory phase in the upper mantle basaltic source
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regions. On the basis of strontium isotopes, Rock (1976a) interpre 

ted the kaersutite-rich pyroxenite from Mount Meru, East Africa to 

be of mantle origin.

The Mount Meru pyroxenite was compared by Rock (1976a) to 

amphibole-poor alkalic pyroxenite from Mount Elgon and he suggested 

that Mount Elgon had a high CO2 activity whereas the Mount Meru 

rocks were more hydrous. Pyroxene fractionation is important in the 

Mount Elgon rocks and amphibole fractionation in the Mount Meru 

rocks (Rock, 1976a).

Forbes and Starmer (1974) examined glass-bearing, kaersatite- 

bearing nodules from Volcan de Terequia, Canary Islands. The glass 

was enriched in alkalies and alumina, slightly enriched in silica; 

and the iron, calcium and titanium was the same as the kaersutite. 

Glass may compose one to five percent of the nodules and in the 

opinion of Forbes and Starmer (1974), melting of the kaersutite 

component of the inclusion could produce alkali olivine basalt.

Mica-bearing nodules from the Dutoitspan and Wesselton mines, 

Kimberly, South Africa, were grouped by Aoki (1974) into diopside- 

phlogopite and richterite-phlogopite nodules. The mineral 

assemblages were interpreted by him to crystallize in the sequence 

phlogopite-diopside-potassic richterite-ilmenite. Aoki (1974) 

considered the minerals to have crystallized from a hydrous magma 

prior to its disruption and transportation in the kimberlite magma. 

He interpreted the nodules to have crystallized in the presence of 

an abundant vapour phase under moderate temperature and pressure 

conditions in the lower crust or upper mantle; being cumulus phases 

of kimberlitic and related magmas.
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Giardini (1974) reported the presence of biotite inclusions in 

diamond from Africa. The presence of biotite in diamond indicate a 

hydrous potassium-bearing mineral phase is stable under at least 

minimal growth conditions for natural diamond.

Melton and Giardini (1981) report that fluid inclusions in 

diamond contain dominantly H, O, C and N with hydrogen being the 

most abundant, followed by oxygen and then carbon. These data also 

indicate the presence of volatile components at the site of diamond 

formation within the mantle.

Amphibole in mantle derived inclusions has been subdivided by 

Best (1974) into four types: 1) veins, 2) interstitial grains in 

chromium spinel peridotite, 3) poikilitic grains, and 4) raega- 

crysts. The amphibole composition is variable, varying from Fe-Ti 

rich kaersutite to richterite-paragasite in a solid solution series 

which contains high concentrations of sodium, chromium and magnes 

ium.

The vein and poikilitic amphiboles probably crystallized from 

fluids of nephelinitic composition arrested during ascent (Best, 

1974). He determined that the interstitial amphibole is in equili 

brium with the surrounding phases and the megacrysts represent vein 

fragments and disaggregated cumulate amphiboles from regions with 

anhydrous minerals (Best, 1974).

The amphibole was produced by upward migration (mantle metasom 

atism) of a hydrous fluid phase from hotter regions within the 

mantle where they originated by partial melting (Best, 1974). These 

fluids are highly variable in composition and scavenge elements from 

the surrounding phases.
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Carswell (1975) suggested that garnet lherzolite of the upper 

mantle; equilibrated at shallow depth (150-200 km), contains much of 

the K2O and some F^O in primary phlogopite. At greater depths the 

potassium and water may be present as intergranular liquid.

In 1978, Nicholls and Whitford attributed the variation in 

potassium content of lavas across the Bunda Volcanic Arc, Java, to 

low degrees of partial melting and greater depth of origin from a 

mantle of lherzolite composition enriched in phlogopite. 

Sources of Volatiles and Alkalies-Experimental

On the basis of experimental data, Kushiro et al. (1967) 

predict that phlogopite is a stable mineral phase at depths of 150 

to 200 km under continental areas where alkalic rocks dominantly 

occur. At deeper levels garnet may be a potassium-rich phase. 

Kushiro et al (1967) consider kimberlite and potassic basalts as 

partial melts of phlogopite-bearing upper mantle.

Yoder and Kushiro (1969) examined phlogopite stability and made 

the following three observations:

1. Partial melting at high pressure of forsterite-rock assemblages 

containing hydrous phases may yield water undersaturated magmas 

having low water content in the absence of a gas phase.

2. Continued melting at high pressure of hydrous mineral

assemblages yields either an undersaturated magma or a water- 

saturated magma depending on whether the hydrous mineral melts 

incongruently or congruently.

3. Extremely water-rich magmas may be produced at high pressure

from melting of hydrous mineral assemblages when free water is 

present or becomes present upon the breakdown of the hydrous
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mineral in the solid state.

Yoder (1970) studied the phlogopite-water-carbon dioxide system 

and concluded that in the presence of carbon dioxide, melting is 

suppressed because of low solubility of carbon dioxide in silicate 

melts. He determined on the basis of experimental data that amphi 

bole breakdown occurs at a shallower depth than phlogopite.

Crystal chemical data by Hueber and Papike (1970) predict that 

the sodium-potassium richterite amphiboles under high pressure 

(mantle conditions) are stable in the presence of phlogopite and 

pyroxene.

In addition to K, Al, and Ti phlogopite tends to concentrate 

Rb, Ba, Sr, Ni , Gr and rare earth elements, and thus the degree of 

partial melting is likely the most important factor in determining 

the net effect of accessory phases on magma (Flower, 1971). He 

proposed that variations in K, Ti and Al in basalts can be explained 

by melting in the mantle of titaniferous phlogopite at depths 

exceeding 60 km. Flower (1971) concluded that the variation in 

alkalies within a magma is a function of partial melting even though 

mantle inhomogeneity may also be a factor.

The effect of water on the stability of amphiboles and micas 

was examined by Allen et al. (1972). Phlogopite is stable to 1325 0 C 

and 35 Kb and amphibole is stable at 1090 0 C and 25 Kb. The mica may 

be present in the mantle to a depth of 175 km (Allen et al, 1972).

Amphibole and mica fractionate nearly all the alkalies and 

water to a depth of 50 to 75 km and at greater depths amphibole 

decomposes releasing water, Na and K. Only small amounts of water 

are present in the mantle and most potassium is incorporated in
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biotite. At depths of 100 to 175 km the mica will break down 

releasing additional water and potassium (Allen et al. 1972). When 

the hydrous phase disappears it will be dissolved in the silicate 

melt.

The melting relationship of phlogopite and enstatite indicate 

that with increasing pressure the liquids in equilibrium with phlog 

opite, enstatite and forsterite become more alkalic and silica 

undersaturated (Modreski and Boettcher, 1972 f 1973). These highly 

alkalic, silica-poor magmas form at high pressure and in the 

presence of a vapour phase poor in water (Modreski and Boettcher, 

1973). At 10 Kb, liquids in equilibrium with phlogopite, enstatite 

and forsterite contain 5 percent normative quartz and at 30 Kb they 

are leucite normative. They noted that if water is present in the 

vapour phase the liquids contain 26 percent normative quartz. The 

study of Modreski and Boettcher (1973) lacked the elements sodium 

and iron and thus there are limits to its applicability to natural 

systems, but it suggests that magmas of kimberlite compositions form 

at very high pressure and in the presence of a vapour phase 

extremely poor in water. Under high geothermal gradients phlogopite 

is stable to 75 Km and under low geothermal gradients it is stable 

to 175 Km (Modreski and Boettcher, 1972).

The presence of carbonate in the mantle is an important source 

of carbon dioxide that is abundant in some alkaline rocks, particu 

larly kimberlites and carbonatites.

On the basis of experimental data, Irving and Wyllie (1975) and 

Eggler (1975b) indicate that carbonate (magnesite-calcite) is stable 

at mantle conditions and carbonate-bearing peridotite will exhibit
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carbonate melting below the peridotite solidus. Also on the basis 

of experimental data, Newton and Sharp (1975) indicate that magnes- 

ites in association with enstatite is stable at mantle conditions. 

Carbonate-silicate reactions at high pressures indicate that both 

dolomite and magnesite are stable phases in association with 

enstatite, with magnesite stable to greater depths than dolomite 

(Kushiro et al, 1975).

Carbonate minerals in the presence of water are stable to 

solidus pressures and temperatures of mantle peridotite (Eggler et 

al, 1976). Magnesite is stable at high pressure, dolomite at 

intermediate pressure and calcite at low pressure, and along a 

shield geotherm dolomite may be the stable phase in mantle 

peridotite. The absence of carbonate in nodules brought to the 

surface may reflect paths outside the carbonate stability field or 

that decarbonation is rapid (Eggler et al. 1976).

Using experimental data, Sclar et al. (1967) has predicted that 

hydrated pyroxene could exist in the mantle at depths greater than 

200 km.

McGetchin et al. (1970) have suggested that clinohumite may be 

a stable mantle phase which upon deydration could supply water to 

kimberlite-carbonatite magmatism. The suggestion was based on the 

identification of clinohumite in the kimberlite of the Moses dike 

rock, Utah.

Merrill et al. (1972) conducted dehydration reactions on 

natural clinohumite to 30 Kb and concluded that clinohumite will not 

likely provide water through dehydration at depths less than 150 km.

Field observations indicate that the hydrous phases amphibole
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and phlogopitre do occur as accessory phases within the mantle and

that carbonate may be present. Experimental investigation of 

systems thought to be analogous to mantle compositions have docu 

mented the possibility of the existence of these hydrous phases 

under mantle conditions and that phlogopite is stable to higher 

pressures and temperatures than amphibole. Experimental data indi 

cate that low degrees of partial melting of the hydrous phases in 

the presence of a carbon dioxide-rich vapour can give rise to 

alkali-rich, volatile-rich liquids containing the incompatible 

elements diagnositic of the alkalic rock-carbonatite suite. Experi 

mental data indicate that carbonate, particularly magnesite, can be 

a stable phase of mantle conditions and decarbonation reactions 

could supply the needed carbon dioxide. 

Inclusion Studies

The study of fluid inclusions within minerals obtained from 

alkalic rocks has been concentrated dominantly to those minerals 

occurring within carbonatite complexes. More limited studies have 

been completed on minerals obtained from inclusions in basalt.

Roedder (1965) completed the first major study on fluid 

inclusions by examining nodules enclosed within basalt from 72 

localities. The inclusions occur in olivine, clinopyroxene, 

orthopyroxene and plagioclase and were obtained from nodules of 

dunitic, peridotitic, pyroxenitic and gabbroic composition. While 

many inclusions are secondary in origin and occur along fractures, 

others are of primary origin (Roedder, 1965). Both primary and 

secondary habits require globules of dense supercritical carbon 

dioxide (Roedder, 1965). He identified similar appearing inclusions
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in phenocrysts of olivine, titanite and oxyhornblende from 19 

basalts, and upon examination of 31 ultramafic rocks he found 

evidence of gas inclusions under pressure. Roedder (1965) concluded 

that the basalts are saturated in carbon dioxide on a world-wide 

basis and that filling densities are equivalent to 10-15 km (approx 

imately 5 Kb) of basalt liquids.

The study of Roedder (1965) was reported by Murck et al (1978) 

who examined inclusions found in dunite, peridotite, and pyroxenite 

xenoliths from basaltic rocks found in Arizona, Hawaii and Germany 

and determined that they were nearly pure carbon dioxide. The 

inclusions displayed high containing pressures that were equivalent 

to a depth of 10 km.

Green (1979) attempted to analyze for trace elements within 

carbon dioxide inclusions found within xenoliths extracted from 

Hawaiian volcanic rocks on Oaha Island. He found alkalies and the 

suggested presence of light rare earth elements within the inclus 

ions .

In 1972, Melton et al crushed natural diamonds and identified 

nitroge, water, carbon dioxide and argon gasses within the inclus 

ions enclosed within the diamonds. Since diamond is associated with 

kimberlite rocks which are of mantle origin, the entrapped gases 

must also be present in the mantle.

Pyrope garnet from a kimberlitic diatreme in Arizona was 

examined by McGetchin and Besancon (1973) who identified the 

presence of calcium and magnesium-rieh carbonate inclusions. In 

addition, the K2O content of the inclusions was determined to be 

less than 0.1 percent but the SrO content approached 1.0 percent
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(McGetchin and Besancon, 1973). They concluded that a carbonate

phase is concentrated in the upper mantle but K2O is not.

In 1973, McGetchin et al completed a study on pyrope garnet frm 

the Cane Valley diatreme, San Juan County, Utah. These investiga 

tors reported that pyrope garnet contained inclusions of olivine, 

orthopyroxene, clinopyroxene, ilmenite, geikielite, rutile, clino 

humite, amphibole, and carbonate. The diatreme displays a 

kimberlite-carbonatite relationship and has been rapidly emplaced 

from a mantle source (McGetchin et al, 1973). The presence of 

carbonate inclusions in the pyrope indicate the presence of mantle 

carbonate, and they attributed the presence of chrome-rich chlorite 

and phlogopite as possibly representing the reaction of the vola 

tiles, water and carbon dioxide with the mantle derived rocks.

Roedder (1973) completed a fluid inclusion study on apatite 

crystals from the Dongar carbonatite, India and the Okorusu 

carbonatite, Southwest Africa. Within these complexes apatite 

crystallization took place when two immiscible phases were present, 

one rich in water and one rich in carbon dioxide (Roedder, 1973).

Rankin and LeBas (1974a) examined inclusions within apatite 

crystals obtained from ijolite of the Usaki carbonatite, Kenya and 

reported evidence of liquid immiscibility. The inclusions were 

subdivided by them into four types which are as follows:

1) A silicate melt consisting of crystalline specks in a glassy 

matrix.

2) A carbonate-rich melt, consisting of at least 60 percent 

anisotropic, colourless, crystalline material and a small 

amount of aqueous fluid and vapour.
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3) A nahcolite-bearing inclusion which represents a trapped 

aqueous phase.

4) A gaseous inclusion consisting almost entirely of highly

compressed carbon dioxide.

These various classes of inclusions may occur side by side 

within an individual crystal and inclusions of intermediate 

silicate-carbonate were recognized (Rankin and LeBas, 1974a).

The study indicated to them that a carbonated ijolite parent 

magma could by immiscibility produce a carbonatite with a partner 

silicate magma, or secondarly a hyperalkaline silicate parent magma 

can by immiscibility produce immiscible carbonatite and ijolite 

partner magmas. Rankin and LeBas (1974a) on the basis of observed 

field relations preferred the latter.

A number of apatite crystals from various East African 

carbonatite complexes were studied by Rankin and LeBas (1974b) who 

identified nahcolite (NaHCO3) and possibly kalcine (KHC03) as being 

present within inclusion within the apatite grains. They 

interpreted these carbonates to be portions of the trapped magma. 

Unspecified silicate phases were present which they interpret as 

being eogenetic with the carbonate-rich magma (Rankin and LeBas, 

1974b). These eogenetic immiscible liquids are a carbonate poor, 

alkali-rich silicate and a silica poor, alkali-rich, carbonate 

liquid. Rankin and LeBas (1974b) interpret the presence of the 

alkali carbonates to indicate that the ijolite and carbonatite 

magmas were much richer in sodium and potassium than is now 

indicated by chemical analysis of the rock.

Green and Radcliff (1975) found inclusions in olivine and



-104-

pyroxene grains from xenoliths entrapped in alkalic volcanics and 

kimberlitic diatremes. Within the major mineral phases small 

bubbles of carbon dioxide are present, the smallest of which formed 

before the xenoliths were incorporated within the magma. They 

result from solid state precipitation along or on crystal defects 

induced by deformation or exsolution (Green and Radcliff, 1975). 

High temperature deformation will produce recrystallized grains with 

extremely low defect density removing the sites required for bubble 

incorporation, forcing a coalescence of the bubbles (Green and 

Gueguen, 1974).

Green and Radcliff (1975) propose that their study indicates 

that tectonized xenoliths were the source rock or residuum from 

which the host magmas were derived and that the athenosphere is not 

partially melted. The presence of bubbles in ceramics and metals 

weaken these materials, enhance dislocation generation and heighten 

plasticity, and thus flow in the mantle may be so influenced. They 

noted that small intercrystalline bubbles must grow during or after 

straining and bubbles attached to exsolution lamellae must 

precipitate during or after lamellae formation. Syntectonic 

recrystallization during tectonic flow destroys the bubbles before 

incorporation in the magam (Green and Radcliff, 1975). Green and 

Radcliff (1975) suggest that the precipitation and concentration of 

the fluid occurs in a falling temperature gradient and that stress 

concentrations between inclusion and host may lead to fracturing of 

the host upon ascent to surface.

Fluid inclusions in olivine grains from dunite xenoliths from 

the Kanpuhu flow, Hualalai volcano, Hawaii were studied by Kirby and
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Green (1980) who considered the xenoliths to be of mantle origin and 

their metamorphic textures to result from syntectonic recrystalliza 

tion. They examined CO 2 filled bubbles and dislocation structures 

within the olivine grains. On the basis of texture the dunite 

xenoliths displayed progressive deformation and recrystallization of 

an originally coarse-grained dunite (Kirby and Green, 1980). They 

propose that since dislocation density and grain size do not vary 

with degree of tectonism, that recrystallization is a function of 

total strain and not the tectonic shear stress.

In first generation dislocations, the dislocation and disloca 

tion arrays are decorated with C0 2 bubbles, but in the recrystal- 

lized dunites, the dislocations are not decorated (Kirby and Green, 

1980). The investigators suggest that depressurization during 

deformation leads to the precipitation along dislocations from solid 

solution of free C02 within the original grains. Subsequent 

recrystallization segregate the CO2 at grain boundaries leaving the 

grains undecorated with carbon dioxide bubbles. Mantle diapirism is 

the simplest way of depressurization and the lack of xenolith modif 

ication upon incorporation into the magma and ascent implies a cause 

and effect relationship between magma and dunite deformation (Kirby 

and Green, 1980).

Additional studies of inclusions in apatite from carbonatites 

were completed by Rankin (1975) on the Sokolo and Usaki carbonatites 

(sovite phase) Kenya and subdivided them into the three groups. The 

groups are: 1) aqueous phase (entrapped magma), 2) carbonate
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(entrapped crystal of carbonate) and 3) gas (result of complete

leaking).

The fluid phase is highly mobile, aqueous, carbon dioxide-rich, 

saline and alkali-rich and considered to be entrapped carbonatite 

magma (Rankin, 1975). The aqueous fluid phase is interpreted by him 

to be of low viscosity on the basis of a lack of quench melt materi 

al within the inclusion. Quench melt is common within the apatite 

crystals obtained from the more viscous silicate phase (ijolite) but 

such quenched melt is absent from the inclusions within apatites 

from the carbonate phase (sovite) rocks (Rankin, 1975). The inclus 

ions are dominantly sodium bicarbonate, carbon dioxide and water.

More detailed studies of inclusions in apatite crystals from 

ijolite rocks of the Usaki carbonatite using microprobe techniques 

have been presented by Rankin et al (1977a). Two compositionally 

contrasting inclusions were identified. One inclusion is rich in

K20, poor in Na2O and rich in silica; the other is rich in Na20 ' 

poor in K2O and poor in silica (LeBas et al, 1977a). They observed 

that an antipathetic relationship exists between Na2o an(^ CaO since 

the sum total of these two components is approximately 15 weight 

percent. LeBas et al (1977a) interpret the two contrasting 

compositions to be representative of two immiscible liquids whose 

separation may have been enhanced by presence of halides and calcium 

phosphates. The inclusion compositions are considered by the 

investigators to be equivalent to a calcium-rich aluminous syenite 

which is parental to the carbonatite-ijolite magmas. LeBas et al 

(1977a) found that water greatly exceeds carbon dioxide within the 

gas phase of the inclusions. They have also found that in addition
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to the two coexisting immmiscible silicate liquids, a third 

carbonate liquid is present and these had been previously described 

(Rankin and LeBas, 1974a).

A study of fluid inclusions within the carbonate phase of the 

Magnet Cove alkalic rock complex, Arkansas was completed by Nesbitt 

and Kelly (1977). Inclusions in monticellite, apatite and carbonate 

were examined and those in apatite suggested the existence of a 

separate immiscible phase composed of a supracritical carbon dioxide 

fluid of low density which was in coexistence with the carbonatite 

magma. Carbon dioxide gas is the most abundant inclusion in apatite 

and an entrapment pressure of 450 bars (1.5 km) is indicated 

(Nesbitt and Kelly, 1977).

Fluid inclusions within the calcite proved to be secondary and 

were identified by them to consist of alkalies, alkaline earth and 

rare earth carbonates, sulfates, and chlorides (Nesbitt and Kelly, 

1977). The inclusions were considered by them to the product of 

mixing with groundwater; are hydrothermal in nature, and variable in 

composition. The fluids are of exotic composition.

All inclusions within the monticellite contain liquid and 

daughter products; but no gas, which contrasted with the associated 

apatite inclusions containing gas. The fluids within the 

Monticellite inclusions are considered to be primary magmatic, 

formed in a CaO rich melt enriched in water and carbon dioxide 

(Nesbitt and Kelly, 1977). Mineral relations suggest overlapping 

crystallization of monticellite and apatite. On the basis of these 

data the volatile phase in equilibrium with carbonatite magma is 

rich in water, and at high temperature it is rich in carbon dioxide
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(Nesbitt and Kelly, 1977).

Carbonatite magmas are very fluid or have low viscosity and 

. thus allow the rapid crystal settling of apatite and calcite during 

quiescent periods. Nesbitt and Kelly (1977) found inconclusive 

evidence for a third immiscible phase. The three phases would be a 

CaO-CO2-H2o rich melt, a carbon dioxide rich fluid and a water rich 

fluid which may contain silica, phosphorus, magnesium and iron.

Inclusions within apatites from pegmatitic ijolite of the Alno 

carbonatite complex, Sweden, consist of an aqueous alkali-rich 

saline solution with solids of calcite, nahcolite, kalcine, alkali 

halides, and sulphates (Aspen, 1980). The inclusions are considered 

to have been trapped at the time of apatite formation. The fluids 

are late-stage, and responsible for the alteration of the ijolites 

(Aspen, 1980). He proposed that as the liquids become more 

water-rich, the solids become more calcic and the liquids more 

alkali-rich.

Inclusion studies of primary mineral phases have indicated that 

a carbonatite magma consists of an aqueous carbon dioxide-rich, 

saline, fluid-enriched in alkaline earth and rare earth elements. 

While there is not consistent agreement on inclusion composition, 

the recent work appears in agreement as to the importance of 

immiscibility in carbonatite magmas. At least two and possibly 

three immiscible phases are present. The detailed work by LeBas et 

al (1977a) suggest that these fluids consist of two liquids; one 

rich in sodium, poor in potassium and poor in silica; and one 

enriched in potassium, poor in sodium and rich in silica. A third 

fluid is present which is an aqueous carbonate. Various inclusion
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studies indicate carbon dioxide and/or carbonate is abundant within

the earth's mantle needing only a means to coalesce to become a 

magma. Nahcolite (sodium bicarbonate) appears to be the most likely 

candidate for the dominant magmatic carbonate mineral. 

Mantle Metasomatism

Mantle metasomatism as a mechanism or a major factor in the 

generation of alkalic rocks has been advocated by a number of 

investigators of alkalic rocks. The importance of mantle metasoma 

tism as a precursor to alkalic magmatism is increasingly being 

advocated to account for the minor element content and textures 

found in mantle derived xenoliths.

Wilshire and Trask (1971) examined peridotite inclusions in 

basanite at Dish Hill and Siberia craters, California and observed 

that veins composed of amphibole, phlogopite, apatite and rare 

plagioclase crosscut the peridotite. Amphibole veins cut wehrlite- 

Iherzolite layering and metamorphic foliations in anhydrous 

lherzolite inclusions. The textural relations indicate that the 

veins are later than the anhydrous mineral layering and metamorphic 

structures. The veins along with interstitial amphibole are post 

consolidation additions to the original mineralogy (Wilshire and 

Trask, 1971). Amphibole is present in all types of peridotite 

inclusions regardless of modal composition, degree of deformation or 

degree of recrystallization. They derive the metasomatizing fluids 

from deeper within the mantle predating the basanite and contribut 

ing to its formation even though they could not discount the 

derivation of the fluids from the basanite or related magma.

Bailey (1970a) reviewed the role of volatiles in the generation
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of magma and stated that temperature and pressure changes encourage 

volatile migration. The migration of these volatiles into zones of 

lower pressure and temperature focusses the heat, which combined 

with changing composition resulting from volatile addition, forms a 

hydrous rather than anhydrous source region. The presence of 

hydrous material promotes partial melting which can take place in 

the deep continental crust under normal geothermal gradients. He 

envisaged the upward mobility of the volatiles as a means of heat 

transfer to higher levels, particularly in areas of uplift and 

rifting which are characterized by alkaline and volatile-rich 

magmatism.

Mantle degassing transfers heat from lower to higher levels in 

the mantle raising temperatures and at the same time volatile 

addition lowers the rock melting point (Bailey, 1970b). Therefore, 

a zone of degassing in a zone of heat focussing, coupled with 

melting point depression due to bulk composition changes, leads to 

partial melting and volatile-bearing magma generation.

In continental areas with thick crust, crustal stability and 

crustal geothermal gradient rifting and uplift would form pressure 

relief loci for mantle degassing and volatile-bearing rock magmatism 

(Bailey, 1970b). He suggested that the potassium-rich magmas 

(kimberlite) may represent lower degrees of partial melting from 

deeper levels than the more voluminous sodium-rich magmas which 

display more affinities to alkali basalts. Bailey (1970b) consi 

dered sodium-rich magmas to represent higher degrees of partial 

melting at higher structural levels.

Lloyd and Bailey (1975) reported on light element metasomatism
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of continental mantle using xenoliths from potassic volcanics of 

Uganda and Germany. The textures of some of the xenoliths were 

interpreted by them to be of metasomatic origin, and the chemistry 

displayed transitions between spinal lherzolite and alkali pyroxen 

ite suggesting that the mica clinopyroxenite represent altered 

mantle. Metasomatism of hydrous mantle to hydrous alkali pyroxenite 

would provide the required density contrast of the anomalous low- 

density mantle below those regions producing the observed 

geologically long persistent uplifts (Lloyd and Bailey, 1975). The 

metasomatic process is envisaged by them to be of upward mobile 

element transfer accompanied by emission of volatiles in regions of 

alkalic volcanism. The lavas and xenoliths are closely related with 

the lavas being partial melts of metasomatized mantle (Lloyd and 

Bailey, 1975). The model of melt production from metasomatized 

mantle would negate using the nodules found in many alkalic rock- 

carbonatite complexes for mantle compositions since metasomatism has 

modified original mantle compositions.

Reid et al. (1975) examined peridotite xenoliths from the 

Lashine volcano, Tanzania. They identified primary phlogopite in 

one sample and localized melting of potassium-rich areas. They 

proposed that the peridotites are not refractory residues from 

partial melting in the mantle but that potassium-rich material has 

been added to them after melting within the mantle and before 

incorporation into the volcanics.

Ore mineral and phlogopite mineralization within nodules found 

in Matsoku kimberlite pipe, Lesotho, was studied by Harte and Gurney 

(1975). The primary metasomatic minerals were ilmenite, phlogopite,
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rutil and sulphide which vary widely in proportion between samples. 

Harte and Gurney (1975) observed the following:

1) Mineral compositions indicate that the formation of the primary 

metasomatic minerals is the result of infiltration by a hydrous 

fluid enriched in Ti, K but also containing S and probably Fe 

along with the minor elements Ni, Cu, Nb and Zr.

2) A low F6+3/F9+2 ratio of ilmenite suggests a fluid with low 

oxygen fugacity.

3) Infiltration of the metasomatic liquid took place at depth

under mantle conditions and chemical equilibrium with the host 

rocks was obtained.

4) Phlogopite, ilmenite, rutile, sulphides and possibly the fluid 

from which they were derived are localized in occurrence 

providing evidence for a heterogeneous mantle which may be 

relevant to the genesis of basaltic and other magmas. The 

metasomatizing fluids provide a means of fractionation within 

the upper mantle but their mobility does not support the 

existence of isolated heterogeneities over extended periods of 

time.

5) The tentative evidence for a relatively late stage of develop 

ment for the primary metasomatic minerals favours a kimberlitic 

magma source.

6) The similarity in compositions of primary metasomatic phlogo 

pite and xenocrysts-megacrysts in kimberlite, and those of 

glimmerite nodules indicate that some or both of the last two 

types may also have formed in a metasomatic event.

7) Primary metasomatic ilmenites are distinct in composition from
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those of lamellae intergrowths with clinopyroxene and those of 

certain discrete nodules. The latter two ilmenites display a 

higher weight percentage of Fe 203 and lower Gr2O3 which may 

have formed in near-solidus magmas.

Xenoliths from ankaramite lavas from Lashaine volcano, Tanzania 

were studied by Rhodes and Dawson (1975). It was assumed that the 

xenoliths were uncontaminated by host basalt and therefore their 

composition will have a bearing on mantle compositions. Even 

though potassium and rubidinum concentrations are too high to agree 

with such a model, Rhodes and Dawson (1975) consider the inclusions 

to be derived from residual mantle material. To account for the K 

and Rb contents they propose that the inclusions represent mantle 

material undepleted in K or Rb or that the material was contaminated 

at or close to the source area prior to incorporation into the 

magma. Chemistry of the garnet peridotite inclusions suggests 

partial melting has removed 10 to 30 percent as basalt which 

contrasts with the K and Rb contents (Rhodes and Dawson, 1975). 

They concluded that alkali metasomatism following a partial melting 

event best explains the observed chemistry.

Harte e,t al. (1975) recognized evidence for mantle metasomatism 

in a suite of mantle derived xenoliths from the Matsoku kimberlite 

pipe. The primary metasomatic minerals, phlogopite, ilmenite, 

rutile, pyrrhotite, pentlandite and chalcopyrite were formed under 

mantle conditions and on the basis of texture the xenoliths were 

subdivided into three groups. These textures were coarse grained 

(restricted deformation and recrystallization), flaser (strongly 

deformed and crystallized) and even textured (extensively annealed
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following deformation) (Harte et al. 1975). The investigators 

consider the xenoliths to represent mantle creep in a localized area 

and that mantle metasomatism and deformation occured at the same 

time and just prior to incorporation in the kimberlite magma.

Chemical gradients from rim to core within xenoliths of mantle 

origin from Dish Hill, California, were reported by Stewart (1977) 

which questions their use in mantle composition models and thus 

supports Lloyd and Bailey (1975) who question the use of the xeno 

liths for mantle modelling. Lloyd and Bailey (1975) propose that 

highly potassic lavas were generated in continental areas of low 

geothermal gradient within phlogopite-bearing mantle below the depth 

of amphibole stability. Sodium-potassium lavas are from higher 

levels and involve amphibole in melting. Lloyd and Bailey (1975) 

propose that the lack of potassic lavas in an oceanic setting is the 

result of a higher geothermal gradient which inhibits the develop 

ment of a separate mica facies in the mantle.

Francis (1976a) examined amphibole pyroxenite xenoliths from 

Nunivak Island, Alaska and interpreted the amphibole as being the 

result of the interaction of alkali-bearing, migratory, aqueous 

fluid within the upper mantle which consists of spinel lherzolite. 

The amphibole, olivine and orthpyroxene relations are the result of 

amphibole-olivine reaction to form orthopyroxene reaction rims 

between the olivine and amphibole in the presence of an aqueous 

fluid that was not critically undersaturated in silica (Francis, 

1976a,b).

The xenoliths are considered to be from the mantle and 50 

percent of 2000 examined contained relicts of amphibole as fine-
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grained zones of diopside, olivine and spinel in aluminum-rich 

glass. Francis (1976b) considered the amphibole to have formed in 

the mantle prior to extrusion in response to a pervasive metasomatic 

event caused by rising temperature and the introduction of alkali- 

rich fluid. He considered the similarity of NaX(Na plu K) ratios of 

the basalts and interstitial amphibole implies that the fluid 

involved was related to the basalts.

On the basis of observed K/Rb and Rb/Sr, Dawson (1977) observed 

chemical differences in mantle peridotite versus crustal granulite, 

which he attributed to metasomatism in the upper mantle. He inter 

preted the high Rb values in the upper mantle xenoliths at Lashaine, 

Tanzania as the result of later metasomatism imposed on peridotite 

after a melting event depletes them in CaO and A12O3.

Metasomatism of xenoliths in kimberlite was studies by Khavkiv 

and Savrasov (1979) who examined phlogopite-bearing xenoliths from 

several Russian kimberlites. The xenoliths were subdivided into 

four groups:

1) Xenoliths of mantle rock containing deep-seated phlogopite.

2) Xenocrysts of phlogopite.

3) Microinclusions and laminar crystals of phlogopite in kimber 

lite groundmass.

4) Metasomatic phlogopite formed after the kimberlite groundmass 

in xenoliths of sedimentary rocks from the platform cover and 

less frequently in metamorphic basement rocks. 

The first two classes of phlogopite are considered of mantle 

origin and may have been the source of kimberlite magmas and other 

magmas enriched in potassium. The garnet-bearing xenoliths contain
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little phlogopite relative to the non-garnet-bearing types, and the 

garnet-bearing types contain lower potassium and titanium contents 

(Khavkiv and Savrasov, 1979). The phlogopite is the last mineral to 

crystallize in the xenoliths and replaces both garnet and pyroxene, 

which on the basis to sharp contacts between the phlogopite and 

garnet, they suggest that the phlogopite is of deep-seated origin 

and not related to xenolith emplacement. Khavkiv and Savrasov 

(1979) consider the formation of phlogopite in the upper mantle to 

result from deep seated mantle degassing and that the best part of 

the mantle for phlogopitization is picroilmenite-bearing pyroxenite 

and peridotite. Assimilation of phlogopite by rising mantle melts 

will lead to alkaline magma formation.

Petrographic and geochemical data were cited by Boettcher et al 

(1979) in proposing that mantle metasomatism occurred concomitant 

with anatexis and the generation of alkali basalt and kimberlite. 

The proposed metasomatic fluids are enriched in Ti, K, Fe, water and 

other elements and is illustrated by Ti-phlogopite and amphibole in 

peridotite and lherzolite xenoliths. Using oxygen isotope data they 

propose that the metasomatizing fluids are of deep-seated origin. 

The model explains upper mantle heterogeneity by the presence of 

these aqueous fluids and explains the abundance of incompatible 

elements in kimberlite and alkali basalt.

Hydrous minerals are reported from the Buell Park diatremes, 

Colorado Plateau, by Smith (1979) and subdivided into two groups. 

The first group of hydrous minerals are considered primary and 

formed in the mantle prior to emplacement. The second group was 

formed during or after emplacement (Smith, 1979). The hydrous
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minerals amphibole, chlorite, titanoclinohumite, and the mineral 

magnesite were formed in the mantle since they were deformed along 

with other anhydrous phases (Smith, 1979). He proposed that hydra 

tion took place below 700 0 C by a water-rich fluid containing carbon 

dioxide. Smith (1979) proposed a model whereby intrusions of mantle 

magma into hydrated peridotite caused dehydration reactions trigger 

ing kimberlitic eruptions.

Wass (1979) proposed upper mantle metasomatism involving water 

and carbon dioxide in mantle wall rock adjacent to crystallizing 

kimberlitic magma enriched in alkalies and incompatible elements and 

depleted in Mg, Gr and nickel.

From an xenolithic suite obtained from basanitic and nephelini- 

tic lavas near Kiama, N.S.W., Australia, Wass and Rogers (1980) 

obtained rare earth element patterns analogous to those found in 

carbonatites and kimberlites supporting an origin by fractionation 

of, or separation from, a volatile charged magma comparable to 

carbonatite or kimberlite composition. The conclusion is that 

mantle metasomatism is a necessary event which is required before 

continental alkali volcanism can occur.

The mantle source is interpreted to be pyrolite containing 0.35 

percent apatite and a potassium-bearing amphibole (Wass and Rogers, 

1980). Partial melting of this pyrolite on the order of 3 to 10 

percent yields basanitic liquids. The Wass and Rogers (1980) model 

requires mantle heterogeneity on the scale of a tectonic regime in 

which mantle metasomatism may aid uplift, and on a local scale, may 

account for elemental variation between lava flows. Using rare 

earth element data they reported little exchange between xenoliths
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and host magma during transport and emplacement.

Wass et al (1980) expanded the study of inclusions within the 

basaltic rocks of eastern Australia and examined the apatite-rich 

xenoliths. They interpreted the apatite-rich xenoliths to be crys 

tallization products of a carbonatitic-kimberlitic fluid enriched in 

LREE and considered this observation to indicate mantle heterogene 

ity. The apatites display a significant variation in REE content 

and La/Lu ratios which they interpreted to be the result of crystal 

fractionation. Wass et al (1980) consider the fluid from which the 

xenoliths crystallized to be an ideal agent for metasomatism of the 

upper mantle accounting for the LREE enrichment patterns found in 

some alkaline provinces.

Bachinski and Scott (1979) examined mica lamprophyres from New 

Brunswick, Canada and noted LREE, incompatible element, Gr and Co 

enrichment. The geochemistry eliminates anatexis or assimilation of 

crustal rocks, contamination of mantle-derived basalt by 

non-crystalline residua of granite crystallization or feldspar 

fractionation. They consider the chemistry to be a direct function 

of origin in the mantle. Ultrapotassic rocks, kimberlites, and to a 

lesser extent, carbonatites are similar in chemistry implying a 

genetic link. The chemistry cannot be explained by post anatectic 

late enrichment by diversely produced magmas by volatile transport 

(Bachinski and Scott, 1979).

They propose a model of small degrees of partial melting of the 

mantle followed by the introduction of K, Ti, Fe, REE, halogen, P, 

H2O, and/or CO2- The presence of H2O produces a minette magma and 

CO2 produces carbonatite-kimberlite or ultrapotassic magmas.
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Isotopes of neodynium and strontium and REE chemistry on 

alkalic volcanic rocks of Italy were examined by Hawkesworth and 

Vollmer (1979). The Nd1437Na144 ratio varies from 0.51214 to 

0.51289 and the Sr8VSr86 ratio varies from 0.7258 to 0.7036 and the 

REE are light element enriched. The volanics examined are from 

three zones: 1) N. Tuscany where magmas are interpreted to reflect 

crustal anatexis, 2) a central zone in which hybrid crustal-mantle 

rocks exist, and 3) a southern zone where mantle-derived magmas are 

identified. In zone 3 Rb/Sr and Sm/Nd isochrons are pseudo (Hawkes 

worth and Vollmer, 1979). They interpret the data to indicate an 

upper mantle mixing event as a result of mantle metasomatism. This 

fluid is envisaged to have a high Sr87^r86, low Nd143^d144 ratios 

and to be enriched in K, Rb, LREE, Sr+2 and Eu+2. Hawkesworth and 

Vollmer (1979) question the use of Rb/Sr and Sm/Nd ratios as a means 

of establishing continental contamination since mantle metasomatism 

will give the same results.

The melting of mafic peralkaline potassic mudapite from the 

Leucite Hills, Wyoming was studied under water undersaturated 

conditions and various pressures by Barton and Hamilton (1979). The 

experimental results indicate that the mudapite is not a partial 

melt of hydrous lherzolite or garnet lherzolite in the upper mantle 

and they proposed that it represents partial melting of mantle in 

presence of an H 20-CO2 volatile component. While mudapite could 

form by partial melting of a mica pyroxenite or mica olivine pyrox 

enite in the upper mantle, some volcanics may have been affected by 

volatile transfer during eruption and thus experimental studies on 

such material would have little bearing on the genesis of potassic
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magmas (Barton and Hamilton, 1979).

Using a different approach, Boettcher and O'Neil (1980) used 

both strontium and lead isotopes in conjunction with the distribu 

tion of minor elements to propose a model of anatexis of 

metasomatically enriched heterogeneous mantle to generate primary 

deep-seated alkalic magmas. The enriched mantle contains high 

concentrations of potassium, titanium, iron, LREE, lithophile 

elements, water and carbon dioxide which are held principally in 

mica and amphibole. On the basis of isotope data the investigators 

proposed that at depths of 150 km all water is fractionated into 

hydrous minerals with no vapour being present and at shallower 

depths a discrete aqueous fluid rich in CO2/ CI, O and F is 

present. This mobile fluid transports the LREE and lithophile 

elements to magma generation sites in mantle peridotites, providing 

both heat and fluxes for anatexis (Boettcher and O'Neil, 1980). If 

mantle metasomatism precedes mantle melting, the requirement that 

only small degrees of partial melting have occurred to explain minor 

element concentrations is eliminated. Boettcher and O'Neil (1980) 

note that if mantle metasomatism precedes alkalic volcanism, the 

accompanying xenoliths are likely enriched and not depleted in minor 

elements as has been commonly thought.

Wilshire et al (1980) have rejected pervasive mantle metasoma 

tism as having occurred preceding alkalic volcanism, but concede 

that it is a local feature found in xenoliths derived from the 

conduit walls. They examined xenoliths from Dish Hill and Deadman 

Lake, California and observed kaersutite amphibole veins cutting 

lherzolite xenoliths. Paragasite amphibole occurs in the xenoliths
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and the chemical variation is systematic from kaersatite veins to 

paragasite within the Iherzolites (Wilshire et al, 1980).

Xenoliths from the Massif Central, France were subdivided into 

protogranular, porphyroclastic and equigranular by Brown et al 

(1980).

The least deformed petrogranular group represent the higher 

temperture range and the most deformed equigranular group the lowest 

temperature range. The intermediate porphyroclastic group displayed 

evidence for reaction with an alkalic liquid to produce amphibole 

and phlogopite at the expense of spinel and diopside (Brown et al, 

1980). They interpreted the xenoliths to indicate an invasion of 

the upper mantle peridotite by a metasomatizing fluid prior to 

dislocation of the peridotite by basanite magmas.

Xenoliths from South African kimberlites were studied and 

subdivided into two groups by Delaney et al (1980). The host group 

displayed micas in primary textural relations with coexisting 

silicates and the second group displayed a secondary textural 

relationship with associated silicates. The primary micas display 

little chemical variation while the secondary micas display a broad 

range of chemical composition (Delaney et al, 1980). The secondary 

micas are richer in FeO and Ti0 2 than primary micas and they 

attribute these compositional differences to crystallization from a 

fractionated fluid.

Irving (1980) studied ultramafic xenoliths from several loca 

tions and he concluded that basanitic magmas had reacted with 

lherzolite wall rock which resulted in chemical modification of 

conduit rocks for a depth of several centimeters. Water and fluid
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from the basanite added to the lherzolite promoted fractional

melting of the conduit which was added to the basanite magma 

(Irving, 1980).

A late-stage metasomatizing fluid possibly unrelated to the 

basanite magma gave rise to late-stage amphibole found in the 

dikes. The chemical variations of the lherzolite is a function of 

reaction of the lherzolite with basanitic magma and this reaction 

ceases when the conduit walls become plated (Irving, 1980). The 

reaction with late stage hydrous fluids will overprint earlier 

magma-lherzolite reactions.

Irving (1980) proposed a model of a dynamic flowing basanitic 

magma in narrow conduits to account for the petrologic relations.

Xenoliths from alkali basalt flows on Nunivak Island, Alaska 

and at Atag, South Yemen are interpreted by Menzies and Murthy 

(1980) to display pervasive mantle metasomatism which enriched the 

mantle in phosphorous, potassium and REE. This metasomatism 

precedes the formation of alkalic magmas and amphibole is a remnant 

of this event. At both Nunivak and Atag, Menzies and Murthy (1980) 

found that metasomatism is isotopically variable between volcanic 

vents. The metasomatism is related to mantle degassing and diapir 

ism and the addition of the incompatible elements prior to magmatism 

eliminates the need for low degrees of partial melting to generate 

alkalic magmas with their known content of incompatible elements 

(Menzies and Murthy, 1980).

At the Lashaine volcano, Tanzania, Pike et al. (1980) examined 

xenoliths and on the basis of their texture interpreted the xeno- 

liths to have undergone an earlier partial melting event which gave
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rise to the coarse-grained texture and hydrous mineral veining. 

Metasomatic reactions between peridotite and a pyroxenite dike 

produced compositional changes that are like chemical trends separa 

ting garnetiferous from nongarnetiferous peridotites and this 

chemical heterogeneity is interpreted by them to represent episodic 

partial melting, concentration of fluids in veins, and metasomatic 

reaction between veins and rocks. Repetition of the process in 

diapiric masses concentrates the alkalic melts until a descrete 

alkalic magma is produced (Pike et al. 1980).

Garnet peridotite nodules from a number of South African 

kimberlites were examined by Gurney and Harte (1980) and subdivided 

on the basis of three criteria: 1) their depleted or fertile 

chemical nature, 2) their deformed or undeformed nature, and 3) 

their Ca/(Ca 4- Mg) ratios of contained clinopyroxene. There is 

evidence of infiltration metasomatism in some xenoliths before their 

incorporation into the kimberlite which may be linked to an earlier 

magmatic event (Gurney and Harte, 1980). Extreme chemical hetero 

geneity may be produced by metasomatism or with restricted partial 

melting and therefore attempts to find pristine homogeneous rocks 

with pristine upper mantle composition is unrealistic. Gurney and 

Harte (1980) propose that high temperature deformed peridotites and 

megacrysts result from high temperature magmas overlying cooler 

mantle and the xenoliths from kimberlite provide little direct evi 

dence of mantle stratification with depth.

An eclogite xenolith from the Robert Victors kimberlite, South 

Africa displayed evidence of permeation by a metasomatizing fluid 

rich in H 2O, K2O, TiO2 and possibly FeO (Windom and Boettcher,
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1980). The metasomatizing event affected the omphacite within the 

eclogite, altering the chemistry leading to partial melting. The 

partial melt combined with the metasomatizing fluid producing a 

fluid which crystallized to lamprophyric material (Windom and 

Boettcher, 1980). The lamprophyre contained microphenocrysts of 

phlogopite, paragasite, clinopyroxene, analcime and green spinel in 

a fine-grained matrix of 12 to 14 percent total alkali oxides. Some 

lamprophyres are therefore derived within the mantle in association 

with kimberlite.

The ultrapotassic volcanics erupted in the Sierra Nevada, 

California are interpreted to have originated by partial melting of 

a garnet-bearing upper mantle source (Van Kooten, 1980). Modal 

calculations, based on major, rare earth elements, and minor 

elements, except for Ba, Rb and Sr, indicate that the ultrapotassic 

rocks can be generated by 1.0 to 2.5 percent partial melting of a 

phlogopite- and garnet-bearing clinopyroxene-rich upper mantle. 

This melting occurred after upper mantle enrichment and the 

phlogopite- and clinopyroxene-rich source of the ultrapotassic lavas 

are the result of the enrichment process (Van Kooten, 1980). The 

clinopyroxene enrichment of the mantle occurred by the introduction 

of a partial melt fraction into the upper mantle and enrichment in 

the alkali and alkali-earth elements is the result of an influx of a 

fluid phase rich in Ba, K, Rb, Sr and possibly water (Van Kooten, 

1980). He observed a continuous range of K2O values which suggested 

to him that the upper mantle enrichment is a cumulative process. 

The inverse relationship between uplift and K2O content of erupted 

basalts implies that a relationship exists between uplift and upper
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mantle enrichment (Van Kooten, 1980).

Using the Sm-Nd isotopic system Basu and Tatsumoto (1980) have 

examined mantle derived material from several settings and they 

concluded that on the basis of the Nd data that kimberlite is from a 

chondritic mantle. The inclusions in kimberlite show Nd enrichment 

and depletion with respect to Sm, and clinopyroxene in eclogite 

xenoliths gives both enrichment and depletion with respect to Sm 

(Basu and Tatsumoto, 1980). They concluded that all inclusions, 

mafic and ultramafic, in kimberlites are unrelated to their 

kimberlite host. They combined kimberlite, alkali basalt, 

carbonatite and peridotite data to construct a mantle model that is 

increasingly fertile with depth. On the basis of Nd data Basu and 

Tatsumoto (1980) conclude that the continental mantle above 200 km 

is distinctly different from their suboceanic counterpart.

The upper mantle ultramafic xenoliths from Kapfenstein, Austria 

were studied geochemically by Kurat et al (1980). The xenoliths are 

mostly residues after basalt extraction, however within the sequence 

lherzolite to harzburgite the contents of Al, Ga, Ti, Na, Se, V, Gr 

and HREE decrease systematically with increasing Mg/Fe and decreas 

ing Yb/Sc ratios. Even though all samples are depleted, the less 

depleted approach chondritic abundances (Kurat et al. 1980). Some 

selected observations are:

1) An amphibole lherzolite is the product of alkali-basalt meta 

somatism of a common depleted lherzolite.

2) Two amphibole Iherzolites contain evidence of pure water meta 

somatism of normal depleted lherzolite.

3) A garnet-spinel websterite was a tholeiitic liquid trapped
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within the upper mantle and which suffered a subsequent partial 

melting event.

4) Abundances of incompatible elements are generally very irregu 

lar, indicating contamination of upper mantle rocks by 

percolating liquids in the mantle.

The solubility of potassium in aqueous vapour in equilibrium 

with phlogopite to pressures of 11 kb and 1100 0 C was studied by 

Ryabchikov and Boettcher (1980). They observed that potassium con 

centrations of 3 gm per 100 gm H20 at 11 Kb and 25 gm per 100 gm H20 

at 30 Kb. Such values are sufficient to transfer all potassium from 

the interior of the earth to the surface by outgassing, however the 

transport method is most likely by silicate-rich liquid (Ryabchikov 

and Boettcher, 1980).

Major and minor element data and strontium isotope data have 

been obtained by Civetta et al (1981) on alkalic volcanics of Mt. 

Ernici, Italy. All samples had high lithophile element contents and 

high SrSVsr 86 ratios that range from 0.707 to 0.711. They also 

have a fractionated REE pattern. Civetta et al. (1981) report that 

the rocks display high Mg, low differentiation index, variable 

degrees of silica undersaturation and different K2O contents which 

permit the distinction of a potassium series from a high potassium 

series. They discount crystal fractionation, mixing or assimilation 

processes or differing degrees of equilibrium partial melting of a 

homogeneous source to explain the chemistry and suggest that potas 

sic and high potassic magmas represent several isotopically 

different magma types. Civetta et al. (1981) propose a model of low 

degrees of melting of a garnet peridotite mantle heterogeneously
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enriched in lithophile elements and radiogenic Sr. The geochemical 

anomaly in the mantle is believed due to fluid metasomatism which 

they relate to dehydration of a lithosphere slab subducted during 

the late tertiary development of the Apennine chain.

The concept of mantle metasomatism is a relatively recent 

concept introduced to the petrologic modelling for generation of 

alkalic rocks. The concept of mantle metasomatism by alkali-rich 

aqueous fluids can explain mantle heterogeneity, the concentration 

of alkalic and incompatible elements, the anomalous low-density zone 

in the upper mantle and provide a cause for crustal upwelling 

commonly found along rifts containing manifestations of alkalic 

magmatism. Mantle metasomatism can explain the anomalous concentra 

tions of alkalies, lithophile elements and REE without resorting to 

very low degrees of partial melting which present a problem of magma 

coalescence for such low volumes of melt. Mantle metasomatism 

provides a mechanism of heat transfer from the lower to the upper 

mantle. The addition of volatiles to the upper mantle changes the 

chemical composition which encourages partial melting and promotes 

crustal uplift. The mechanism explains the anomalous heat flow in 

areas of alkalic magmatism and may aid or perpetuate mantle diapir 

ism in areas of alkalic magmatism as suggested by the presence of 

alkalic rocks in these areas spaning a considerable length of time. 

The concept of mantle metasomatism would negate the use of mantle 

derived xenoliths found in alkalic rocks for modeling mantle 

chemistry for they will have been contaminated by metasomatizing 

fluids. 

The Role of Volatiles in the Generation of Alkalic Rocks



-128-

The role of volatiles in the genesis of alkalic rocks has been 

the subject of intense study during the past 10 years. Experimental 

work has concentrated on water and carbon dioxide with the role of 

sulphur and various halogens needing future study. Some of these 

minor volatiles may ultimately prove important in alkalic rock- 

carbonatite genesis. Fluorine may be of particular importance since 

it is commonly concentrated in carbonatites as fluorite or fluorapa 

tite.

The abundance of water-bearing minerals in alkalic rocks attest 

to the high volatile content of alkalic rocks (Kogarko, 1974). The 

addition of the volatiles to a magma will change its physiochemical 

properties such as viscosity, crystallization, temperature, diffus 

ion rates, and fluorine is especially important in decreasing melt 

viscosity. Chlorine has a low solubility and does not influence the 

physiochemical properties of silicate melts and F, CI, S, f^O and 

CO2 are already higher in concentration in the more alkalic or two 

immiscible liquids (Kogarko, 1974). He also correlated a rise in 

the FeO7Fe2o 3 ratio with addition of fluorine.

A mechanism of alkalic rock genesis dependent on carbon dioxide 

was proposed by Rock (1976a). He proposed that under low CO2 

pressure gabbro forms and under high C02 carbonatite. The mechanism 

requires the suppression of plagioclase crystallization plus frac 

tionation of pyroxene leading to a secondary, olivine-poor, 

nephelinite magma (Rock, 1976a).

Brey and Green (1975) determined that CO2 dissolved in an 

olivine melilite magma suppresses near liquidus crystallization of 

olivine and clinopyroxene and brings orthopyroxene and garnet onto
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the liquidus. Their data indicate that less than 5 percent partial 

melting of pyrolite at 30 Kb and 115 0 0 to 1200 0 C produces an olivine 

melilite magma provided both C02 and H2O are present in minor 

amounts. In 1976, Brey and Green presented data indicating that 

carbon dioxide lowers the liquidus but its effect is minor relative 

to water. The presence of C02 favours the growth of orthopyroxene 

plus garnet over olivine at high pressure and their data indicate 

that carbon dioxide can exist in the mantle at 40 Kb pressure as a 

carbonate under subsolidus conditions. It will dissolve in the melt 

above the solidus.

Continuing the above research Brey and Green (1977) studied the 

melting characteristics of a spinel Iherzolite-bearing olvine 

melilite from Tanzania under varying pressures, temperatures, XH2O, 

XCO2 and fO2 in the presence of a magnetite-hematite buffer. The 

results indicate that in the presence of water, olivine occurs on 

the liquidus and that with increasing carbon dioxide content, 

clinopyroxene appears on the liquidus eventually replacing olivine. 

With increasing CO2 content orthopyroxene plus garnet follows clino 

pyroxene (Brey and Green, 1977). They report that the above 

systematic sequence of mineral variation exists at both high and low 

pressures. The absence of olivine in association with garnet in the 

melilite is the result of reaction of olivine plus clinopyroxene 

with orthopyroxene and garnet in the presence of carbon dioxide. 

They postulated from the melting experiments that the Tasmanian 

melilite basalt originated as a 5 percent partial melt (inferred 

from K20 and ?2O5 contents) of a pyrolite composition, at 27 Kb 

pressure and 1160 0 C, and contained 6 to 7 percent C0 2 and 7 to 8
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percent H2O dissolved in the melt.

Wyllie and Tuttle (1960) were early investigators of volatile- 

rich systems. They determined that in the system CaO-H 2O-CO 2 that 

the minimum liquidus was 685 to 640 0 C in the pressure interval of 27 

to 4,000 bars. The investigators considered the system to be analo 

gous to a simple carbonatite. The melt displayed low viscosity and 

obtained rapid equilibrium (Wyllie and Tuttle, 1960).

Silica was added to the system of Wyllie and Tuttle (1960) and 

examined at 1 Kb (Wyllie and Haas, 1965). In the system CaO-SiO4- 

CO2-H20 a thermal divide was observed; where liquids containing more 

SiO2 than this plane yield only silicates plus vapour upon crystal 

lization and those liquids containing less silica yield low 

temperature hydrated and carbonated phases analogous to carbona- 

tites. At higher pressures a field of wallastonite intervenes 

between the fields of spurrite and calcite indicating that calcite 

and wollastonite can crystallize together (Wyllie and Haas, 1965). 

Isobaric invarient reactions below 900 0 C give a vapour-saturated 

liquidus surface in the system at 1 Kb that is rich in H20 -

In the system CaO-MgO-CO2-H2O, Wyllie (1965) proposed that the 

observed sequence of crystallization of calcite followed by anker 

ite, followed by siderite can be explained by crystallization 

differentiation. He proposed that since synthetic carbonatite 

magmas are very fluid, crystallization differentiation would be a 

highly effective means of differentiation. He observed that at low 

pressures only calcite precipitates but at higher pressures the 

liquids could precipitate dolomite or ankerite, and at very high 

pressure, siderite.
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Wyllie and Boettcher (1969) working in the system 

described quench textures in carbonates analogous to those found in 

natural carbonatites. Silica was added to the system and it was 

determined that fractional crystallization under pressure ranges 

found in the earth's crust will produce carbonatitic liquids only 

from liquids originally undersaturated in silica (Wyllie and 

Boettcher, 1969). This study extended the pressure range investi 

gated by Wyllie and Boettcher (1965).

To understand the kimberlite-carbonatite system, Wyllie and 

Huang (1975) examined the system CaO-MgO-SiO2~CO2 and observed that 

with increasing pressure in the system a carbonate reaction occurs 

which yields orthopyroxene plus carbonate. The reaction passes 

through 15 Kb, 960 0 C with a slope of 45 b/c'C and terminates at 25 

Kb, 1200 0 C when melting begins. The investigators observed that at 

20 Kb, melting of peridotite is lowered by 75 0 C by the presence of 5 

weight percent CO2- The liquid produced is silica-undersaturated 

and the stabilization of carbonate will increase the solubility of 

carbon dioxide (Wyllie and Huang, 1975).

Under high pressure the peridotite solidus curve involves 

fusion of silicates and carbonates producing a carbonatitic liquid 

and with progressive fusion, a kimberlitic liquid. Fractional 

crystallization of carbon dioxide bearing silica undersaturated 

basic magma at most pressures yield residual carbonatite and 

kimberlite (Wyllie and Huang, 1975).

At a depth of 80 to 100 km carbonatite and kimberlite magma 

from the mantle evolve carbon dioxide causing explosive eruption 

(Wyllie and Huang, 1975). This phenomenon explains the diatreme
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nature of kimberlite pipes and the pervasive brecciation that occurs 

within rocks enclosing a carbonatite complex.

Wyllie and Huang (1976a,b) expanded on their earlier data 

(Wyllie and Huang, 1975) and summarized their data (Wyllie and 

Huang, 1976a) as follows:

1) Peridotite, Fo+Opx+Cpx, can be carbonated with increasing

pressure or decreasing temperature to yield Fo+Opx+Cd (Cd^- 

calcic dolomite), Fo+Opx+Cm (Cmscalcic magnesite) and finally 

Qz+Cm.

2) Free CO2 cannot exist in subsolidus mantle peridotite with

normal temperature distributions; it is stored as carbonate.

3) The CO2 bubbles in peridotite nodules do not represent free C02 

in mantle peridotite along normal geotherms.

4) Carbon dioxide is as effective as H2O in causing incipient 

melting.

5) Fusion of peridotite with CO2 at depths shallower than 80 km 

produces basic magmas, becoming more Si02 undersaturated with 

depth.

6) The solubility of CO2 in mantle magmas is less than 5 weight 

percent at depths of 80 km increasing abruptly to 40 weight 

percent at 80 km or deeper.

7) Deeper than 80 km the first liquids produced are carbonatitic, 

changing towards kimberlitic and eventually at considerably 

higher temperatures, to basic magmas.

8) Kimberlite and carbonatite magmas rising from the asthenosphere 

must evolve CO2 at depths of 100-80 km which contributes to 

their explosive emplacement.
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9) Fractional crystallization of C0 2 bearing Si6 2-undersaturated 

basic magmas at most pressures can yield residual kimberlite 

and carbonatite magmas.

In 1977a, Wyllie summarized the effect of H2O and CO2 on magma 

genesis. The presence of water and carbon dioxide lowers the melt 

ing temperature and modifies the crystallization sequence and thus 

hydrous minerals and carbonates may become stable within the fusion 

interval. Liquid compositions change as a function of volatile 

content (H2O and/or C02) and H2O/CO2 ratios. The volatile content 

of the magma may markedly influence its physical properties and the 

evolution or expulsion of volatiles with an uprising and crystal 

lizing magma may be responsible for the physical and geochemical 

effects found associated with carbonatite and kimberlite intrusions 

(1977a). At crustal pressures water is the more important volatile 

but at mantle depths of 75-80 km, carbon dioxide is as important as 

water since it stabilizes dolomite and its solubility increases. 

Wyllie (1977a) concluded that the compositions of near solidus 

mantle magmas are strongly influenced by H2O/CO2 ratios and by the 

distribution of carbonate, amphibole and phlogopite. In the 

presence of water and carbon dioxide in the system, 

CaO-MgO-SiO2~CO2-H2O peridotite melts at lower temperatures with 

increasing water content and carbonate-bearing peridotite acts as a 

buffer controlling C02/H2O ratios as a function of pressure and 

temperature (Wyllie, 1977b). If phlogopite is absent the CO2/H20 

ratio is low and the carbonated peridotite buffers fluid 

compositions. The incipient melting of a carbonated peridotite 

produces a carbonatitic liquid at high pressures (40 to 40 Kb) and
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this may be true even with a pure fluid enriched in H2O/CO2 (Wyllie, 

1977b). For a mantle peridotite with CO2 and CO2 plus H2O the 

liquid at the top of the asthenosphere is carbonatitic with 10 to 15 

percent dissolved silicates and a Ca/Mg ratio greater than one and 

it is likely enriched in alkalies. The model implies that 

carbonatitic liquids occur high in the mantle and kimberlitic 

liquids lower (Wyllie, 1977b). Wyllie (1977c) proposed that 

incipient melting generates a carbonatitic liquid; at greater depths 

it is kimberlitic; and that a carbonatitic magma may be the 

fluidizing agent for kimberlitic emplacement.

Carbonate, amphibole and phlogopite buffer the water-carbon 

dioxide content of the vapour phase associated with a magma with 

carbonate having a greater buffering capacity than the two hydrous 

phases (Wyllie, 1978a). In normal mantle peridotite approximately 

0.02 to 0.04 percent water is necessary to make the maximum allow 

able phlogopite or amphibole and approximately 5 percent carbon 

dioxide is required to produce the maximum amount of dolomite. At 

high pressures mantle peridotite with water and carbon dioxide melt 

along curves with the vapour buffered to high H2O/CO2 ratios by 

dolomite producing low silica magma (Wyllie, 1978a). He suggests 

that the absence of a low velocity zone beneath continents indicates 

the absence of, or little, phlogopite, carbonate or H20-CO2 vapour. 

Wyllie (1978b) considers the low velocity zone to be a zone of 

incipient melting in the mantle. Carbonate, amphibole and phlogo 

pite buffer vapour compositions and above 25 Kb the vapour phase is 

buffered by the melting of dolomite-peridotite with vapour composi 

tions ranging from high CO2 to high H 2O7CO 2 ratios. Below 30 Kb the
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vapour phase is buffered by the melting of amphibole-peridotite with 

vapour composition ranging from H2O to high CO2/H20 ratios (Wyllie, 

1978b). The buffered curve for phlogopite peridotite intersects the 

dolomite-peridotite curve generating a phlogopite-dolomite perido 

tite which is strongly buffered by carbonate, giving high H2O/C02 

ratios (Wyllie, 1978b). He obtained a buffered curve for the soli 

dus of partly carbonated peridotite which has a temperature maximum 

on the vapour-peridotite surface. On the H2O side of the maximum, 

and at all pressures below 26 Kb, CO2/H2O is greater in the vapour 

than the liquid; and on the CO2 side above 26 Kb, CO2/H20 is greater 

in the liquid than vapour (Wyllie, 1978b).

On the basis of the above data, Wyllie (1978b) proposed that 

the oceanic low velocity zone is caused by incipient melting of 

amphibole-peridotite in the presence of a vapour with a high C02/H20 

ratio generating a forsterite normative liquid. Below the 

continents the low velocity zone is a zone of incipient melting of 

dolomite peridotite or phlogopite peridotite, with or without an f^O 

rich vapour. The associated liquid is CO2 rich, alkalic, SiO2 poor, 

which may be carbonatitic in extreme conditions (Wyllie, 1978b).

Wyllie (1979) published limited data on HP in magma which 

indicated that it remains in the liquid and does not fractionate to 

the vapour. The fluorine content in amphibole (richterite) and 

phlogopite mica in kimberlite is high (3000-5000 ppm) (Aoki and 

Kenisawa, 1979) and may play a significant role in the systems 

studied by Wyllie.

The role of carbon dioxide in magma has been extensively 

studied by D.H. Eggler and associates. On the basis of experimental
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data Eggler (1973) concluded the following:

1) In the presence of CO2 or CO2 plus H2O mixtures, peridotite

comprising the upper mantle melts at higher temperatures than 

with water alone.

2) The effect of CO2 is to produce less silica-saturated melts.

3) The variation in water-carbon dioxide ratios in the mantle

could lead to the production of basalts ranging from tholeiitic 

to alkalic from the same depth provided appropriate 

temperatures are present.

The relative stability of CO2 in a silicate melt will therefore 

become important in controlling the composition of the magma 

derived. At 20 Kb only 4 to 5 weight percent carbon dioxide will 

dissolve in a melt of diopside composition versus 17 percent water 

(Eggler et al, 1974). Carbon dioxide has the opposite effect as 

water on melting and in the presence of H2O plus CO2 the melt is 

less silica saturated than with water alone. The presence of carbon 

dioxide in the melt increases the size of the orthopyroxene field 

relative to its size without volatiles (Eggler, 1974). They 

interpreted experimental data to indicate that at 20 to 25 Kb, 3 to 

7 percent partial melts of the mantle can be saturated in carbon 

dioxide from a mantle containing 0.15 to 0.35 percent carbon dioxide 

and that carbon dioxide is more soluble in basaltic than granitic 

melts. Since the mantle is depleted in water relative to carbon 

dioxide, melting of the mantle in the presence of carbon dioxide and 

little water produces more silica-undersaturated magmas than could 

be produced in the volatile absent system (Eggler, 1974).

In the system CaO-MgO-Si0 2 -C0 2 , Eggler (1975b) reached the
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following conclusions:

1) Orthopyroxene stability extends towards carbonate compositions 

at about 30 Kb.

2) A free CO2 vapour is unlikely since sufficient CO2 is not 

present to react out appropriate silicate phases.

3) Partial melts in the presence of water plus carbon dioxide are 

likely more silica-rich than kimberlite.

4) Immiscibility plays no role in derivation of highly silica

undersaturated magmas.

Eggler (1975b) reviewed existing data on carbon dioxide in the 

mantle and its possible influence on magma composition and genesis. 

The summation is as follows:

1) In the presence of C02 plus H2O enstatite plus fosterite melt 

at higher temperatures than with H2O alone.

2) At 1400 0 C partial melts with CO 2/^0 ratios greater than 45 

mole percent Co2 are silica-saturated and those less than 45 

are silica oversaturated.

3) Carbon dioxide raises the melting temperature of peridotite

relative to the beginning of melting with water, and it reduces 

water activity.

4) Hydrous magmas are not water-saturated at depth, therefore they 

do not evolve a vapour until reaching a shallow depth.

5) Magmas containing water and carbon dioxide may evolve vapour in 

mantle or lower crust.

6) At high pressure, CO2 is less soluble than water and at low 

pressure CO2 is much less soluble in a partial melt derived 

from peridotite.
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7) The evolved vapour, if rich in C0 2 , dissolves less total silica

than H2O vapour, but it does dissolve the alkalies.

By studying the system CaO-MgO-SiO2-C0 2 , Eggler (1976) predict 

ed that CO2 is the dominant volatile species in the mantle and that 

the low velocity zone in the mantle is caused by partial melting of 

a carbonated peridotite. The melting takes place at 90 km in 

oceanic areas where the carbon dioxide may be present in carbonate 

minerals or vapour or at 120 km in continental areas where the 

carbonate will be present in carbonate minerals.

Eggler and Holloway (1977) summarized work on the effects of 

CO2 in magma genesis which indicate that water and carbon dioxide 

have the opposite effect on magma genesis and that the sum total of 

both volatiles likely totals less than 0.5 weight percent of the 

mantle. They observed that amphibole peridotite can be partially 

melted to produce a nephelinitic liquid but if C02 is absent an 

andesitic liquid can be produced. A partially melted dolomite- 

phlogopite peridotite may produce a melilitic liquid. The presence 

or absence of carbon dioxide is critical to the development of 

alkalic magmas and the amount of nephelinitic or melilitic magma 

produced is relatively small (less than 5 percent) and developed 

within 50 0 C of the solidus (Eggler and Holloway, 1977). As melting 

increases the melt becomes less saturated with volatiles and the 

effect of the volatiles decreases; thus at 300 to 500 e C above the 

solidus, an essentially volatile free tholeiitic magma is produced 

(Eggler and Holloway, 1977).

They observed that melting is controlled by the presence of 

volatiles and their removal will raise the solidus and halt melting,
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and in addition, the fractionation of volatiles into the vapour 

phase will also have an influence on magma composition since they 

will be effectively removed from the magma (Eggler and Holloway, 

1977).

The system Na 20-CaO-Al2O3-MgO-SiO2-CO2 was investigated to 35 

Kb by Eggler (1978). The presence of the carbonate anion polymer 

ized the silicate melt expanding the orthopyroxene field and thus 

producing silica-poor liquids (Eggler, 1978). He predicted that at 

50 to 90 km melilite nephelinite can be produced by partial melting 

of mantle peridotite in the presence of dominant carbon dioxide. He 

also concluded that below 90 km dolomite is stable and that 

carbonate is part of the melt. Associated vapour compositions can 

vary only if large amounts of volatiles are present, and that with 

partial melting of 1 to 10 percent, melt compositions may diversify 

because of vapour fractionation (Eggler, 1978). In 1978, Eggler and 

Rosenhauer reported on experimental studies involving the solubili 

ties of C02 and H2O in liquids of diopsidic composition. They found 

that at pressures greater than 5 Kb that the vapour will be C02~r i c^ 

and at less pressure, H2O-rich. This observation implies a zoned 

mantle with carbon dioxide being enriched in the lower crust. For 

C02X( C0 2"I"H 20 ) ratios greater than 0.5, melting curves have positive 

slopes and peridotites with these slopes can melt upon pressure 

release (Eggler and Rosenhauer, 1978). They observed that carbon 

dioxide fractionates to the vapour phase and water to the melt and 

that less melt is produced with the presence of carbon dioxide plus 

water than with water alone. At 30 Kb a magma with 2 percent water 

is undersaturated and with 2 percent carbon dioxide it is saturated;
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as this magma rises the vapour becomes enriched in carbon dioxide 

and the magma becomes enriched in water (Eggler and Rosenhauer, 

1978).

Eggler et al (1979) reported that the effect of carbon 

monoxide-carbon dioxide in silicate melts are similar to that found 

in a purely carbon dioxide-influenced system.

B.O. Mysen has also been a major investigator of the effects of 

volatiles on magma genesis. In 1973, Mysen determined that partial 

melts derived from peridotite with a mole fraction of water greater 

than 0.6 in the vapour phase are quartz normative and the liquids 

are strongly alkaline where this mole fraction is less than 0.5. 

The alkalic melt is of melilite-nephelinite composition and 

indicates a trend towards kimberlite and associated rocks (Mysen, 

1973). The solubility of carbon dioxide in andesite, tholeiite and 

olivine nephelinite to 30 Kb has been studied and it has been 

determined that solubility of carbon dioxide increases with 

pressure, temperature and silica undersaturation (Mysen et al. 

1975). They observed that CO2 solubility is influenced by the 

presence of water which increases CO2 solubility. The solubility 

curve of water passes through an isothermal isobaric maximum at 

intermediate CO 27(CO2^H 2O) compositions and since there are 

differences in water and carbon dioxide solubility the volatiles 

fractionate between melt (water) and vapour (carbon dioxide). 

Initial low temperature melts are more water rich than later higher 

temperature melts (Mysen et al. 1975). Using natural peridotite 

Mysen and Boettcher (1975a, b) and Boettcher et al. (1975) 

investigated phase relations at high pressures and temperatures in
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the presence of water and carbon dioxide. They concluded that 

partial melting of peridotite at a mole fraction of water in the 

vapour phase from 0.5 to 0.25 will produce kimberlitic magmas from 

depths of 125 - 175 km. Liquids formed by anatexis of mantle 

peridotite under conditions of mole fraction of water greater than 

0.6 are andesitic to at least 25 Kb pressure, and therefore 

andesitic liquids can be mantle derived (Mysen and Boettcher, 1975 

a, b; Boettcher et al. 1975).

Under a partial vapour pressure of water equal to or less than 

0.5 the initial liquids are olivine plus nepheline normative and 

resemble olivine nephelinite and melilite basalt (Mysen and 

Boettcher, 1975a,b; Boettcher et al. 1975). At partial pressures 

greater than 0.5 the melts are olivine-orthopyroxene normative and 

resemble oceanic basalt.

Mysen et al. (1976) studied the solubility of carbon dioxide in 

crystals as well as silicate melts. The study indicated that carbon 

dioxide is stored in the mantle in either a vapour phase, a 

carbonate, or a silicate melt. Carbon dioxide solubilities are such 

that andesitic, tholeiitic and nephelinitic magmas can evolve carbon 

dioxide upon ascent and the evolution of water is unlikely. Under 

mantle conditions only 2 to 7 percent carbon dioxide can dissolve in 

silicate melts and exsolution of a CO2~rich vapour during ascent 

(cooling and decompression) of a water plus carbon-dioxide-bearing 

magma may produce a separate carbonate phase or a vapour as the 

magma rises (Mysen et al. 1976).

Mysen et al. (1976) reported on carbon dioxide and water 

solubilities in feldspar, pyroxene and feldspathoidal melts at high
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temperature and pressure and noted the following observations:

1) The presence of water enhances carbon dioxide solubility but

the difference in solubility in water-bearing and water-absent 

melts decreases with increasing temperature and decreasing 

pressure.

2) Carbon dioxide solubility in silicate melts is one half to one 

order of magnitude less than that of water.

3) Carbon dioxide solubility in silicate melts increases with 

bascity of the melt, increasing temperature and increasing 

pressure.

4) In a CO2 plus H2O bearing melt, CO2 solubility increases and 

passes through a maximum with decreasing CO2 activity. This 

increased solubility occurs when all bridging oxygen associated 

with exchangeable actions in the silicate melt are substituted 

with hydroxyl ions.

5) The value of CO2/CO2 plus H2O is a fraction of the water solu 

bility in the melt and depends on the same parameters as the 

water solubility.

6) Carbon dioxide dissolves in silicate melts as discrete C02

molecules and as carbonate and its molar ratio as carbonate or 

carbon dioxide is a function of composition, temperature, 

pressure and activity of water.

7) The variation in molar ratios of carbonate in melt suggests 

that in albitic melts aluminum shifts from 4 to 6 fold 

coordination in approximately the same P/T interval as the 

metastable extension of the crystalline analogue. 

Mysen (1977) completed a limited amount of work on the influ-
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ence of S02 on silicate melts in addition to carbon dioxide and 

water. He reports that water solubility is several times greater 

than either carbon dioxide or sulphur dioxide and that both C02 and 

SO2 solubility increase with increasing pressure and temperature. 

As with carbon dioxide, sulphur dioxide solubility depends on 

basicity of the melt (Mysen, 1977).

The partial melting of a volatile-rich mantle will result in 

enrichment of the vapour fraction in the least soluble component and 

he equated andesitic magmas with high water contents, tholeiitic 

magmas with equal water and carbon dioxide contents and nephelinitic 

magmas with high carbon dioxide contents. Since CO2 becomes less 

soluble with decreasing temperature its activity in the melt 

increases. Since increased CO2 activity at high pressure may result 

in an abrupt change in order of crystallization from olivine to 

orthopyroxene, it is possible that a tholeiitic trend may be 

followed by a nephelinitic trend (Mysen, 1977). As a result of 

vapour fractionation, partial melting of a (CO2+H20)-bearing perido 

tite mantle will result in CO2 enrichment in the residual mantle 

whereas the melt itself is enriched in H2O (Mysen, 1977). The CO2 

is likely retained in the mantle as carbonate.

Wendlandt and Eggler (1980a) examined the system KAlSiO 4 - 

Mg2SiO4~Si02 and KAlSiO4-MgO-Si02-C02 up to pressures of 30 Kb. 

They observed that liquid compositions follow a trend parallel to 

the KAlSiO4-SiO2 join when the liquids in the system are in equili 

brium with forsterite, enstatite and sanidine. As the phase field 

of sanidine and enstatite expand in response to increasing pressure, 

the liquids become enriched in potassium (Wendlandt and Eggler,
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1980a). They observed that reactions are similar for the CO2 

present and CO2 absent systems with reactions in the CO2 present 

system taking place at lower pressures. Near 14 Kb in the CO2 rich 

system and near 19 Kb for the CO2 absent system, the enstatite phase 

field crosses the forsterite-sanidine join and the liquids present 

are leucite normative; therefore the liquids change from tholeiitic 

basalt to alkalic basalt at these pressures. At 27.5 Kb for C02 

saturated system and 34.5 Kb in a CO2 absent system the liquids are 

extremely silica undersaturated (Wendlandt and Eggler, 1980a). At 

pressures greater than 29 Kb the melts are more undersaturated and 

magnesite normative. If pressures are less than 18 Kb in a volatile 

absent system, and 13 Kb in a CO2 rich system, the fractionation of 

olivine and leucite will change alkaline liquids to tholeiitic 

(Wendlandt and Eggler, 1980a). They observed that at higher 

pressures of 20 Kb in a volatile absent system and 15 Kb in a 

volatile present system, the fractionation of enstatite and sanidine 

will produce leucite normative liquids from olivine tholeiitic 

liquids.

Using a statistical study of Cenozoic alkalic rocks they iden 

tified two groups; one of which is characterized by high ^O, A 

and low MgO; and the second characterized by low ^Or Al2o 3 anc^ 

MgO. Wendlandt and Eggler (1980a) consider the first group analo 

gous to the KAlSiO4-MgO-Si02-CO2 system at pressures in excess of 14 

kb and to represent low degrees of partial melting of a water-poor 

peridotite containing minor amounts of potassium silicate minerals.

Wendlandt and Eggler (1980b) added water to the previously 

described system which is modelled after phlogopite-bearing spinel
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Iherzolite. They found that pressures at the point of magma genera 

tion determine which volatile assemblage buffers the vapour 

composition with different liquids being present at different 

pressures. At conditions of melting of phlogopite-bearing perido 

tite to pressures of 30 Kb, in the presence of CO2, with water 

insufficient to hydrate all potential phlogopite, liquids will be 

produced that range from quartz normative at lower pressures to 

kalsilite normative at high pressures. They observed the change 

from tholeiitic to alkalic at about 14 Kb. Wendlandt and Eggler 

(1980b) observed that liquids produced above 30 Kb are carbonatitic 

but will become increasingly potassic and silica-rich with increas 

ing pressure as the stability field of phlogopite increases. Above 

50 Kb phlogopite is not a solidus phase. They considered the 

pressures to approximate the intersection of the continental and 

Lesotho geotherms. Therefore, at higher pressures melting will not 

involve phlogopite. They suggest that phlogopite is not a strong 

buffer but that highly potassic, silica undersaturated magmas; 

leucites, leucite tephrites, leucite nephelinites, nephelinites, and 

leucite basalts; characterized by high K2O, A12O3 and low MgO and 

Si02 mav nave originated under phlogopite buffered vapour condi 

tions .

With increasing pressure carbonate becomes a strong buffer 

(Wendlandt and Eggler, 1980b). The substition of Co for iron in 

experimental studies of kimberlite compositions indicted a 

continuous variation in compositions between carbonatite and 

kimberlite magmas (Wendlandt and Eggler, 1980b). Kimberlite magmas 

are therefore higher pressure melts than carbonatite, and since
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phlogopite is not a solidus phase above 50 Kb, its presence in 

kimberlite may indicate the maximum conditions for its presence 

(Wendlandt and Eggler, 1980b). Above these conditions the mantle 

will contain the phlogopite components as traces of interstitial 

liquid rich in water and potassium.

Kogarko et al. (1978) examined the effects of the volatiles P 

and CI in addition to H2O and CO2- They noted that volatiles have 

an effect on melting that is analogous with increasing depth which 

leads to the generation of alkaline magmas. The transportation of 

volatile components to the surface occurs by solution in the melts 

and separation in the upper zones of the crust (Kogarko et al, 

1978). The separation of the volatiles from the magma is possible 

only in zones of pressure relief and CO2, F and CI are rarely trans 

ferred to the fluid phase because the minerals containing them; 

amphibole, carbonate and mica, are stable at mantle conditions 

(Kogarko et al. 1978). They suggested that since apatite is a 

common accessory mineral in mantle-derived xenoliths that the mantle 

may be saturated in fluorine and chlorine.

The volatiles of chief concenrn to the generation of alkalic 

magmas that have been studied are water and carbon dioxide. Their 

presence lowers the melting point of mantle peridotite and 

determines melt composition. Magmas dominanted by the volatile 

water produce quartz normative liquids (tholeiitic) and those melts 

produced with dominantly a carbon dioxide volatile produce silica 

undersaturated melts. The carbon dioxide polymerized the melt, 

suppresses olivine plus clinopyroxene crystallization and permits 

the crystallization of orthopyroxene plus garnet. The suppression
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of clinopyroxene crystallization permits the formation of silica 

undersaturated melts.

The solubility of carbon-dioxide is pressure sensitive and 

melts containing CO2 must evolve CO2 as they reach depths of 80 to 

100 km. Carbon dioxide is concentrated in the deeper mantle while 

water is concentrated at higher levels. Magnesite is a stable 

carbonate phase in the mantle.

As magmas approach higher levels more CO2 must be fractionated 

to the vapour phase since under low pressure it is much less solu 

ble. Therefore at high levels the mole fraction of carbon dioxide 

in the vapour phase is much higher than at deeper levels.

The release of CO2 to the vapour phase during ascent may cause 

the explosive emplacement of kimberlite and carbonatites and the C02 

rich phase may be the fluidizing agent for kimberlite emplacement.

The low velocity zone may represent an incipient partial melt 

of carbonatite-kimberlite composition. 

Summary

The generation of alkalic magmas has almost universally 

involved the invoking of low degrees of partial melting of a mantle 

source. Due to the unusual enrichment of the REE, alkalies and 

lithopile elements, Sr and Ba in alkalic rocks, only low degrees of 

partial melting can account for the geochemistry of this rock group.

While the alkalic rocks represent low degrees of partial 

melting generally, estimated at 7 percent or less; the tholeiites 

represent high degrees of partial melting on the order to 25 to 30 

percent. In addition, the alkalic magmas are of deeper origin than 

the tholeiitic magmas.
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It has been suggested (Green 1970, 1973) that the low velocity 

zone in the upper mantle represents a zone of less than 2.0 percent 

partial melt of possible nephelinite to melilite composition. Some 

investigators recognize the possibility of two stage partial melting 

in the upper mantle. This interpretation recognizes that the upper 

mantle has been depleted by early stage melting and that a partial 

melt fraction has been added to the residuum from the lower mantle 

from which later magmas are extracted. This model involves mantle 

metasomatism.

Liquid immiscibility may play an important role in alkalic 

magmas, in particular carbonatites. Inclusion studies by LeBas 

(1977a), Rankin (1975) and Rankin et al. (1977a) indicate liquid 

immiscibility has taken place in carbonatite magmas. Carbonatite 

magmas are rich in phosphorous and experimental work by Visser and 

Roster Van Groos (1979a,b,c) indicate that the presence of 

phosphorous enhances liquid immiscibility.

On the basis of experimental data Wyllie (1966, 1968, 1973) and 

Roster Van Groos (1975) have established the presence of three 

immiscible phases analogous to carbonatite, ijolite and associated 

fenitizing liquid in systems analogous to carbonatitic magmas.

Since the solidus of a carbonatite magma is much less than the 

solidus of the associated silicate melt, immiscibility produces a 

superheated carbonatite magma which will be liquid after the associ 

ated silicate phase has crystallized. The carbonatite magma can 

then react with its solidified eogenetic partner.

The operation of immiscibility in more felsic alkalic magmas 

such as syenites is much more poorly documented, however Roedder
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(1978) has recognized the presence of liquid immiscibility in the 

system K20-FeO-Al203-8^2 which is analogous to syenitic liquids.

Magnetite-apatite veins occur in the Lackner Lake alkalic rock 

complex and Philpotts (1967) suggests that they are a product of 

liquid immiscibility in a sodium-rich alkalic magma.

Crystal fractionation operates in alkalic magmas after their 

formation and it can enhance the alkaline nature of a magma.

The crystallization of potassium-rich feldspar involves the 

precipitation of a mineral more potassium-rich than the liquid, thus 

enriching the liquid in sodium. This is called the "orthoclase 

effect". If plagioclase crystallizes in preference to albite, the 

associated liquid is also enriched in sodium. This is called the 

plagiocalse effect.

In a system analogous to carbonatite. Wyllie and Bigger (1967) 

identified low viscosity carbonatite melts down to a temperature of 

575 0 C. They note that crystal fractionation in such a magmatic 

system could lead to a broad variety of types that are 

characteristic of carbonatites.

Bultitude and Green (1967) examined experimentally compositions 

comparable to those of rocks containing high pressure xenoliths. 

The melting experiments indicate that fractionation of orthopyroxene 

along with minor olivine and garnet can produce alkaline liquids.

In a system comparable to the Oka carbonatite, Watkinson and 

Wyllie (1971) through crystal fractionation, produced compositions 

that could be compared to compositions of rocks found within the Oka 

complex.

The implied or suggested parent magma for fractionation of most
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alkalic magmas is an olivine basalt.

A number of occurrences of xenocrysts out of equilibrium with 

their host represent mixed magmas. The phenomena represents more 

evolved crystallizing magmas being intruded and mixed with more 

primitive magmas.

Strontium isotope data has demonstrated that crustal 

contamination occurs in some carbonatites but that others appear 

relatively uncontaminated. The assimilation of limestone to 

generate alkalic magmas (Daly, 1910) has been discounted by 

Watkinson and Wyllie (1969) on the basis of experimental data. The 

assimilation of any volume of carbonate would extract heat of fusion 

from the intruding magma causing solidification. Therefore, the 

assimilation of any volume of material is impossible.

Alkalic rocks display a strong association with major regional 

structures. Uplift, fracturing or rifting precedes alkalic magma 

tism of much younger age. The uplift and rifting commonly follow 

much older Precambrian structures (Mcconnell, 1974, 1978) and have 

undergone repeated reactivation during geologic time. The crust is 

often anomalously thin over the rift, some rifts have anomalous heat 

flow, some are seismically active and others display either positive 

or negative bouguer anomalies. The rifts affect the deep litho 

sphere and the mantle is involved in the rifting (Mcconnell, 1974). 

There is no unanimous agreement as to the nature of the mantle 

involvement in rifting but several recent investigations suggest 

uplift and rifting are related to mantle metasomatism. Since 

geological evidence is strong that at least some rifts are as old as 

Early Precambrian, rifts may control the site of mantle metasomatism
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and thus what is the cause and effect becomes argumentive.

Shaw (1969) advocates viscous fracture flow as a mechanism to 

knead small amounts of melt from a mix of crystals and melt.

The deformation of the mantle is a process of deformation and 

syntectonic recrystallization (Ave 1 Lallemont and Carter, 1972). 

Viscosities for crystals and low degrees of partial melting are too 

high to segregate magma efficiently (Sleep, 1974), therefore deform 

ation must take place to coalesce the alkalic magma since the low 

degrees of partial melt required for alkalic magmas could not 

coalesce into a discrete magma in a non-tectonically active environ 

ment. Arzi (1975) has also proposed that low melt percentage 

requires strain and squeezing for separation. Dynamic melting of a 

heterogeneous (metasomatized?) mantle has been proposed by Wood 

(1979).

Mantle derived xenoliths in alkalic volcanics display textural 

evidence for deformation and recrystallization. Similar deformation 

and recrystallization textures occur in mantle xenoliths obtained 

from kimberlites. The xenolith textures indicate an active deform 

ing mantle. Deformation recrystallization provides a mechanism by 

which volatile-rich inclusions are expelled from primary mineral 

grains (Green and Gueguen, 1974). Boullier and Nicolas (1975) 

suggest that mantle movement is staccato and melting is by shear 

heating. The mantle model proposed by Nixon et al (1981) is hetero 

geneous with a depleted upper portion and a fertile (chondritic) 

lower portion.

In a rifted crust the possibility of maintaining high pressures 

greater than lithostatic overburden pressure for any period of time
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is unlikely. Phase transitions such as liquid-gas in response to 

stress relief along fractures could account for explosive emplace 

ment of diatremes, carbonatites and cryptoexplosion structures. 

Irregularities in the plane of the rift or intersection with cross 

faults would channel the explosive or intrusive event.

Carbon dioxide solubility is pressure sensitive and its 

presence is important in alkalic rock genesis. Alkalic rocks not 

only require low degrees of partial melting but they also require 

the presence of pressure sensitive carbon dioxide. The pressure 

sensitive solubility of CO2 requires that they form in the upper 

mantle or lower crust for at shallow depth CO2 fractionates to the 

vapour and is removed from the melt.

The alkalic rocks contain high concentrations of Mb, LREE, Sr, 

Ba, Rb, Zr f K2O, Ti02 and P2O5. The Se content is variable and can 

be anomalous. Loubet (1972) reports that the rare earth element 

patterns of carbonatite and kimbertite are similar.

Fluorine is the most common halogen and it is present in the 

phlogopite and apatite. Carbonatites commonly carry several percent 

of fluorapatite.

Oxygen isotope data at the Oka carbonatite, Quebec (Deines, 

1970) indicate 0*13 enrichment in later phases of carbonatite 

intrusion.

Isotope data for strontium (Sr 877Sr 86 ) indicate that some 

carbonatites have a crustal component and others appear to be 

strictly of mantle origin. Limited sulphur isotope data (Makela and 

Vartiainen, 1978; Mitchell and Krouse, 1975) indicate that the mean 

isotope value is different for different phases within a carbonatite



-153- 

and that it is also different between intrusive complexes.

Kimberlitic rocks are high in K, Rb, U, Th, Mb, LREE, Ta, Pb, 

Tl f Li, Sr, Zr f F, Hf, Ba, Cs relative to other ultramafic to mafic 

rocks (Dawson, 1980). The rocks are high in Mg, Fe, Ti, Gr and Ni, 

and low in Ga, Al and HREE (Dawson, 1980). Dawson (1980) reviews 

the geochemistry of kimberlite and relates the geochemistry to 

mineralogy of the various pipes. The geochemistry of kimberlite 

relative to most mafic to ultramafic rocks falls into two groups. 

One group of elements such as the light rare earth elements, Ba, Sr 

and alkalies, is greatly enriched relative to most ultramafic rocks 

and the second group of elements, Mg, Ti, Gr, Ni and Fe are 

concentrated in amounts typical of ultramafic to mafic rocks. The 

anomalous LREE, Ba, Sr and alkalies present problems in kimberlite 

genesis and early in kimberlite research various forms of crystal 

fractionation and crustal contamination were proposed to account for 

the chemistry. Recent interpretation of experimental data or 

kimberlite rock compositions support an incipient partial melt 

origin for kimberlite (Dawson, 1980). Sodium is generally depleted 

in kimberite relative to other ultramafic to mafic rocks.

Strontium isotope data display a considerable variation which 

has been attributed to interaction with ground water (Barrett and 

Berg, 1975), but most investigators interpret the data to indicate a 

heterogeneous mantle source. Barrett (1975) interprets the 

strontium data to indicate xenoliths in kimberlite are accidental 

inclusions within the kimberlite.

Lead isotope data on sulphide inclusions in diamond from Creta 

ceous age kimberlite intrusions gave Precambrian model ages which
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indicate that the diamonds are xenocrystic (Dawson, 1980). Dawson 

(1980) indicates that the C 13 isotope data ranges are similar to 

those of carbonatite and fall in the range of diamond.

The isotope data are consistent with kimberlite being an incip 

ient partial melt with nephelinite, alkali basalt and tholeiite 

magmas representing increasing degrees of partial melt.

The source of volatiles, principally water and carbon dioxide, 

lie within the mantle. Kaersutite amphibole and phlogopite are 

present in mantle derived xenoliths from many locations throughout 

the world and by partial melting can give rise to melts of an 

alkalic nature. An incipient melt of kaersutite amphibole and 

phlogopite bearing mantle would produce a melt rich in 1^2®' T^^2' 

iron and volatiles with xenocrysts of more refractory material 

(Dawson et al. 1970). Amphibole containing with rare earth element 

enrichment found within lherzolite xenoliths from Atag, South Yemen, 

would upon partial melting give melts of nephelinitic composition 

and appropriate rare earth element abundances (Varne and Graham,

1971).

Interstitial glass within kaersutite-bearing nodules from the 

Canary Islands represents partial melting of the kaersutite compon 

ent which gave rise to host alkali olivine basalt magmas (Forbes and 

Starmer, 1974).

Phlogopite is a stable phase to depths of 150 to 200 km and 

amphibole is stable to depths of 75 km (Kushiro et al. 1967; Allen,

1972). Kimberlite may be a partial melt of phlogopite-bearing 

mantle.

McGetchin and Besancon (1973) identified calcium-magnesium
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carbonate inclusions in pyrope garnet within xenoliths from the Cane 

Valley Kimberlitic diatreme, San Juan Co., Utah. Inclusions of 

carbon dioxide-rich fluid within olivine and pyroxene grains from 

xenoliths entrapped in alkalic volcanics and kimberlite diatremes 

were identified by Green and Radcliff (1975). They report that high 

temperature and deformation will produce grains with low defect 

intensity and coalesce the volatile-rich fluid. The xenoliths were 

considered to be the source rock or residuum to the host rock (Green 

and Radcliff, 1975). In an examination of the CO2~rich inclusions 

within olivine grains from dunite xenoliths from Hawaiian volcanics, 

Kirby and Green (1980) observed that deformation and recrystalliza 

tion will segregate the CO2 to grain boundaries.

Fluid inclusions in apatite crystals from carbonatite and 

ijolite contain two immiscible liquids in association with a vapour 

phase (Rankin, 1975; Rankin et al. 1977a; LeBas et al. 1977a). One 

proposed melt is rich in K2O, poor in Na2Of rich in silica and the 

other is rich in Na20, poor in K2O and poor in silica. The vapour 

phase is dominated by water. The two liquids are analogous to 

carbonatite and ijolite and the aqueous vapour to the metasomatizing 

fluid that develops the fenitic aureoles to carbonatite complexes.

A carbonatite magma is an aqueous, carbon-dioxide rich, saline 

fluid enriched in alkaline earth and rare earth elements.

Inclusion studies as well as active carbonatite volcanism 

indicate that magmatic carbonate is likely nahcolite, however the 

carbonate stable within the mantle at the source of the alkaline, 

carbonated, mafic magma is likely dolomite or magnesite.

The presence of amphibole and phlogopite in mantle-derived
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xenoliths has recently been attributed to mantle metasomatism of 

depleted mantle prior or concomittant with alkalic volcanism. The 

concept of mantle metasomatism permits the transfer of mobile 

elements, heat and volatiles from fertile (chondritic) lower mantle 

to depleted upper mantle. The transfer of volatiles creates less 

dense phases, promotes uplift, and lowers the solidus thus promoting 

melting. Uplift promotes rifting and stress relict promotes addi 

tional volatile and mobile element migration.

Metasomatism adds phlogopite and amphibole to the mantle which 

are less dense phases which promote uplift (Lloyd and Bailey, 

1975).

Harte et al (1975) suggest that mantle metasomatism and deform 

ation occur at the same time. The deformation, metasomatism may 

therefore be coeval with alkalic magmatism.

Francis (1976a) proposed that the metasomatising fluid is 

migratory, aqueous and alkali-bearing. Wass (1979) indicates that 

carbon dioxide is also present and Boettcher and O'Niel would add 

CI, F, O, LREE and lithophile elements.

Hawkesworth and Vollmer (1979) question the use of Rb/Sr and 

Sm/Nd data for modelling alkalic rocks if mantle metasomatism is 

operative, since the isotopes will reflect the metasomatising fluid 

and not the point of origin. Also, if mantle metasomatism is opera 

tive, models of mantle composition based on the study of xenoliths 

hosted by alkalic magmas may be in great error since it would be 

unlikely that such nodules will have a pristine mantle composition.

The process of mantle metasomatism removes the requirement of 

low degrees of partial melting to generate alkalic rocks. A magma
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representing extensive melting could become alkalic if mixed with 

the metasomatizing fluid.

Mantle metasomatism promotes mantle heterogeneity, not 

homogeneity.

Gurney and Harte (1980) recognize metasomatism in xenoliths 

from kimberlite which they interpret on the basis of deformation of 

the volatile-bearing minerals to have preceded emplacement.

Van Kooten (1980) relates mantle metasomatism and uplift which 

can then be extrapolated to rifting and alkalic magmatism. The 

addition of a metasomatizing fluid to the mantle can also explain 

the low velocity zone in the mantle.

The role of volatiles in alkalic magma genesis has recently 

been the subject of intense study. The presence of the volatiles 

H2O and CO2 lower the solidus of peridotite and promote melting.

Wyllie and Huang (1975) examined the system CaO-MgO-Si02-CO2 at 

high pressure and observed that a reaction occurs which yield 

orthopyroxene in equilibrium with a silica undersaturated liquid.

Carbonate, amphibole and phlogopite buffer vapour phases 

associated with alkalic magmas and carbonate is the strongest buffer 

(Wyllie, 1977a).

Eggler (1976) proposed that the low velocity zone is caused by 

partial melting of a carbonated peridotite and Wyllie (1978b) 

proposed that the low velocity zone is a zone of incipient melt that 

is C02 rich, alkalic and SiO2 poor. The total CO2 plus H2O content 

of the mantle is probably less than 0.5 percent (Eggler and Hollo 

way, 1977).

The presence of CO2 controls the composition of the magma
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(Eggler et al, 1974) by increasing the orthopyroxene field relative 

to the volatile absent condition. The associated liquid is 

alkaline.

If CO2 is present, a carbonated peridotite can be partially 

melted to produce nephelinitic liquid, but if CO2 is absent, an 

andesitic liquid can be produced (Eggler and Holloway, 1977). As 

melting increases the melt becomes less saturated with volatiles and 

the effect of volatiles decreases. Fractionation of the volatiles 

into the vapour will effectively remove them from the melt. Due to 

lower solubility of CO2 as a magma rises into lower pressure 

regimes, the vapour becomes enriched in CO2 relative to magma. 

Wyllie and Huang (1976a) found that CO2 solubility is approximately 

5 percent to depths of 80 km and that it increases abruptly to 40 

percent below that depth. Therefore, rising carbonated magma must 

evolve CO2 which may cause the explosive emplacement of diatremes, 

kimberlite, carbonatite and cryptoexplosion structures.

Mysen (1973) observed that if the mole fraction of water is 

greater than 0.6 in the vapour phase the melt is quartz normative 

and if it is less than 0.5 the magmas are SiO2 undersaturated and 

alkalic. Mysen et al (1975) observed that carbon dioxide solubility 

depends on pressure, temperature, and degree of silica undersatura- 

tion of the magma. Mysen (1977) equates andesitic magmas with high 

water content, tholeiitic magmas have water plus carbon dioxide, and 

alkalic magma have high CO2 content.

Eggler (1980b) observed that the melting of phlogopite-bearing 

mantle in the presence of water and carbon dioxide will produce 

quartz normative liquids at lower pressures and kalsilite normative
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liquids at higher pressures. The change from tholeiite to alkalic 

takes place at 14 Kb. 

Kimberlite

Kimberlite rocks were not involved in the current field study, 

however they are an intimate part of the alkalic rock suite. The 

present review does not include all of the voluminous literature on 

the subject of kimberlite and the reader should refer to Dawson 

(1980) for a more lengthy review.

There have been three fundamental ways proposed for the 

generation of kimberlitic rocks. Dawson (1967) once proposed that 

they are generated by the reaction of a carbonatitic magma of 

ankeritic composition upon granitic crustal material. Holmes (1936) 

proposed that kimberlite was the result of direct partial melting at 

high pressure of a mafic to an ultramafic magma, and O'Hara (1968) 

proposed that they are formed by crystal fractionation.

Dawson (1972) has subdivided kimberlite into two facies, 

diatreme and hypabyssal. The diatreme facies is the surface expres 

sion of the hypabyssal. 

Origin

Kimberlites are ultramafic rocks rich in ^O, CQ^t K ' Rk' Cd, 

Sr, Ba, U, Th, Nb, etc. restricted to the continental shield and 

areas of lower geothermal gradients (Harris and Middlemost, 1969). 

The magmas form at great depth and they suggest that kimberlite 

magmas rise by stoping or zone melting, a process by which melting 

takes place at the top of the magma chamber and solids precipitate 

at the bottom. Such a process will continually enrich the residual 

magma in incompatible elements (Harris and Middlemost, 1969). They
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propose a magma volume initially 200 times the final product which 

has been derived by partial melting and has undergone zone melting 

and crystal fractionation. The upward migration of the magma ceases 

when gas pressure exceeds overburden pressure permitting rapid and 

even explosive emplacement (Harris and Middlemoint, 1969). The 

temperature may drop so fast during emplacement that the magma 

solidifies and the system becomes a gas-solid mixture. Harris and 

Middlemost (1969) suggest that the gas-solid system may come from 

depths of 150 km or more. For this system the temperature of the 

cratonic areas must be sufficiently low to account for a magma that 

is 40 weight percent water, has major element concentrations close 

to that of picrite or ultramafic magma, has strongly enriched resi 

dual elements, and contains 12 to 15 percent carbon dioxide (Harris 

and Middlemost, 1969).

The mechanism of fluidization proposed by Harris and Middlemost 

(1969) for kimberlite emplacement may be so rapid that equilibrium 

of the mineral phases is impossible. This

happens when the gas pressure exceeds overburden pressure, rupturing 

the overlying rocks permitting volatiles to come out of the magma to 

form the fluidization medium. The surface feature of such an event 

is a diatreme structure with a funnel-shaped vent formed by erosion 

and collapse of vent walls (Harris and Middlemost, 1969).

The temperature within the diatreme is relatively low, and 

differences in mineralogy and chemistry of adjacent pipes is likely 

caused by the repeated release of magma at different times from the 

differentiating kimberlite magma.

Harris and Middlemost (1969) suggest that if a new temperature
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regime develops in a cratonic area there will be a delay in time 

between the main thermal event of convective upwelling and basaltic 

volcanism and later kimberlite magmatism. They propose that this 

time delay provides a means to account for the clustering of 

kimberlite in time and space.

Kimberlites contain a high pressure xenolith suite character 

istic of a mantle origin (McGregor, 1970). He viewed kimberlite as 

being formed by fractionation in a closed system of mafic magma 

derived by partial fusion in the upper mantle. The contained xeno- 

liths were interpreted by him to have formed in kimberlite magma 

under high pressure conditions as cumulates from high pressure 

fractional crystallization and that they are not residues from 

partial fusion. McGregor (1970) proposed a model of fractional 

crystallization forming a series of crystal cumulates in a 

continuous sequence of differentiating liquids, such as 

picrite-tholeiite-alkali basalt.

Dawson (1972) considers kimberlite to be a hybrid rock 

consisting of mantle derived material in a matrix of modified mantle 

material consisting of calcite, serpentine, ilmenite, perovskite, 

magnetite, phlogopite and apatite. The matrix is rich in TiO 2 , 

A1 2O 3 , total Fe, CaO, K 2O, Na2O, H 2O, CO2 and P 2O 5 . Dawson (1972, 

1980) favours a model of incipient melting of a phlogopite-bearing 

mantle to acount for their chemistry even though sulphur and 

phosphorous are problems in the model. Dawson's (1972) incipient 

melt model is at odds with the crystal fractionation model of Harris 

and Middlemost (1969) and he dropped his earlier model (Dawson, 

1967) of forming kimberlite by reacting carbonatite magma with
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sialic crust.

Wyllie (1977a, 1978a, 1979) and Wyllie and Huang (1975, 

1976a f b) have been involved in research into hypothetical kimberlite 

systems. Wyllie and Huang (1975) investigated the system 

CaO-MgO-SiO2-CO2 and have explained the origin of carbonatites and 

kimberlites as a series of carbonation reactions in mantle 

peridotite. They observed that CO2-bearing undersilicated basic 

magmas at most pressures yield residual kimberlite and carbonatite 

magmas upon partial melting. They also proposed that kimberlite or 

carbonatite magmas undersaturated in CO2' upon rising to the 

surface, must evolve CO2 at 80 to 100 km contributing to their 

explosive emplacement. This explosive emplacement accounts for the 

diatreme-like features that are typical of a large number of 

kimberlite pipes. Free CO2 cannot coexist with subsolidus mantle 

peridotite within normal temperature gradients.

Wyllie and Huang (1976a,b) expanded on the earlier work of 

Wyllie and Huang (1975). They summarized their research as follows:

1) Peridotite (Fo -l- Opx -i- Cpx) can be carbonated with increasing

pressure or decreasing temperature to yield Fo -f Opx -f Ga (Cd * 

calcic dolomite).

2) Free C0 2 cannot exist in subsolidus mantle peridotite with 

normal temperature gradients. It must exist as carbonate.

3) Along normal geothermal gradients the CO2 bubbles found in 

peridotite nodules cannot represent free CO2 in tne mantle.

4) Carbon dioxide is as effective as water in causing incipient 

melting.

5) Peridotite fusion with CO 2 at depths shallower than 80 km
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produces basic magmas; the more silica undersaturated magmas 

are from depths greater than 80 km.

6) At depths greater than 80 km the liquids produced are first

carbonatite, second kimberlite, and with greater melting, basic 

magma.

7) The solubility of C02 in mantle magmas is less than 5 weight 

percent at depths of 80 km but increases to 40 percent at 

depths of 80 km or greater.

8) Kimberlite and carbonatite magmas rising from the asthenosphere 

must evolve C02 at depths of 80-100 km contributing to their 

explosive emplacement.

9) Fractional crystallization of C02~bearing Si02 undersaturated

magmas at most pressures can result in residual kimberlite and

carbonate magmas.

The results of work in the CaO-MgO-Si02-C0 2 system by Wyllie 

and Huang (1976a,b) has gone a long way to identify the effects of 

CO2 and low degrees of partial melting on mantle material to form 

both kimberlite and at least some types of carbonatite magma.

In 1977a, Wyllie reported that at crustal depths, H2O is more 

important than CO2 in partial .melting, however at mantle depths (80 

km or more) both volatiles are equally effective in promoting 

melting.

At mantle depths CO2 reacts with the peridotite stabilizing 

calcic dolomite (Wyllie, 1977a). At mantle conditions, near solidus 

magmas are strongly influenced by H2O7CO 2 ratios and the 

distribution of carbonate, amphibole and phlogopite in the 

peridotite. Continuing along the line of work by Wyllie (1977a),
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Wyllie (1978a) reported that the buffering capacity of carbonate is 

much greater than for hydrous minerals. He noted that at pressures 

greater than 30 Kb, mantle peridotite with both H2O and C0 2 melt 

along curves vapour buffered by dolomite to high H2O/CO2 ratios 

producing low SiO2 ma9mas -

Wyllie (1979) repeated his earlier findings on kimberlite 

genesis and noted that a phlogopite-dolomite peridotite is the most 

likely source rock for kimberlites and related magmas. He considers 

the mantle to be chemically heterogeneous with respect to the 

incompatible elements.

Wyllie (1980) recently proposed that a thermal perturbation at 

depth was needed to release volatile components. When these 

volatiles rise to a depth of approximately 260 km, partial melting 

occurs initiating diapir uprise (Wyllie, 1980). He then proposed 

that these diapirs will solidify at depths of 80-100 km when they 

reach a temperature maximum on the solidus. Upon solidification 

Wyllie (1980) envisages volatile release causing crustal fractures 

which provide conduits for emplacement of CO2 undersaturated 

kimberlitic magmas. He also proposed that cooler diapirs will 

solidify at greater depths releasing aqueous fluids which may be the 

fluid causing mantle metasomatism. Wyllie (1980) proposed from his 

model that mantle metasomatism is a consequence of kimberlitic 

magmatism and not its cause.

A model of forsterite olivine fractionation from a magnesium 

magma of kimberlitic type has been proposed by Upton and Thomas 

(1973) for the generation of Precambrian potassic ultramafic biotite 

pyroxenite and biotite pyroxenite from Greenland. The model
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proposes that these potassic ultramafic rocks are a residue from a 

fractionating magma and that kimberlite may be the residue of a 

fractionating magma. Upton and Thomas (1973) suggest that 

kimberlite is a residue magma derived from eclogite fractionation 

from iron-titanium rich primary magmas in the upper mantle.

Xenoliths for various kimberlite pipes define a paleogeothermal 

gradient which steepens with depth (Green and Gueguen, 1974). 

Textural and chemical changes take place with the shallow portion 

being characterized by coarse crystalline harzburgite and the 

deepest portion by highly deformed lherzolite. They interpret the 

inflection point in the paleogeotherm to represent a zone of shear 

heating in the low velocity zone of the mantle. Green and Gueguen 

(1974) propose a model requiring the diapiric upwelling in the 

mantle from depths of 200 km driven by temperature differences 

between the diapir and enclosing mantle to be necessary to form 

kimberlites. If the mantle diapir rises faster than heat loss, the 

diapir may reach solidus conditions and partially melt. The 

kimberlite magma is produced from a point just below that of the 

deepest xenolith found in the kimberlite and transports to the 

surface fragments of both the diapir and the region above.

Yoder (1975) studied the stability of akermanite in the 

presence of excess CO2 and found instability in akermanite below 6 

Kb where it reacts to form calcite and diopside. Complete melting 

of the calcite and diopside indicates that carbonates are not 

necessarily immiscible in melts of ultramafic composition. Since 

akermanite is resticted to regions of low pressure in the presence 

of CO2 and ^O, it indicates that melilite-bearing rocks are not
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likely sources of kimberlite in the mantle (Yoder, 1975). 

Melilite-bearing rocks recrystallize at high pressure to pyroxenites 

in the absence of CO2 and H2O. He suggests that ugandite and 

mafurite in the presence of CO2 and H2O can be converted to an 

assemblage of kimberlite, implying that a magma having melilite 

affinities could be transformed into kimberlite if suitable 

volatiles are present.

Moore and Erlank (1979) studied olivine compositions in olivine 

melilite from Namaqualand, South Africa and subdivided it into four 

groups on the basis of chemistry and texture. They report that 

olivine compositional and zonal patterns in olivine melilite and 

kimberlite are similar. This suggested to them that the two magmas 

have evolved along similar paths.

An investigation of average kimberlite composition at 30 and 55 

Kb, 5.2 weight percent CO2 and water of O to 10 percent was under 

taken by Eggler and Wendlandt (1979). They observed that the 

solidus temperature was not a function of volatile composition since 

at subsolidus conditions the vapour composition is buffered by 

reaction with carbonate. Olivine is the liquidus phase at 30 and 55 

Kb and is closely followed by clinopyroxene and orthopyroxene. At 

30 Kb garnet is consumed immediately above melting, but at 55 Kb 

garnet persists into the melting range. Extrapolation of data 

indicate that at 60 Kb garnet, olivine, clinopyroxene and orthopy 

roxene crystallize near the liquidus consistent with the idea that 

kimberlite is a primary magma (Eggler and Wendlandt, 1979). This 

primary magma is envisaged by them to be a product of the beginning 

of melting of parental peridotite.
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A comparison of experimental data with the pyroxene geotherm 

for the Lesotho kimberlite indicate that a liquid of kimberlitic 

composition can coexist with the garnet-olivine-clinopyroxene- 

orthopyroxene mineral assemblage typical of kimberlites at a 

pressure of 50 to 60 Kb (Eggler and Wendlandt, 1979).

Carbonate and phlogopite may be present in the mantle perido 

tite and the megacrysts found in kimberlite are cognate to the 

kimberlite magma (Eggler and Wendlandt, 1979). They proposed that 

partial melting of peridotite containing C02 and H2O will produce 

liquids of kimberlitic composition at 50 to 60 Kb. Such liquids may 

be common in the upper mantle and the rarity of kimberlite may be 

due to a lack of appropriate tectonic settings conductive to ascent.

Hypersthene normative picrite and nepheline normative picrite 

were examined at 1300 0 C and 30 Kb by Gupta and Yagi (1979). They 

produced an incipient partial melt of kimberlitic composition from 

nepheline normative picrite. They suggested that kimberlites form 

at not less than 70 km or more than 100 km within a low geothermal 

gradient and are the result of separation of eclogite from a picrite 

magma.

Perchuk and Vagonov (1980) used a silicate melt model with 

s *0 2* CO2 and H2O and observed that the dissolution of H2O in an 

ultramafic melt results in orthosilicates, H2SiO4~2, H3SiO4~1f and 

H 4Si04. Carbon dioxide was observed to produce hydrocarbonate 

complexes (Perchuk and Vagonov, 1980). They concluded that the 

composition of kimberlite magmas is determined by H2O/C02 ratios 

under constant fluid pressure. In the H20-CO2-SiO2 system the 

CO2 ratio changes the liquidus temperature which suggests that
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liquid immiscibility predominates over simple CO2 solubility. 

Perchuk and Vaganov (1980) suggest that kimberlite magmas come from 

200 to 250 km and that the kimberlite is close to wehrlite in 

composition. In the model proposed by these investigators kimber 

lite is a product of complete melting under the action of alkalic, 

water-carbon dioxide fluids, which forms a water-carbonate-silicate 

fluid characterized by having a low density, having a high migration 

ability, and having been supersaturated with volatiles. In their 

model, carbonatite magma results from immiscibility in kimberlite 

magma at high CO2 fugacity at a temperature of 1300 0 C and 60 to 70 

Kb.

While there is no universal agreement on the origin of 

kimberlite magma, more recent opinion generally favours low degrees 

or incipient partial melting within the mantle at depths greater 

than 70 km. This model appears to be the one most probable to 

explain the high concentration of volatiles and incompatible 

elements. A suggested relationship with olivine melilite magma has 

not been closely established. 

Kimberlite Volcanism

Extrusive kimberlite is rare, having been described only from 

East Africa.

Nixon (1973) reported that the Nwadui volanic centre, Tanzania 

displays kimberlitic rocks. He also briefly discusses the Igwisi 

and Lashaine volanic centers in Tanzania, Losogoroi volcanic center, 

Kenya and Noroto and Babong volcanic centers plus southwest-region 

explosion centers, Uganda, all of which display petrographic 

evidence for kimberlitic affinity. Reid et al (1975) described the
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Igwisi Hills, Tanzania as extrusive kimberlite. These extrusions 

contain minerals considered typical of kimberlitic rocks such as 

ellipsoidal olivine grains with rims of perovskite, Mg-Al spinel 

containing inclusions of chrome pyrope, low-Al enstatite, low-Al 

magnesium-chrome diopside, Mg-Al chromite and highly magnesian 

phlogopite (Reid et al, 1975). They considered this typical 

kimberlite mineralogy as being derived from a refractory 

phlogopite-bearing garnet peridotite which had been in equilibrium 

at upper mantle temperature and pressure. This primary assemblage 

was disrupted and brought rapidly to surface from 150 to 200 km. 

Its original temperature was below that of the solidus curve for 

peridotite and upon extrusion it cooled rapidly inhibiting 

inclusion-matrix reaction (Reid et al. 1975).

Reid et al. (1975) proposed an emplacement mechanism that is 

generally similar to that proposed by McGetchin et al. (1973) for 

the Cane Valley kimberlite diatreme. This diatreme displays 

composite kimberlite-carbonatite dike relations and McGetchin et al. 

(1973) propose that it was rapidly emplaced as a supercritical fluid 

with entrained rock fragments at a temperature below the silicate 

solidus. Detailed studies of mineral compositions by the investiga 

tors supported a carbonatite-kimberlite relationship.

McGetchin and Silver (1970) have also proposed that the Moses 

Rock dike, San Juan County, Utah was emplaced as discrete angular 

mineral clasts without any accompanying silicate melt. The eruptive 

phase thus consists of the volatile transporting medium and frag 

ments of spinel-lherzolite and garnet lherzolite produced by 

physical disaggregation of the mantle.



-170-

In review, kimberlite eruption is rare and takes place in a 

volatile-rich, fluidized system which may contain little if any 

silicate melt.

The diatreme or pipe-like aspect of kimberlite pipes narrow 

rapidly with depth passing into a narrow dike-sill complex of hypa 

byssal kimberlite (Dawson, 1972). 

Kimberlites-Structural Control

The structural control of kimberlite emplacement is less 

obvious than that of the alkalic rock-carbonatite complexes and is 

perhaps a contentious issue. Dawson (1962, 1970, 1971) has been 

perhaps the strongest protagonist favouring structural control for 

kimberlite emplacement whereas Mitchell (1970, 1979) has been 

opposed. Since a relationship between kimberlite and regional 

structure is possible, a discussion of the topic is warranted.

In a study of Basutoland kimberlites, Dawson (1962) concluded 

that at the present level of exposure the kimberlites and any 

associated diking is controlled by the regional joint patterns. In 

subsequent studies, Dawson (1970, 1971) reported that kimberlites 

are found in graben structures and circumcratonic orogenic belts and 

that the geologic setting is one of uplift and deep-seated 

fracturing. Dawson (1970, 1971) considered the fracturing to be 

basement-controlled and that cross fracturing of these basement 

structures is present.

In Tanganyika, Edwards and Hawkins (1966) proposed deep seated 

fracture control for the Tanganyika kimberlites, but they could not 

relate these fractures to rift tectonics.

Reis (1972) noted that kimberlites in Angola occur in clusters
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where deep ENE and NNW fractures intersect. These fractures were 

revealed by airborne geophysical techniques. Geophysics indicated 

that a major NE tectonic lineament over 1600 km in length runs 

through Angola and that it has major ENE inflections where it is 

crossed by younger NNW faults (Reis, 1972). He noted that kimber 

lite and ultrabasic alkaline complexes extend the length of this 

northeast trending structure and suggested that kimberlites, 

carbonatites and alkalic rocks are closely related.

Stracke et al (1979) attempted to correlate the Australian 

kimberlites with both on- and off-shore structures, earthquake 

activity, tectonics, gravity and magnetics. They concluded that 

transform faults extending from both the Antarctic and Tasman Sea 

ridges have played a major role in locating kimberlitic intrusions 

in southeastern Australia, and that along the eastern seaboard, a 

projection of the NNE continental fracture zone from the Antarctic 

ridge coincides with a belt of igneous activity, uplift and hot-spot 

migration. All eastern seaboard kimberlites occur in this zone of 

activity (Stracke et al, 1979). Kimberlite location is controlled 

by pre-existing fracture patterns which are continental extensions 

of transform faults (Stracke et al. 1979).

Mitchell (1970, 1979) considers kimberlites to be emplaced 

within the continental craton without the influence of rifting or 

regional fracturing. Mitchell (1970, 1979) opposes a close rela 

tionship between carbonatite and kimberlite and emphasizes both 

structural setting and minerlaogical differences between the two 

rock types. In Ontario, the best documented kimberlite is the one 

described by Lee and Lawrence (1968) from the Upper Canada mine at
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Kirkland Lake. This Jurassic dike occurs on the extension of Lake 

Timiskaming branch of the Ottawa-Bonnechere graben system and may 

represent reactivation of this system in Jurassic time (Lee and 

Lawrence, 1968).

Dawson (1980) reviewed the structural setting of kimberlites 

and observed that most are confined to cratonic areas and few are to 

be found in circumcratonic fold belts. 

Kimberlite-Carbonatite Relationship

The carbonatite-kimberlite relationships are, at present, 

somewhat in dispute; however the majority would appear to favour a 

relationship between these two rock groups or at least a 

relationship between kimberlite and some carbonatites.

Makhlayer and Surina (1963) suggested that kimberlitic and 

nephelinitic magmas in the Maymecha-Kotuy province, USSR, may be 

related on the basis of their mutual presence in diatreme structures 

in the same area, and Stavitsky (1963) concluded, on the basis of a 

worldwide review, that kimberlite and carbonatite were part of the 

same magmatic cycle.

James (1965) indicated that carbonatites and kimberlites were 

geographically separated in east Africa even though they may have a 

common origin.

In 1966, Verschure suggested that kimberlite, alkalic basalt 

and tholeiitic basalt may be related. This suggestion relates 

nearly all possible mafic rock types and their various derivatives 

into some yet-to-be clearly defined manner.

Pavlov and Chyprynina (1960) concluded from a study of iron-ore 

pipes and kimberlitic intrusions in the Angracilin area of the



-173-

U.S.S.R. that kimberlites and basalts were not related, however, 

Verwoerd (1967) on the basis of a regional study considered 

carbonatite to be most likely derived from a magma of basaltic 

composition.

Ukhanov (1963) related kimberlites and melilite basalt in the 

region of the Anabar Arch, U.S.S.R., and in the same area Marshint- 

sev and Balakshin (1969) related diatremes of kimberlite and 

volcanic pipes of carbonatite breccia.

In the Maimecha-Kotui region of northern Siberia, U.S.S.R., 

Egorov (1970) related effusives of a picrite-melilite- 

melanephelinite trend to intrusives of an olivinite, melilite, 

jacupirangite-ijolite, alkaline syenite and carbonatite. This suite 

was considered to be distinct from a contemporaneous suite of 

tholeiite and trachy basalt magmatism. Kimberlites were considered 

genetically unique in the area studied, however volcanics and dikes 

are present which are similar in structure and petrology to kimber 

lite (Egorov, 1970).

Dawson (1966a) has been in the past one of the more outspoken 

protagonists of a close connection between carbonatitic and kimber- 

litic rocks. Dawson (1966a) based this relationship on the 

following observations:

1) Kimberlite is commonly associated in space and time with 

carbonatites.

2) Kimberlites are distinct from peridotites and serpentinites on 

the basis of chemistry. Kimberlites have high K2O, TiO2, CaO, 

C02/ P205, H20 content; low SiO2; high K/Na ratio; and low Mg: 

Fe ratio which sets them apart from peridotites and serpentin-
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ites. 

3) Kimberlites have high concentrations of Li, Rb, Sr, Ba, Y, La,

Zr and Nb which is similar to carbonatite and associated rocks.

Dawson (1966a) concluded that the intimate spatial, time and 

chemical characteristics of kimberlite and carbonatite cannot be 

fortuitous. He also concluded that the chemistry could be explained 

through the assimilation of granitic crust by hydrous magnesian-rock 

fraction of carbonatite magma giving rise to kimberlite.

At a later date, Dawson (1967) added the following observations 

to his previous list establishing a possible carbonatite-kimberlite 

relationship:

1) Kimberlite and carbonatite are chemically gradational into each 

other.

2) In the U.S.S.R. the rare minerals, moissanite and pyrochlore, 

have been reported from both rock types.

3) Garnet peridotite nodules identical to those in kimberlite have 

been found in carbonatite tuffs of Tanganyika.

4) The phenomenon of potassium fenitization, a common feature of 

carbonatite contacts, has been recorded alongside a dyke of 

diamondiferous mica peridotite in the Ivory Coast. 

Dawson (1980) is undecided on the relationship between carbona- 

tites and kimberlite. He points out that most kimberlites are not 

found in carbonatite provinces and that most carbonatites are found 

in rift valleys and not the intra-cratonic area where most kimber 

lites are found.

As pointed out by Mitchell (1979) some mineralogical differ 

ences exist between carbonatite and kimberlite. Carbonatites have
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sodium-iron silicates and niobium-rich minerals and kimberlites 

contain primary serpentine and spinel, which is generally magne 

tite. The magnetite of kimberlite contrast with titaniferous 

magnesio-ferrite-magnetites of carbonatites.

While there is no obvious close genetic connection between 

kimberlite and carbonatite, both are characterized by high tempera 

ture calcite, are isotopically similar, have similar trace element 

contents, are morphologically similar and form segregation bodies 

(possibly by liquid immiscibility) (Dawson, 1980). Both magmas are 

of mantle origin and their similar isotopic and trace element char 

acteristics support the concept that the CO2~charged kimberlite and 

nephelinitic parent magmas have a common origin.

In 1969 Janse studied the Gross Brukkaros volcano, Southwest 

Africa, and presented an interpretation that the volcano is the 

effusive product of a volatile-rich magma of ultrabasic 

composition. The rocks display the following characteristics which 

imply a kimberlite-carbonatite relation:

1) The volcanics are high in CaO, CO2 and Pe2O3 indicating a 

carbonatitic-ankeritic character.

2) The volanics are relatively high in Gr, Ni and V contents

characteristic of ultrabasic suites, and high in La, Li, Nb, Sr

and Y indicating a kimberlitic character.

3) The volcanics are relatively high in Nb characteristic of both 

kimberlite and carbonatite.

4) The volcanics contain aegirine and zoned biotite which is 

related to carbonatites.

5) The volcanics contain pseudomorphs of olivine phenocrysts and
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perovskite which are possibly more closely related to

kimberlite.

Gross Brukkaros was interpreted by Janse (1969) as being the 

surface expression of a kimberlite that did not reach the surface 

but which developed a carbonatite volatile-rich top which 

explosively penetrated to the surface upon reaching water-rich Nama 

sediments.

A gravity study was conducted by Ramberg (1973) over the Fen 

carbonatite complex, Norway, and a circular +2S mgal anomaly was 

detected. Ramberg (1973) interpreted the data to indicate that the 

carbonatite was a volatile-rich fraction at the top of a long 

vertical magma chamber. His interpretation presents the Pen 

carbonatite as being a cap to an ultramafic (kimberlitic?) parent 

derived from great depth such as the deep crust or upper mantle.

Brookins and Watson (1969) completed a strontium isotope study 

on carbonate within kimberlite rocks at Bachelor Lake, Quebec. 

Using petrographic criteria the investigators considered the carbon 

ate to be primary. A strontium isotope ratio of 0.7040*0.001 was 

obtained on carbonate with a calculated strontium content of 0.40 

percent (Brookins and Watson, 1969). The researchers considered the 

isotopic ratios and strontium content of the carbonate to be consis 

tent with an original carbonatitic source.

Mitchell (1970) reviewed the evidence for a kimberlite- 

carbonatite relationship and concluded that kimberlite is not 

related to mica peridotite, carbonatite, basalt, potassic volcanic 

rocks or melilite. Of all possible relationships Mitchell (1970) 

concluded that a kimberlite-basalt relationship is most likely.
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Nikishov et al (1972) examined the alkaline-ultrabasic rocks of 

the Siberian platform and decided that in this area of the U.S.S.R., 

carbonatite and kimberlite were related and that carbonatite 

separated from a crystallizing kimberlite magma.

One of the more interesting studies dealing with carbonatite- 

kimberlite relations is that of Dawson and Hawthorne (1973). They 

studied kimberlitic sills at Benfontein, South Africa and noted the 

following features:

1) Within the sills many layers displayed magmatic sedimentation 

and cumulus textures.

2) The transporting medium or intercumulus liquid was carbonate- 

rich which on the basis of trace element chemistry display 

carbonatitic affinities.

3) The kimberlite intruded as a highly mobile fluid with

megacrysts of olivine, garnet, pyroxene, mica and picroilmenite 

in hot carbonatitic liquid.

4) The calcite layers were interpreted to have diapirically risen 

into overlying layers in the sill.

5) The country rock shales have been thermally metamorphosed and 

the dike contains quench-textured calcite and apatite. 

The observations of Dawson and Hawthorne (1973) established a 

close relationship between kimberlites and at least some forms of 

carbonatitic magmatism.

The lower Benfontein sill was examined by Bocter and Boyd 

(1981) and the ilmenite and perovskite chemistry in the kimberlite 

and carbonatite compared. The iron-titanium oxide minerals 

displayed similar chemistry in both the oxide and silicate phases.
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The ilmenite has Mg and Gr contents that are observed in kimberlites 

but lack Mn enrichment typical of carbonatites (Boctor and Boyd, 

1981). They also found that perovskite had similar REE contents and 

LREE enrichment patterns but lacked the Nb enrichment found in 

perovskite from carbonatite. On the basis of these differences in 

oxide element chemistry, they concluded that the carbonate 

associated with the kimberlites is different from that found in 

carbonatite complexes; therefore a genetic relationship does not 

exist between carbonatites and kimberlites.

In 1973, McGetchin et al. reported on carbonatite-kimberlite 

relations within the Cane Valley diatreme, San Juan County, Utah. 

At this site, carbonatite dikes cut kimberlite and both cut the 

diatreme breccia (McGetchin et al., 1973). Carbonate inclusions 

found in xenocrystic pyrope garnet, which the authors believe to be 

from a disaggregated mantle peridotite, is considered by them to be 

an indication of the presence of mantle carbonate. They proposed 

that the carbonate-rich fluid collected along grain boundaries until 

mechanically unstable owing to reduced bulk density of the 

volatile-rich fluid with respect to the unaffected mantle. The 

collection of the CO2 rich fluid removed a need for partial melting 

to derive an alkalic silicate magma and the diatreme emplacement is 

likely of a subsolidus nature (McGetchin et al. 1973). In their 

interpretation, the magma is a supercritical phase with fragments of 

entrained mantle and crustal rocks; thus, at deep levels the 

distinction between carbonatite and kimberlite phases may be 

impossible (McGetchin et al. 1973). These researchers postulate 

that transport of the magma from the mantle at a depth of 100 km to
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the surface would be approximately one hour at a temperature in 

excess of 600 0 C. The presence of amphibole inclusions as well as 

carbonate inclusions within pyrope suggested to McGetchin et al. 

(1973) that conditions at the time of magma generation were 

oxidizing. They also suggest that the carbonate was formed in the 

mantle by volatiles reacting with diopside producing chlorite and 

phlogopite in addition to the carbonate.

The study of McGetchin et al. (1973) not only documents a 

kimberlite-carbonatite relationship but also relates it to diatreme 

activity. Another important observation is the suggestion that it 

may not be necessary to obtain a partial melt to form a kimberlite 

since all indications are that the process of diatreme emplacement 

took place at silicate subsolidus conditions.

In 1972, Middlemost concluded that carbonatites are normally 

secondary magmas that have separated as immiscible fluids from 

alkalic ultramafic primary magmas, principally nephelinitic, but 

also possibly kimberlitic. This conclusion appears to have been 

reached from a literature review of African carbonatites.

Ferguson et al. (1975) completed a more detailed study of Gross 

Brukkaros and confirmed the earlier work of Janse (1969) establish 

ing a carbonatite-kimberlitic affinity for the volcano. Trace 

element studies by Ferguson et al (1975) display enrichment in both 

the ultramafic; Gr, Ni, V and Se (kimberitic) and residual; Li, Nb, 

Be, Zr, Y and Sr (carbonatitic) association. The study suggested to 

the investigators that kimberlite, melilite- and monticellite- 

bearing ultramafic alkalic rocks and carbonatite have a common 

parent. These investigators considered the carbonatite to be
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an immiscible phase of alkaline magmatism. Ferguson et al (1975) 

implied that the kimberlitic magma rose rapidly in a multistage 

fashion to 2-3 kilometers depth and that this kimberlite magma 

developed an immiscible carbonatite top which was violently emplaced 

upon breach of roof rocks. In their model, carbonatite represents 

an immiscible phase of ultramafic alkaline magmatism and both 

kimberlite and alkaline ultramafic magma can be produced by the same 

parent if olivine fractionation is followed by reaction of olivine 

with carbonate-rich kimberlitic magma to produce melilite (Ferguson 

et al, 1975). They visualized a kimberlitic magma as being gener 

ated at an excess of 100 km by a small degree of partial melting of 

four phase garnet lherzolite.

Geochemical and isotopic investigations were undertaken by Fesq 

et al. (1975) on three groupings of South African kimberlites. They 

report that at the Premier kimberlite cesium loss is greater than 

rubidium which is greater than potassium near wall rock-kimberlite 

contacts. The refractory elements Ti, Nb, Ta, Zr, Hf, P and rare 

earth elements are reported by them to be largely unaffected by 

crustal contamination. They suggest a carbonated-phosphate phase 

(apatite?) as. host for rare earths, Th, U, Sr and volatiles F and 

CI. Fesq et al. (1975) report light and heavy rare earth fractiona 

tion patterns similar to that of carbonatites. The kimberlites have 

a varying Eu depletion and weak negative Yb anomalies are present 

(Fesq et al. 1975). They suggest that rare earth enrichment and 

fractionation of magma is controlled by the formation and removal of 

mobile rare earth carbonate complexes into carbonatitic liquids. 

These investigators consider a close genetic relationship exists
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between kimberlites and carbonatites.

Gittins et al. (1975b) studied dike rocks in the Saguenay rift 

valley near Arvia, Quebec and grouped them into three classes: 

kimberlitic, carbonatitic and kimberlitic-carbonatitic. The dikes 

represent the separation of a carbonatitic fluid from a kimberlitic 

magma (Gittins et al. 1975b). The dikes display chemical and miner 

alogical deviations from what is considered to be characteristic of 

true kimberlite and they noted the differences as follows:

1) The dikes displayed higher Ca/Mg ratio than true kimberlite.

2) The dikes lack pyrope and picroilmenite which are commonly

considered to be essential mineral indicators of kimberlite. 

The dikes are therefore not true kimberlites (Gittins et al. 

1975b).

Robinson (1975) conducted a study of igneous magnetite- 

serpentine-calcite dikes cutting kimberlite at the Premier mine, 

South Africa. The dikes were considered by him to be representative 

of an intercumulus phase of kimberlite. They represent late, 

residual, vapour-rich liquid which is separated from the kimberlite 

and intruded as a separate phase. The rock can be considered to be 

carbonatite but it differs from normal carbonatite by the presence 

of serpentine and the nature of alteration of the enclosing wall 

rocks (Robinson, 1975). The wall rock alteration consists of CaO, 

CO 2 and possibly MgO and P2O 5 addition coeval with SiO2, A12O3 and 

alkali removal (Robinson, 1975). Alkali removal from the dike walls 

is not characteristic of alkalic rock-carbonatite complexes which 

are noted for alkali addition. The investigator concluded that 

there is no direct connection with carbonatites occurring in kimber-
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lite within the Premier mine and carbonatites associated with 

alkalic rock-carbonatite complexes.

LeBas (1977b) concluded in the preface to an extensive work on 

carbonatite-nephelinite volcanism in East Africa that there are two 

types of carbonatite association, the carbonatite-kimberlite and a 

carbonatite-kimberlite-nephelinite association (LeBas, 1977b). The 

latter is the result of differentiation from a Ca-Na-K magma while 

the former is not. Loubet et al. (1972) had earlier subdivided 

carbonatite and kimberlite magmas concluding that they had a common 

parent but that kimberlites result from reducing conditions and 

carbonatites from oxidizing conditions.

Mitchell (1979) reviewed the kimberlite-carbonatite relation 

ship and reached the same conclusion as presented earlier (Mitchell, 

1970). Mitchell (1979) has concluded that the proposed relationship 

does not exist on the basis of the following points:

1) The carbonate-rich residue of kimberlites is not the same as

that of carbonatites. The mineralogy of the kimberlite residue 

is rich in primary serpentine and calcite, exhibits liquid 

immiscibility features, lacks NaFe silicates and Nb minerals. 

Spinels (magnetite) are rare in kimberlite but common in 

carbonatite.

2) Lamprophyres (central complex kimberlites from the Fen alkaline 

complex, Norway and Ile Bizard diatreme, Quebec) differ from 

true kimberlites in mineralogy. Kimberlites contain magnesian 

ilmenite, pyrope, garnet, titaniferous-magnesian-aluminous- 

chromite, magnesian ulvospinel-ulvospinel-magnetite solid 

solutions and rare A12O3 poor pyroxene. Lamprophyres contain
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andradite-grossular garnet, manganous ilmenites, titaniferous- 

aluminous-magnesian chromites, ulvospinel-magnetites, 

Al2O3~rich pyroxenes, nepheline and melilite.

3) Kimberlites, carbonatites and alkalic rocks are enriched in 

incompatible trace elements; however, similar trace element 

content does not imply genetic relationship. Partial fusion, 

fractional crystallization, volatile enrichment, acting 

independently or together on unrelated magmas may produce 

similar incompatible trace element contents.

4) Kimberlites are not associated with rift tectonics which

characterize carbonatite magmatism. Kimberlite clusters in 

interrift zones and at points of structural weakness between 

basement and supracrustal rocks.

Mclver and Ferguson (1979) investigated the alkalic rocks of 

Saltpetre Kop, Sutherland, South Africa and proposed that kimberli- 

tic, melilitic, trachytic and carbonatite eruptives are related 

through the action of the processes of crystal fractionation, liquid 

immiscibility and crystal-liquid reaction. The kimberlitic parent 

magma is envisioned by them to have been generated by limited 

partial melting at depth of a hydrous carbonate-bearing, garnet 

lherzolite between 100-200 km. The kimberlitic magma underwent 

several periods of arrest and crystal fractionation during ascent 

and when volatile content exceeded lithostatic pressure, eruption 

took place (Mclver and Ferguson, 1979).

Within the framework of the present project kimberlites were 

not mapped or examined. Only a few scattered occurrences of 

kimberlites have been described in Ontario and these are relatively
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small dike-like bodies. The best described occurrence is the 

kimberlite dike found in the Upper Canada Mines, Kirkland Lake area 

(Lee and Lawrence, 1968). This dike is one meter wide, strikes at 

340 degrees and has a vertical dip (Lee and Lawerence, 1968). 

Watkinson and Chao (1973) report the double carbonate shortite 

(Na2Ca2(Co3)3) in the Upper Canada kimberlite which would represent 

a late stage sodium-rich carbonatite liquid.

The author has not observed dikes that display kimberlite 

mineralogy in association with any of the alkalic rock-carbonatite 

complexes mapped and sampled. The Upper Canada kimberlite dike lies 

outside the belts of alkalic rock-carbonatite magmatism examined by 

the author. The alkalic rock-carbonatite magmatism within Ontario 

is dominantly controlled by three structures. These structures are 

the Ottawa-Bonnechere graben system (Kumarapeli and Saull, 1966), 

the Kapuskasing horst structure (Bennet et al. 1967) and the Big-Bay 

Ashburton Bay fault system (Sage, 1978a). These three structures 

have at least one common denominator in that they have controlled 

the sites of alkalic rock-carbonatite magmatism.

While the kimberlite-carbonatite association cannot be 

established in Ontario, the carbonatite-nephelinite (ijolite) 

association can be strongly supported. Big Beaverhouse, Prairie 

Lake, Firesand River, Seabrook and Spanish River are good examples 

of carbonatite-nephelinite intrusions (Watkinson, personal communi 

cation, 1979). The absence of nephelinite at Carb Lake and 

Schyrburt Lake is likely a function of a lack of exposure and thus a 

lack of sample points. The carbonatite dikes at the Lackner Lake 

alkalic rock complex are closely related to the ijolite phase of the
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body; however at Nemogesenda Lake the carbonatite appears to be a 

late-stage dike phase cutting all rock types. At Clay-Howells, the 

ijolitic rocks associated with the carbonatite dike-like body may be 

a product of sodium-iron metasomatism rather than a distinct 

magmatic phase. 

Kimberlite-Carbonatite-Diatreme Relations

A number of studies have described diatreme structures with 

kimberlitic and/or carbonatitic affinities or kimberlite. In Navajo 

County, Arizona, an examination of three diatremes was undertaken by 

O'Hara and Mercy (1966). They reported that xenocryst garnets in 

the diatremes are similar to those reported from kimberlitic dia 

tremes. Eclogites associated with the xenocrystic garnet are more 

sodic and lherzolite xenoliths are more aluminous than that normally 

found in diamoniferous kimberlites (O'Hara and Mercy, 1966). The 

Cane Creek structure is a diatreme breccia cut by kimberlite dikes 

which are in turn cut by carbonatite dikes (McGetchin et al. 1973). 

Mccallum and Eggler (1971) studied the Sloan Creek diatreme- 

kimberlite pipe and concluded on the basis of oxygen and carbon 

isotopic studies that the associated carbonate represented a carbon 

atitic liquid that was associated with the kimberlite.

In 1975 Mccallum et al reported on 36 kimberlitic diatremes in 

Colorado and Wyoming and described a wide variety of nodular 

material. The nodules consisted of spinel and garnet lherzolite, 

eclogite, distinctive carbonatite (sovite) and megecrysts of ortho 

pyroxene, garnet, ilmenite and both chromian and non-chromian 

diopside. The inclusions are mantle derived and underwent partial 

melting before inclusion in the kimberlite (Mccallum et al. 1975).
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In 1976, Mccallum reported serpentinized, fenitized and carbonated 

components in the Sloan kimberlite diatremes.

Diatremes of kimberlite composition were examined by Clement 

(1975) who observed a separation of mica-rich segregations and 

calcite matrix which he interpreted as representing immiscible 

potassium-rich silicate and carbonatitic liquids. The carbonatitic 

liquids are considered by him as being the transporting fluid during 

liquid-solid fluidized emplacement. At crustal levels the 

immiscible liquids coexist with a gaseous phase which at 

still higher levels will represent a gaseous head to the magma 

column (Clement, 1975). When internal pressure exceeds lithostatic 

pressure the cap rock is breached and the diatreme forms which 

consists of degassed magma, disrupted cap rock, and slumped material 

from the diatreme walls (Clement, 1975).

Wallace (1975) describes xenoliths of lherzolite and harzbur 

gite from a carbonatitic diatreme from the Moeraki River, South 

Westland, New Zealand. The investigator proposed that the diatreme 

was rapidly emplaced by injection of a highly fluidized solid-gas 

system rich in H2O and CO2- The diatreme contains ultramafic xeno 

liths enclosed by shells of talc and magnesite, a carbonatitic 

matrix and minor ultramafic material that post dates formation of 

the talc-magnesite shells and carbonatitic matrix.

Applying various experimental data on talc-magnesite assem 

blages and magnetite ilmenite exsolution textures, it was indicated 

to Wallace (1975) that the diatreme was emplaced at approximately 

600*50 degrees centigrade. Mineral compositions within the lherzo 

lite and harzburgite xenoliths indicate a high temperature and high
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pressure origin in contrast to the low temperature of diatreme 

emplacement.

In Arkansas, U.S.A., the Prairie Creek diamond-bearing kimber 

lite breccia is described as a diatreme by Gogineni et al. (1978). 

The diatreme was a fluidized emplacement whose parent magma was 

derived by partial melting of upper mantle lherzolite under 

volatile-rich conditions (Gogineni et al. 1978).

Edwards et al (1979) describes a kimberlitic diatreme in New 

South Wales, Australia which contains two xenolith populations. One 

xenolith population represents a basaltic melt derived from an 

iron-rich mantle source and the other xenolith population represents 

cumulates which formed from a basaltic melt (Edwards et al. 1979).

Garrison and Taylor (1980) examined pyroxene compositions and 

proposed that some melt was present in the fluidized gas-solid 

mixture of the Elliot Co. Kentucky kimberlite. They observed that 

crustal rock clasts were metasomatized and that the kimberlite has 

undergone autometasomatism. The kimberlite was emplaced as a hot 

fluidized mixture. Kimberlites displaying little effect on the wall 

rocks, implying cold or low temperature emplacement, are common, as 

well as those displaying warm to hot emplacement (Dawson and 

Hawthorne, 1970).

Hearn (1968) described diatremes in north-central Montana with 

kimberlitic affinities and Hawthorne (1975) proposed a diatreme 

model for various kimberlite pipes in Africa. Diatremes containing 

kimberlite with diamonds have been described by Ukhanov (1963), 

Davidson (1964), Trofimov (1971) and Gogineni et al. (1978). 

Origin of Carbonatites
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The various aspects of carbonatite formation have been 

previously described in the preceding sections and the details will 

not be presented here. The discussion will be a review and 

restricted to carbonatites.

Carbonatites are typically associated with ijolite rocks and 

enclosed within an envelope of fenite. Carbonatites may have 

isotope ratios characteristic of mantic origin have a high 

concentration of the incompatible elements, have differentiated in 

the sequence sovite to rauhaugite to iron carbonate, and may display 

late-stage rare earth element, barite and fluorite mineralization.

Carbonatites are commonly flow-banded and contain altered 

xenoliths of wall rock and earlier phases of the complex. Rocks 

associated with carbonatites are alkali-pyroxenite, ijolite, 

syenite, fenite and if not removed by erosion they may be mantled by 

olivine poor nephelinite (LeBas, 1981). Some of the later 

ferrocarbonatites may be the product of late-stage iron-rich 

carbonatitic fluids metasomatically imposed on earlier phases of the 

complex (LeBas, 1981).

Carbonatites are considered magmatic in origin by most 

investigators but a metasomatic origin is favoured by most Russian 

investigators (Heinrich, 1966; Bulakh and Iskoz-Dolinimu, 1977).

Carbonatites occur as volcanic and subvolcanic intrusions 

within both oceanic and continental plate settings, however they are 

much more abundant in rifted continental crust.

The sequence of carbonatite emplacement sovite, rauhaugite, 

iron carbonate may be followed by a late sovite phase. Within this 

emplacement sequence the strontium content decreases and the Ba, Mn,
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REE, U and Th increase. The Sr, Pb and Nd isotopes are similar to 

the isotopes found in alkalic basalts and nephelinite and are 

consistent with a mantle origin (LeBas, 1981).

Experiments and fluid inclusion studies indicate that 

carbonatites are an immiscible liquid derived from a carbonated 

nephelinitic parent (LeBas et al. 1977a; Rankin and LeBas, 1974b; 

Hamilton et al. 1979; and Wyllie, 1978). Carbonatite magmas are 

therefore secondary magmas derived by liquid immiscibility from a 

carbonated nephelinitic magma. These magmas are most commonly 

generated in a rifted continental crust; the rifts focussing both 

volatile and incompatible element transfer and heat (Bailey, 

1974a,b). The influx of volatiles changes bulk mantle compositions 

lowering the solidus and promoting melting. Crustal uplift may 

accompany the process.

Low degrees of partial melting are required to explain the high 

concentration of volatiles and incompatible elements in carbonatite 

magmas. The siting of carbonatite complexes in rifts may be 

essential for their formation since the coalescence of small amounts 

of melt will require deformation and syntectonic recrystallization 

to coalesce the melt into a discrete magma. Mantle metasomatism may 

accompany or precede the formation of a carbonatite magma. The 

volatiles and incompatible elements migrate from undepleted lower 

mantle to upper depleted mantle; the migration of which is 

controlled by rifts which relieve stress and allow the upward 

migration of the metasomatizing fluids. Rifting, metasomatism, 

deformation and alkali magma generation are therefore intimately 

related and not discretely separated events. The mantle is
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heterogeneous.

The study of fluid inclusions within apatites from carbonatites 

indicates that the carbonatite magmas are similar to highly alkaline 

extrusive carbonatites found at Oldoinyo Lengai volcano, Tanzania 

(LeBas, 1981). Filling tempertures of apatites from ijolite 

indicate crystallization from a melt of 1000 to 1100 0 C, from sovite, 

from a melt of 400 to 600 0 C, and from rauhaugite, from a melt of 200 

to 400 e C (LeBas, 1974b). Carbonatite is therefore a superheated 

magma and exists as melt long after its eogenetic silicate melt 

crystallizes. A superheated carbonatite magma means that apatite 

can crystallize over a wide temperature range and that an attempt at 

chemical equilibrium can take place. Apatite chemistry indicates 

that calcium and phosphorous decrease and cerium, lanthanum and 

fluorine increase as differentiation and crystallization proceed 

(LeBas, 1981).

The low viscosity, fluid, superheated carbonatite magma can 

intrude to higher levels than its eogenetic alkalic silicate 

(ijolite) magma. Therefore, at high levels of exposure ijolite may 

not be exposed and at low levels ijolite may be the dominant phase. 

Dynamic un-mixing of carbonatite and nephelinitic melts may give 

rise to chemically distinct magmas while subsequent differentiation 

could proceed along different paths giving rise to different 

patterns of fenitization or variations in rock types (LeBas, 1981).

Sudden volatile release when lithologic pressures become less 

than vapour pressures may lead to the development of diatremes 

structures above the carbonatite magma.

Typical inclusions of carbonatite magma in apatite are Na-Ca-K
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carbonates , nahcolite, alkali sulphates, alkali halides, Ba-salts, 

silicate glasses, iron oxides, sulphides and calcite (LeBas et al. 

1977a). The trapped fluids are rich in Na plus K and give a clue as 

to the original carbonatite magma composition. The original magma 

is rich in La, Na, K, sulphate, halides and the high F and U 

contents are in accordance with liquid immiscibility (LeBas, 1981). 

A carbonatite magma recalculated from fluid inclusion data is 

comparable to the natrocarbonatite lava of Oldoinyo Lengai volcano, 

Tanzania (LeBas, 1981).

The carbonatite magma is an aqueous Na-carbonate rich melt 

which crystallizes over 500 to 1000 0 C. The addition of sodium 

carbonate to rocks permits the solution of such rocks as granite 

which in the natural system is the process of fenitization. The 

cooling magma loses an alkali rich aqueous fluid which raises its 

solidus, causing precipitation (LeBas, 1981).

The calcite-dolomite composing most carbonatite complexes is 

thus a residuum and is not compositionally a melt equivalent to the 

original magma.

The loss of aqueous fluids and alkalies is reflected in the 

metasomatic halo (fenite) enclosing most carbonatite complexes. 

Potassium feldspar is a common fenitic mineral and this is associ 

ated with iron oxides and carbonate. If the water content is high, 

phlogopite will develop instead of potassium feldspar (LeBas, 

1981). The loss of volatiles and alkalies from the superheated 

carbonatite magma may intrude, react, and metasomatize the eogenetic 

alkalic silicate (ijolite) which has already crystallized.

Potassium fenitization is a reflection of high level, distal,
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lower temperature alkali metasomatism and sodium fenitization is a 

reflection of low level, proximal, higher temperature alkali meta 

somatism (Vartiainen and Woolley, 1976; Baldock, 1973). As cooling 

proceeds the potassium fenite may be telescoped or superimposed on 

the sodium fenite confusing age relations.

Carbonatite occurs with kimberlite but it is generally alkali 

poor and does not produce the metasomatic aureole (fenite) that 

encloses carbonatite complexes (Mitchell, 1979; Dawson, 1980; LeBas, 

1981). Although both carbonatites and kimberlites are mantle 

derived and display similar isotope and incompatible element concen 

trations, they do not appear to be directly related (Dawson, 1980; 

LeBas, 1981). Additional study of carbonatite kimberlite relations 

is warranted. 

Crystallization and Melt Temperatures of Carbonatite Magmas

Estimating the magmatic temperatures of carbonatite magmas 

involves several methods. The data indicates a decrease in magmatic 

temperatures from ijolite to carbonatite with some temperatures in 

late phases being characteristic of a hydrothermal system.

Panina and Kostyuk (1971) studied inclusions within both 

carbonate and silicate phases of the Bulinakig carbonatite in north 

west Siberia. In the carbonate phases, multiphase gas-liquid 

inclusions are common and some have solid daughter products (Panina 

and Kostyuk, 1971). The inclusions are grouped into those contain 

ing solids which homogenized between 470 and 750 0 C and those with 

2 to 4 solid phases which homogenized between 270 and 450 0 C. Two 

phase gas and liquid inclusions confined to cleavages within the 

carbonate homogenized at 70 to 410 0 C if of the gas-liquid type or
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from 350 to 470 0 C if of the liquid-gas type (Panina and Kostyuk, 

1971).

Multiphase gas-liquid inclusions within nepheline and pyroxene 

homogenized at 1040 to 1130 0 C in pyroxene and 830 to 1050 e C in 

nepheline. Multiphase gas-liquid inclusions with 2 to 4 solid 

phases and two phase gas-liquid inclusions within the above sili 

cates homogenized at 200 to 300 0 C in pyroxene and 340 to 350 0 C in 

nepheline (Panina and Kostyuk, 1971). The carbon dioxide within the 

inclusions indicated an entrapment pressure of 1000 to 1060 atmos 

pheres at the higher temperature and 600 to 810 atmospheres for the 

lower temperatures. The silicate phases probably formed at higher 

pressures (Panina and Kostyuk, 1971).

In 1972 Ramanchee examined fluid inclusions in various minerals 

obtained from East African carbonatites. The specimens were from 

the Napak volcano, Fort Portal volcano, Kawaraha extrusives and 

Zerimashi volcano. The inclusions contained apatite, pyroxene, 

biotite, gas, liquid and glass (Ramanchee, 1972). Homogenization 

temperatures of 1000 to 1020 0 C were obtained on olivine from 

picrite, 870 to 930 0 C for nepheline and pyroxene in nephelinites, 

730 0 C for nepheline in ijolite, and 640 to 700 0 C for inclusions in 

apatite and calcite in carbonatite (Romanchee, 1972).

Homogenization temperatures on olivines from

magnetite-apatite-forsterite rock from the Yessey carbonatite 

intrusion in northern Siberia indicate crystallization at a 

temperature of 1280 0 C plus or minus 20 0 C (Panina and Shatskiy, 

1973). Homogenization temperatures in apatite were 1170 to 1140 0 C. 

Panina and Shatskiy (1973) indicated that the carbonatite melt
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cooled rapidly and that hydrothermal processes took place between 

730 and 260 0 C.

Inclusions within apatite crystals from several East African 

carbonatites were examined by Rankin and LeBas (1973) and 

homogenization temperatures of 300 to 650 0 C were obtained on apatite 

from ijolite and 250 to 480 0 C on apatite from carbonatites. Glassy 

and crystallized inclusions within ijolite apatites homogenized at 

750 to 1150 e C and remained fluid down to temperatures of 500 e C. 

Rankin and LeBas (1973) interpreted the apatite inclusions within 

apatites from carbonatite to indicate the entrapment of supercriti 

cal fluid rich in carbon dioxide, alkalies and water. The 

supercritical fluid is responsible for the crystallization of the 

carbonatite magma while the associated ijolites are envisaged as 

crystallizing from a melt coexisting with an aqueous carbon dioxide 

poor alkaline fluid (Rankin and LeBas, 1973).

Inclusions in apatite from pegmatitic ijolite from the Usaki 

carbonatite complex, Kenya, were homogenized and the results 

indicate that 1) carbonate-rich inclusions melted at 640 to 750 0 C, 

2) carbonate plus silicate inclusions melt between 575 and 640 0 C, 

and 3) silicate inclusions melt between 820 and 900 0 C (Rankin and 

LeBas, 1974b). The carbonate plus silicate melts dissolve into each 

other at temperatures between 950 to 1100 0 C and split into two melts 

upon cooling. Rankin and LeBas (1974b) interpret the results to 

indicate that carbonated ijolitic magmas display immiscible 

differentiation to produce two liquids. The results can also be 

interpreted as indicating that a hyperalkaline silicate parent can 

produce immiscible carbonatite and ijolite magmas. On the basis of
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field observations, Rankin and LeBas (1974b) favour the latter. 

Additional homogenization studies of inclusions in apatite 

crystals from the Usaki carbonatite, Kenya was undertaken by Rankin 

(1975). Minimum crystallization temperatures indicated by 

homogenization range from 200 to 484 0 C and homogenization of a 

transient phase, possibly Na2C03, indicated a formation temperature 

of 500 to 590 0 C. The entrapped fluids were considered by Rankin 

(1975) to be part of the entrapped carbonatite magma. The inclus 

ions within the apatite consisted of three types: 1) aqueous, 2) 

solid carbonate, and 3) gas, and indicate that a carbonatite magma 

is highly mobile, aqueous, rich in alkalies and rich in carbon 

dioxide.

Samoylov (1975) studied homogenization of gas-filled inclusions 

from ten carbonatite complexes, and magnesium distribution between 

equilibrium biotite and clinopyroxene and between

equilibrium amphibole and clinopyroxene to determine crystallization 

temperatures. He subdivided the carbonatite rocks into five 

subgroups with corresponding temperature ranges. These groups are 

as follows:

Potassium feldspar-calcite ... .. .... ...... ... 530 to 750 0 C

Albite-calcite ... . . . . . .. . . . . . . . . . . . . . . .. . . . . 420 to 550*C

Amphibole-dolomite-calcite . .. .... .. . ... . .... 300 to 420"C

Chlorite-sericite-ankerite .... ... ..... . ... . . 200 to 300*C

Zeolite . . . . . . . . . . . . . . . .. . . . . . .. . .. . . .. . . . . . . 200 to 250 0 C

Inclusions within various mineral phases of the Magnet Cove 

alkalic rock complex, Magnet Cove, Arkansas were studied by homogen 

ization techniques by Nesbitt and Kelly (1977). Nesbitt and Kelly
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(1977) found that the late fluids associated with the carbonatite 

phase of the complex were of exotic composition, rich in water 

relative to earlier fluids and may have formed at temperatures as 

low as 70 0 C. Inclusions in associated monticellite could not be 

homogenized at temperatures of 800 0 C indicating early entrapment of 

a magmatic phase (Nesbitt and Kelly, 1977).

The oxygen fugacity of coexisting olivine, magnetite and 

niobium pervoskite from the Oka carbonatite complex, Quebec were 

examined by Friel and Ulmer (1974). Plots of oxygen fugacity versus 

temperature indicated a 710 0 C plus or minus 15*C at the point of 

last solid-liquid-vapour equilibrium.

Conway and Taylor (1969) used O 18XO 16 and C 137C 12 ratios on 

samples from the Oka carbonatite, Quebec and Magnet Cove complex, 

Arkansas to estimate crystallization temperatures. They obtained a 

temperature of 595 0 C for the Magnet Cove complex which is less than 

that indicated by Nesbitt and Taylor (1977) which was based on 

homogenization of inclusions. Crystallization temperatures of 855 

and 765 0 C were obtained on monticellite-bearing carbonatite from Oka 

which is in reasonable agreement with the value of 710 0 C plus or 

minus 15 0 C obtained by Friel and Ulmer (1974) using oxygen fugacity 

data.

Calcite-dolomite intergrowths in carbonatite magmas have been 

used to estimate carbonatite crystallization temperatures. In 1969, 

Jennings and Mitchell examined calcite-dolomite intergrowths within 

samples from the Fen complex, Norway and by analogy with experi 

mental data concluded that the carbonatite was emplaced at a 

temperature of 280 to 380 0 C. Puustinen (1974) observed similar
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textures in the Sillinjarvi carbonatite, Finland, which he inter 

preted to be exsolution textures and he interpreted the textures to 

indicate a minimum equilibrium or emplacement temperature of 450 0 C.

Carbonate intergrowths within Indian carbonatites were examined 

by Sethna and Viladkar (1977) and the majority of the calcitic- 

dolomite intergrowths appeared to have crystallized between 350 and 

475 e C, however one complex, Sevattur, had a temperature of about 

600"C. They also found that at the Amba Dungar carbonatites a 

relationship exists between grain size and temperature of crystal 

lization. The fine grain size gave the highest temperature and the 

coarse-grained size the lowest (Sethna and Viladkar, 1977).

Gittins (1979) has strongly criticized the use of calcite- 

dolomite intergrowths to determine crystallization temperatures. He 

pointed out that the highest temperature obtainable by this method 

is below the liquidus temperature and that magnesium diffusion from 

calcite to dolomite takes place during subsolvus cooling. This 

diffusion will vary between grains. Gittins (1979) pointed out that 

dissolution of carbonatite samples in cold HC1 leads to analytical 

problems and that the only technique that can be used is an electron 

microprobe which can be used only on unexsolved calcite or calcite 

with very fine intergrowths. If pure clean carbonate can be 

obtained, wet chemical analysis is also a good technique. Gittins 

(1979) suggests iron may have an affect on calcite-dolomite solvus 

but no experimental work has been completed on the influence of iron 

in the system. In conclusion, Gittins (1979) stated that most 

reported temperatures of crystallization for carbonatites based on 

calcite-dolomite intergrowths are too low. Applying the cautions he
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outlined he reported a minimum liquidus temperature for the Goldray 

carbonatite, Ontario, of 885 0 C.

In summation, temperature data obtained by several methods 

indicate a systematic decrease from 900 to 1100 0 C for the ijolite 

magmas down to several hundred degrees for later carbonatite 

phases. Inclusion studies also indicate that exotic phases such as 

those found at Magnet Cove, Arkansas, may exist as low as 70 0 C and 

may thus be considered the result of a low temperature hydrothermal 

fluid. 

Carbonatite Magma Density and Viscosity

Nesbitt and Kelly (1977) attempted to calculate a density for a 

carbonatite magma. On the basis of their work on the Magnet Cove, 

Arkansas carbonatite they calculated a density of 2.2 to 2.3 gm/cm 

for the intruding carbonatite magma. Such a light melt would be 

anticipated to separate rapidly from associated phase, and rise 

rapidly if not forcibly into overlying rocks.

Using synthetic carbonatite melts, Wyllie and Tuttle (1960) 

observed low viscosity in artificial carbonatite magmas. Such low 

viscosity magmas obtain rapid chemical equilibrium and crystalliza 

tion differentiation can proceed rapidly. 

CARBONATITE VOLCANISM

Presently active volcanism involving carbonate rocks is 

restricted to Oldoinyo Lengai, Tanzania. The activity of this 

volcano has been documented by Dawson (1962), Dubois et al. (1963), 

Dawson (1966b) and Dawson et al. (1966). The extrusive rocks 

consist of sodium carbonate with a high potassium content (Dawson, 

1966b). Significant fluorine, sulphur trioxide and chlorine are
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also present and the extrusions contain blocks of ijolite, 

melanite-wollastonite melteigite, wollastonite-melanite ijolite, and 

wollastonite-apatite ijolite (Dawson et al. 1966b). Thus Oldoinyo 

Lengai volcanism establishes a close relationship between ijolitic 

rocks and carbonatite T

In East Africa, Le Bas (1977b) described numerous alkalic 

complexes with both ijolitic and carbonatitic rocks and he described 

many examples of dormant but recently active carbonatite-nephelinite 

volcanos. Von Knorring and Dubois (1961) and Nixon and Hornung 

(1973) described recent but dormant carbonatite volcanism near Fort 

Portal, western Uganda and Dawson and Powell (1969b) described 

recent but dormant melilitite and nephelinite volcanism with 

carbonatitic affinities in northern Tanzania.

In 1968, Milton questioned the primary nature of the Oldoinyo 

Lengai carbonates and suggested that they were rheomorphic tronifer- 

ous sediment. Bell et al. (1973) undertook an isotope study of the 

carbonate and concluded that they were truly magmatic in origin and 

that the trona studied by Milton (1968) was derived by weathering of 

the carbonatite volcanics. Bell et al. (1973) also concluded that 

on the basis of isotopic data that the ijolites and carbonatites ere 

related and of possible mantle derivation with little if any crustal 

contamination.

Celestine Silva et al. (1981) report that the eroded remains of 

a carbonatite volcano occurs on Santiago Island within the Cape 

Verde Islands in the Central Atlantic. This is the first documented

occurrence of a carbonatite volcano in an oceanic setting. The 

remains of the volcano are composed of nephelinitic and carbonatitic
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tuffs displaying both mineralogy and chemistry characteristic of 

carbonatite intrusions.

Keller (1981) describes Niocene carbonatite activity within the 

Rhinegraben, West Germany. The volcanism is represented by tuffs 

consisting of calcite lapilli that have the mineralogy and geochem 

istry characteristic of carbonatites. On the basis of textures 

within the pyroclastic rocks, Keller (1981) suggests that the 

carbonatite magmas were of low viscosity and very fluid.

It can be concluded from direct observation of carbonatite lava 

flows that the carbonatite magmas are sodium carbonate-rich. The 

interpretation of a sodium carbonate-rich magma as being the magma 

from which a carbonatite crystallizes has been supported by fluid 

inclusion studies (cited in section on fluid inclusions). The 

inclusions were from minerals (principally apatite) taken from both 

silicate (ijolitic) and carbonatitic phases of carbonatite 

complexes. The inclusions indicated that the alkalies and some of 

the volatile components, i.e. chlorine, fluorine, etc., must have 

been extracted from the original magma during crystallization to 

account for presently observed rock compositions. The calcitic and 

dolomitic carbonatite and associated silicate rocks now observed in 

carbonatite complexes are thus depleted in alkalis relative to the 

immiscible carbonate-silicate melts from which they are derived. 

This expelled alkali-rich aqueous fluid gives rise to the 

metasomatic halo (fenite) that customarily accompanies a carbonatite 

intrusion?
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FENITES AND FENITIZATION

Fenitization, the process of alkali, volatile and iron 

metasomatism, is common, if not characteristic of carbonatite 

magmatism and to a much more limited extent alkalic rock intrusion. 

The development of sodic amphiboles and pyroxenes and sometimes 

Fe-Mg micas with Ca-Mg-Fe carbonates in the wall rocks of 

carbonatite intrusions may be used as an exploration guide when 

prospecting for these bodies. In the Canadian Shield carbonatite 

bodies commonly weather low and scattered outcroppings of wall rock 

may be the only exposures present within the area of suspected 

carbonatite intrusion, therefore recognition of fenitized rocks are 

an important exploration guide.

Within Ontario, well exposed fenites are not common. The 

author has observed well developed fenites exposed on the west shore 

of Chipman Lake (Chipman Lake area of carbonatite diking and feni 

tization); and on the southeast flank of the Spanish River 

carbonatite. Some good outcrops of fenite are present on the flanks 

of the Firesand River carbonatite. Siemiatkowska and Martin (1975) 

described perhaps one of the best exposures of fenite in Ontario. 

These fenites, known as the Kusk and Nemag Lake fenites, lie outside 

the scope of the present project. Currie (1971) and Currie and 

Ferguson (1972) described respectively the fenites from the Brent 

Crater and the Callander Bay carbonatite complex both of which occur 

in the Lake Nipissing area and lie outside the limits of the present 

project area.

Von Eckermann (1948a) reported on the process of fenitization 

at the Alno complex, Sweden, and noted that carbon dioxide, F,
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Fe (oxidized), Ti, CaO, P 2Os, BaO and K2O have been added and Na2O 

and Si02 subtracted from the enclosing Archean migmatites. He 

subdivided the fenite halo into 6 zones which are: 1) thermal shock 

zone; 2) quartz syenite zone; 3) syenite zone; 4) alkaline fenite- 

outer zone of nepheline; 5) alkaline fenite zone; and 6) rheomorphic 

fenites. 

Potassium Fenitization

Von Eckermann (1948a) concluded that fluorine was present in 

the fenitizing fluid due to the presence of fluorite in the rocks. 

He noted that perthite disappears and a soda orthoclase or anortho 

clase appears as CaO plus CO2 is added and silica removed. He also 

noted that fenitization ends with the appearance of orthoclase plus 

calcite even if the fenite is rheomorphic. Where nephelinization 

has occurred, it is first detected as small clear patches in 

feldspar which will expand to the grain borders as the process is 

completed (Von Eckermann, 1948a). In rocks classified as leucocra 

tic fenite, Von Eckermann (1948a) noted a loss of sodium and in the 

melanocratic fenite, an addition of sodium. He proposed a 

potassium-rich, sodium-poor carbonatite magma as a source of the 

fenitizing fluids.

In 1966, Von Eckermann described the rheomorphic fenites as 

resulting from liquefaction in response to the fenitizing process. 

This ultrafenitization is a process of homogenization and 

recrystallization and is best developed close to the intruding 

magma. In Ontario, Parsons (1961) has suggested that some of the 

outer syenitic rocks to the Nemogosanda Lake alkalic rock complex 

are rhoemorphic fenites.
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The model of strong K-metasomatism for the Alno complex 

described by Von Eckermann (1948a) is at variance with the observa 

tions of the author in Ontario. In Ontario the fenites are 

dominated by a sodium metasomatism and characterized by the perva 

sive development of dark green sodic amphiboles and pyroxenes, 

biotite and carbonate.

In the Mbeya Range, Tanganyika, Brown (1964) has described 

potassium fenites associated with dike-like carbonatites intruded 

into fault zones. He considered these carbonatites and associated 

fenites to be presently exposed at a high level.

A suggestion by King (1965) for the origin of the potassium- 

rich rocks found associated with carbonatite complexes warrants 

consideration. In a study of the alkalic igneous rocks of eastern 

Uganda, he noted that both extrusive and intrusive rock suites are 

silica-undersaturated and alkali-enriched. King (1965) proposed 

that these two rock suites displayed two trends; the volcanic series 

which evolved towards a phonolitic or trachytic residuum and an 

intrusive (ijolitic) series which generated lime, alkali and 

volatile enrichment ultimately producing carbonatites.

The feldspar-bearing rocks (trachytes, phonolites, etc.) have 

different origins beginning as a fenitization product of basement 

rocks or beginning as a feldspathoidal rock such as ijolite. He 

suggested that these ultrametasomatized rocks have become 

mobilized and intruded or extruded. In his model, one would perhaps 

consider the addition of alkalies as a fluxing agent which lowers

the solidus of the rocks hosting the carbonatite intrusion 

permitting anatexis and magma generation in response to rising iso-
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therms accompanying the intrusion. King (1965) considered the 

primary magma involved in this model to be a melteigite or melane- 

phelinite derived from depths greater than that required for the 

generation of more typical basalts.

Sutherland (1965) discussed the effects of potassium fenitiza 

tion around the Toror Hills, Uganda carbonatite complex and noted 

close chemical and petrographic similarities between texturally 

different potassium fenites which include feldspathic fenites, 

intrusive feldspathic fenite-breccias, potassium trachytes and 

orthoclasites. She considered the carbonatite intrusion to be the 

source of alkalies and that potassium fenitization is later than 

sodium-iron fenitization. She also suggested that the sodium-iron 

fenitization may be more typical of alkali silicate melts and 

potassium fenitization with carbonatite magmas. The escape of 

alkalies from a carbonatite magma may have then caused the carbona 

tite magma to crystallize as calcium, magnesium or iron carbonates.

In a study of sodic amphiboles and pyroxenes from fenites in 

East Africa, Sutherland (1969) indicated that the most common 

fenitization is the potassium type and that the sodium-iron 

amphiboles and pyroxene studied are products of a sodium-iron 

metasomatism. She considered the Na and K fenitization to be 

related, and that Na fenitization is later in the sequence of 

metasomatic events. Sutherland (1969) on the basis of field data, 

considered fenites, carbonatites and ijolites to be related.

Heinrich and Moore (1970) considered fenite to be generally 

older than the associated intrusive rocks, locally rheomorphic, and 

commonly red due to the presence of hematite. Their study was
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worldwide and they examined only the potassium feldspar rocks which 

they considered representative of high level alteration by potassium 

metasomatism.

In Ontario, Currie (1971) described potassium fenitization at 

the Brent Crater in the Lake Nipissing area as being indicated by a 

decrease in quartz and plagioclase, and that it is associated with 

carbonate that has an isotopic composition similar to carbonatite. 

Dikes of trachyte within the fenitic halo may be the result of 

anatexis associated with potassic metasomatites (Currie, 1971).

In a subsequent study of a carbonatite complex in the same 

region as the Brent structure, Currie and Ferguson (1972) proposed 

that fenitization (feldspar-hastingsite) associated with the 

Callander Bay carbonatite are the result of reaction of a 

chloride-alkali brine derived from the silicate portion of the 

complex with country rock. They attributed the close association of 

the fenite and carbonatite to magmas of high water content, a factor 

common in both carbonatite and alkaline silicate magmas. These 

investigators noted that the fenitization process acting on salic 

and mafic rocks tends to produce a convergence in rock 

compositions. On the basis of fenite chemistry, a link with the 

syenitic fraction of the Callander Bay complex is indicated even 

though they had earlier concluded a carbonated nephelinitic magma 

was the likely parent (Currie and Ferguson, 1972; Ferguson and 

Currie, 1971).

Deans et al. (1972) described potassium fenitization of the 

Amba Dongar carbonatite, Gujarat, India in which sandstone was 

converted into an essentially monomineralic potassium feldspar
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rock. In this example, where fluorite is extracted commercially 

from the carbonatite body, fluorine may have played an undefined 

role in the fenitization process (Deans et al. 1972).

Baldock (1973) studied potassium metasomatism around the Bukusu 

carbonatite complex, Uganda and observed that with the addition of 

potassium, sodium and iron were removed from the fenitic aureole. 

In the outer part of the aureole silica was added to the rocks which 

presumably was derived from the inner part of the aureole where 

nearly pure feldspar rocks were formed (Baldock, 1973). He noted 

that these metasomatic rocks were brecciated and intruded by 

potassic trachytes derived by rheomorphism of the altered rocks. 

Baldock (1973) observed that central vent agglomerates of the 

complex were cut by small bodies of sovite. This investigator 

considered the Bukusu complex to be exposed at a very high level and 

evidence of potassium metasomatism around the complex covers an area 

of 125 square kilometres.

Within the project area, the writer has not observed evidence 

of strong potassium metasomatism. While mapping the Deadhorse and 

McKellar Creek diatremes in 1978, strong response was indicated on 

the potassium channel while checking for radioactivity indicating 

the significant addition of potassium above that normally found in 

the rocks composing the diatreme walls. The diatreme breccias 

contain anomalous, Nb, rare earth elements, TiO2, P205, U and Th 

(Sage, 1982) which is typical of carbonatites and the writer 

has proposed that this diatreme is the unexposed top of a carbona 

tite intrusion and that the diatreme breccias characterized by 

potassium, silica and iron (hematite) metasomatism are the product
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of a fenitizing fluid in a distal setting (Sage, 1978b). 

Sodium Fenitization

In interpreting field observations Dawson (1964) proposed that 

fenitization can take place in the absence of ultra alkaline rocks 

such as ijolites. He suggested that fenitization depends on the 

reactive proportion of cations in the carbonatite magma, the ability 

of the cations to react with the host rocks, and the composition of 

the host rock.

At Oldoinyo Lengai volcano, Tanganyika, McKie (1966) described 

the final product of fenitization as a cryptoperthite-aegirine 

rock. The fenite results from sodium-iron addition and silica 

removal with some addition of aluminum, potassium and calcium 

(McKie, 1966).

In South Africa and South West Africa, Verwoerd (1967) 

concluded that the fenitizing fluids contained alkali carbonates 

with sodium dominant over potassium. These fluids are iron-rich and 

deficient in silica.

Verwoerd (1967) considered fenitization to involve the 

following features:

1) A process by which quartz is replaced by sodium-iron metasili 

cate.

2) Any excess silica present goes into solution and promotes 

albitization which is followed by carbonatization.

3) The potassium feldspar transforms into perthite and some 

potassium goes into solution.

4) Biotite is replaced by aegirine or aegirine-augite enriching 

the solution in potassium, aluminum and perhaps iron.
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5) Quartz and biotite are enveloped or replaced by aegirine, and 

if excess silica is consumed nepheline will ultimately form.

6) Fenites are characterized by large scale silica depletion. 

Once sodium is depleted in the fenitizing fluid, potassium 

feldspar may form if the solution is no longer silica defi 

cient.

7) If excess silica is present after the alkalies are depleted, it 

will deposit as quartz.

8) Iron is deposited with or later than silica in the form of 

ferrie oxyhydroxides, siderite or hematite.

9) Under near surface conditions, the process of carbonatization 

may be ascribed to watery residues containing dissolved carbon 

dioxide which may be accompanied by fluoride, phosphorous, or 

titanium.

Cooper (1971) studied fenitization in association with lampro 

phyric dikes in New Zealand and observed that the process involved 

the addition of Na2O, CO2, S, Nb and Th to the country rocks and K2O 

depletion. The dikes are Cretaceous ultramafic micaceous perido 

tite, trachyte, or carbonatite with the most pronounced fenitic 

development marginal to the trachyte and carbonatite dikes.

Woolley et al. (1972) studied the process of fenitization 

within the Borralan Complex, Scotland. Their study has particular 

significance since the starting material is essentially all quartz 

permitting a simpler study of the chemical changes involved in the 

fenitizing process than one can usually accomplish within a more 

heterogeneous and chemically variable starting material.

In this study Woolley et al. (1972) observed that desilication
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was accompanied by a linear increase in Ti, Fe2, Fe3, Mg, Al f K and 

more variable Ca and Na. The final product of fenitization is a 

syenite lying close to the albite-orthoclase minimum and the fluids 

were probably derived from a highly potassic magma (Woolley et al. 

1972).

In 1976, Vartiainen and Woolley completed a detailed study of 

the fenites associated with the Sokli carbonatite in Finland. Both 

amphibolite and granitoid rocks were present at the contact area of 

the Sokli carbonatite and the fenitization process was determined to 

be one dominantly of sodium addition. The granitic rocks lost 

silica and gained sodium plus ferrie iron, whereas the amphibolites 

lost aluminum, ferrous iron and calcium and gained silica, ferrie 

iron, sodium, potassium and water (Vartiainen and Woolley, 1976). 

Calcium removal or depletion is the second most noticeable chemical 

change after silica depletion.

Vartiainen and Woolley (1976) proposed that the magma giving 

rise to the fenite was sodium-rich and that sodium loss to the wall 

rocks formed the fenite leaving calcite to form the core of the 

intruded carbonatite magma.

Potassium fenitization is present and is represented by the 

formation of phlogopite in preference to feldspar and they noted 

that the potassium in the granitic rocks is driven ahead of sodium 

metasomatism and becomes fixed in the periphery of the aureole. At 

Sokli, Vartiainen and Woolley (1976) noted that the potassium 

fenites display cross-cutting relations with the sodium fenites; and 

they reported that in Malau, a carbonatite displays a late collar of 

potassium fenitization which separates the carbonatite core from the
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sodium fenites. These investigators considered potassium fenitiza 

tion to be a high level effect and that at Sokli, the potassium 

fenites are the result of late stage potassium-rich fluids being 

squeezed into a sodium fenite halo causing local potassium 

enrichment. Therefore, their model of sodium fenitization is deep 

level and potassium fenitization high level. Another important 

observation by Vartiainen and Woolley (1976) is that no nepheliniza- 

tion was associated with the fenites and that desilication did not 

proceed beyond compositions along the albite-orthoclase join.

On the basis of published experimental work on feldspars, 

phlogopite, carbonatite melts, and fluid inclusions, Vartiainen and 

Woolley (1976) suggested that the inner part of the fenite aureole 

was at a temperature of approximately 600 0 C. They concluded that 

rheomorphic fenites can occur, but most were formed under subsolidus 

conditions. Vartiainen and Woolley (1976) proposed that temperature 

drops rapidly away from the contact and that close to the contact 

the fenitizing fluids concentrate along grain boundaries while in 

the outer zone the fluids concentrate along cracks, grain boundaries 

and cleavages forming veins and veinlets. The fenitizing fluid is 

considered by these investigators to be supercritical, and that 

adiabatic expansion causes rapid temperature drops, thus recrystal 

lization can take place only in inner aureole of a fenite zone. 

Fluorine may have been an effective transporting agent, and water 

and silica may be transported inward from the fenitic halo 

(Vartiainen and Woolley, 1976).

Siemiatkowska and Martin (1975) examined the Lusk Lake and 

Nemag Lake fenites, Ontario, which occur in Mississagi quartzite,
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which, like the Borralan complex described by Woolley et al. (1972) 

provides a starting material of relative uniform composition thus 

permitting a simpler study of chemical change accompanying 

fenitization.

The Lusk Lake and Nemag Lake fenites are rich in sodium and 

deficient in calcium, potassium and carbonate (Siemiatkowska and 

Martin, 1975). They described the main chemical process as one of 

desilication with marked addition of sodium and iron. The 

fenitizing fluid was poor in carbon dioxide implying an alkaline 

silicate body (ijolite) as the source and by using mineral pairs and 

published experimental data they estimated a temperature of 

alteration of approximately 500 0 C. The introduction of potassium 

was late and occurs in response to cooling temperature gradients 

(Siemiatkowska and Martin, 1975). This would indicate that 

potassium fenitization is a distal feature of fenitization and that 

sodium is proximal, a conclusion identical to that of Vartiainen and 

Woolley (1976).

In reference to the Cargill carbonatitie complex, Ontario, 

Gittins et al. (1975a) proposed that phlogopitization of ultramafic 

rock is a fenitization process and suggested a model of alkali-rich 

carbonatite magma which upon emplacement lost alkalies to the wall 

rocks and then crystallized as a calcite or dolomite carbonatite. 

They suggested that the alkalies may be transported into the wall 

rocks by fluoride, and they noted that carbonatites are thus a 

residue remaining after extraction of alkali-rich aqueous fluids.

On the basis of an experimental study of the system Na2C03~ 

K2CO3~CaCO3, at 1 kb and isotope data, Cooper et al. (1975) rejected
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proposals that the carbonate volcanism at Oldoinyo Lengai, Tanzania

was remobilized trona and suggested that carbonatite magmas form 

from nephelinitic magmas by the process of liquid immiscibility. 

They suggested a silica activity which is high enough to bind part 

of the alkalies in silicates such as phlogopite, amphibole, and 

pyroxene leaving excess alkalies in a fluid phase rich in water 

which becomes a fenitizing agent. The removal of alkalies allows 

the carbonate to crystallize as calcite, dolomite, or ankerite 

(Cooper et al. 1975). They proposed that fenitizing fluids could 

arise from either a carbonatite or silicate magma.

Rock (1976c) studied the Monchique alkaline complex in Portugal 

and noted fenitization of the enclosing peraluminous sediment 

through introduction of sodium, iron, and chlorine. The process 

transformed the sediments into nepheline-bearing sodic rocks (Rock, 

1976c). The investigator considered that the fenites around 

carbonatites to contain less than 1Q* normative nepheline while 

those around alkaline silicate complexes may contain 10 to 20!* 

normative nepheline.

A synopsis of observations on African carbonatite magmatism was 

prepared by LeBas (1977b) who concluded that intrusion of ijolitic 

magma is preceded by sodium-potassium fenitization and that sodium 

fenitization is rarely associated with shallow seated carbonatite 

and thus is restricted to deeper levels.

A chemical study of the rare earth elements was undertaken by 

Martin et al. (1978) on fenites from the Borralan complex in north 

west Scotland. They determined that the rare earth elements are 

mobilized during fenitization, particularly the light rare earths,
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and that there is no difference in rare earth concentration for the 

sodic or potassic trends of fenitization.

Appleyard and Woolley (1979) studied mass transfer in the 

Borralan (Scotland) and Sokli (Finland) fenites and observed that no 

element behaves uniformly for reference purposes and that a small 

increase in volume occurs when fenitization takes place.

In summation, fenitization results from the reaction of 

carbonated, alkali- and water-rich fluid given off from a 

carbonatite or alkalic silicate intrusion with the enclosing wall 

rocks. The expulsion of the liquid from a carbonatite will result 

in the crystallization of the carbonatite magma as calcite or 

dolomite which is thus a residue and not a direct equivalent to the 

melt itself. The fenitization process is one of desilication and to 

a lesser extent calcium removal accompanied principally by the 

addition of volatiles, alkalies, and ferrie iron. Rare earth 

elements, phosphorous, titanium, fluorine, niobium are notably 

enriched in fenite.

Some authors believe that fluorine may be an important element 

in the fenitization process and it is notably enriched in some 

carbonatite intrusions, notably as fluorine-bearing apatite, and in 

the micas. The more recent studies of the process would indicate 

that potassium fenitization is more characteristic of a distal, 

lower temperature, higher level fenitization and that sodium 

fenitization is more proximal, higher temperature and deeper 

levels. Cooling of the alkaline intrusion may cause a later 

potassium fenitization to be superimposed on a higher temperature 

sodium fenitization.
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Carbonatite magmas are the product of liquid immiscibility 

within a carbonated nephelinitic magma. The carbonatite magma 

exists cogenetically with an alkalic silicate magma. Inclusion 

studies indicate a solidus temperature of 900 to 1100OC for the 

alkalic silicate magmas and temperatures as low as 60~QOC for the 

carbonatite magmas. A carbonatite magma is thus superheated with 

respect to the eogenetic silicate magma and will remain fluid after 

the silicate magma has solidified. The low viscosity, alkali and 

volatile rich carbonatite magma losses the volatiles and alkalies as 

a metasomatising fluid which reacts with wall rocks and crystallized 

eogenetic silicate magma. This alkali and volatile loss will raise 

the carbonatite solidus permitting the carbonatite residuum to 

crystallize.

In Ontario, the author has essentially observed only the sodium 

variety of fenitization but Currie (1971), Currie and Ferguson 

(1972) have documented potassium fenitization in the Lake Nipissing 

area of Ontario and Semiatkowska and Martin (1975) report minor 

potassium fenitization at the Lusk Lake and Nemag Lake fenites. The 

writer has interpreted the Dead Horse Creek and McKellar Creek 

diatremes (Sage, 1978b) as being the top of an unexposed carbonatite 

intrusion. These diatremes display potassium, hematite, and silica 

alteration, introduced carbonate, development of prismatic dark 

green amphiboles along clast edges, anomalous rare earths, 

beryllium, uranium, thorium, phophorus and titanium which suggested 

to the author that the breccias are altered by a distal fenitizing 

fluid. 

Fenitization and Kimberlites
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Documented case histories of fenitization and kimberlite

intrusion are rare. Ferguson et al. (1973) studied wall rock 

alteration at the DeBeers Mine, Kimberly South Africa and classified 

the alteration as fenitization. In sialic rocks, silica and sodium 

decreased, and magnesium, calcium, phophorus, potassium, strontium, 

hydrogen and carbon were added (Ferguson et al, 1973). Using mafic 

xenoliths they noted a decrease in silica, aluminum, ferrous iron 

and an increase in ferrie iron, calcium, magnesium, strontium, 

hydrogen and carbon. The chemical changes were in response to the 

replacement of plagioclase by calcite, introduction of dolomite and 

the alteration of pyroxene to chlorite and serpentine (Ferguson et 

al. 1973).

Mccallum (1976) described fenitized inclusions in kimberlite 

pipes from the Colorado-Wymoning area of the United States. The 

inclusions are described as granulites from the lower crust which 

have been altered by carbonate and alkali metasomatism. The clasts 

are replaced by carbonate, biotite, muscovite, apatite, serpentine, 

amorphous silica, and fine-grained aggregates and films of sphene, 

leucoxene and calcite (Mccallum, 1976).
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