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ABSTRACT 

Hematite exsolves from specimens of the Bird River 

chromi te on heating. Exsolution begins in iron-rich areas J 

such as the rims of crystals and marginal to fra.ctures 

where deuteric alteration of th€ chromite has occurred. 

With prolonged heating, exsolution extends throughout the 

crystals; optimum heating conditions in air are lOOOoC at 

one atmosphere for seventy two hours.. X-ray fluorescence 

analyses and cell edge determinations 'were made on r.on­

magnetic and ferromagnetic fractions of the concentrates~ 

Twc spinel phases were recognised in X- ray diffraction 

powder photographs of the four chromite specimens heWing 

the most proncunced rims.. These two phases represent the 

altered, iron-rich rim and the central area of the crystals .. 

Cell edge variation with composition is discussed. fStra-

tigraphic t variation of the parameters was investigated; in 

the chromite mineral itself , Cr
2

0 3 and total iron increase 

to\..,rards the top of the sill, A120
3 

remains constant across 

the section and fvigO appears to decrease slightly tm'lards 

the top of the sill; cell edges increase generally ;;A11. th 

i ncreasing 'stratigraphic f order~ Magnetism may depend on 

the proportion of ferrous to ferric iron in the chromite 

moleculeo The evidence suggests that hematite will exsolve 

from any chromite whi ch has a Cr : Fe ratio of about 1.2:1 

or less. 
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CHAPTER I INTRODUCTION 

i. General Statement 

Chromite "las discovered in the Bird River Sill in 

1942 by G. M. BrOlmell (1942) and J. D. Bateman (1943 ). 

Some meta llurgical work during the war years proved the 

deposit to be then uneconom i c. In the present study, 

specimens were collected from ten successive horizons over 

a total ' stratigraphic ' distance of seventy- eight feet. 

1 

The chromite is concentrated in the upper part of the peri­

dotite \Alhich forms the l Oltler portion of the sill. 

In 1943, Brownell discovered that the Bird River 

chromite deve loped an exsolution pattern after being 

heated above 700°C. This thesis describes an investigation 

of this phenomenon. Heating experiments were carried out 

on ten specimens o Polished section studies showed the 

development of hematite lamellae in each one. Minera log­

ical and chemical techniques were employed to clarify this 

exsolution and its relation to the composition and cell 

edges of these chromian spinels. 

ii. Short Note on Spinel Mineralogy 

Deer, Howie and Zussman (1962 , lTol. 5, pp 56- 68) 

have given a complete account of spinel mineralogy. Their 

chapter contains considerable data concerning the structure, 

composition and cell edge of spinelso The following is a 



brief resume of spinel mineralog with special reference 

to the chromium-bea ring members of the group. 

The spinel group is divided by Deer, Howie and 

Zussman (1962, Vol. 5.) into three series: the spinel 

series, the magnetite series and tha c:.romit e series. 

The Bird River spinels are best classed in the latter 

group, although on the basis of cell edge detenninations, 

some overlap occurs "lith the spinel seri es. The mineral 

2 

studied is actually a chrornian s pinel but it is simpler to 

refer to it as chromite throughout the thesis. The composi­

tion of the Bird River chromites is complex with small 

variations from one horizon to another. A1203 is high, 

averaging 15-20% while the Cr :Fe ratio averages 1.1:1. 

Deer, HO>lie and Zussman (1962 , Vol. 5.) describe the 

chromite series as varying betNeen the two ideal end members 

magnesiochromite (~!gCr204) and chromite (Fe"Cr204)' A more 

general expression of the formula may be given as 

(Mg ,Fe Jl
) Cr204' However, Fe"'and Al"' can substitute for Crill 

th f l Ob t o·t th R"O oR'''203' h R" so e ormU_B 1.5 es \'lr1v en us; were 

includes Fell and Mg U and Rill includes Fein, AI'u and Crill. 

The structure of the spinel minera l allows for 32 

oxygen ions and 24 cations in the unit cell. Of the latter 

8 are in positions \-l ith l~-fold tetrahedral co-ordination 

(the 'A' positions) and 16 are in positions with 6-fold 

octaDedral co-ordination (the 'B ' positions). Barth and 
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Posnjak (1932) recognised both normal and inverse structural 

types as follows. 

Normal $ R" in A I 16 Rill in B 

Inverse g Rm in A, g HI J g R~ in B. 

(Deer, Howie and ZUS5man 1962, Vol. 5). 

Chromite is of the normal structural type. 

Exsolution within naturally occurring chromites 

was noted by Ramdohr (1931) and Wijkersl ooth (1943). 

G. M. Brownel l (1942) described exsolution occurring in 

natural specimens of Bird River chromite. Rigby, Lovell & 

Green (1946) refer to the exsolution of an Ra03 phase while 

investigating the action of reducing gases on chromite. 

iii. Scope of Thesis 

Although the main part of the thesis is mineral ogical 

a brief description of the sill and its relation to the 

enclosing rocks is given. Ten specimens \'Tere collected from 

ten sharply defined horizons, varying from half an inch to 

six inches in thickness. In conjunction \'lith heating 

exper iments on each specimen, polished sections were examined, 

X- ray fluorescence analyses carried out and cell edges were 

determined in the hope of relating both the exsolution of 

hematite and the t stratigraphic f position of the specimens 

to some chemical or crystallographic characteristics. The 

average Cr:Fe ratio for the Bird River chromites is 1. 1 :1. 

Concentrates of each chromite were made and six of the ten 
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1-~ere found to haye a ferromagnetic fraction. X- ray 

fluorescence analyses ,'!ere carried out on the c hrom i tites 

as well as on both fractions of mineral concentrates. The 

exsolved mineral "las identified as hematite by X-ray 

diffraction powder photographs.. Doubled lines show that 

natu.ra lly occurring chromites can exist a s two spinel 

phases "rlth slightly d ifferent c ell edges , both of Nhich 

fall within the aluminate-chromite range given by 

Thayer (1956) . The presence of the two phases does not 

i mply magnetism in the mi neral concentrate. Total iron 

in a l l the mineral concentrates was proportioned between 

FeO and Fe203 in the manner described in Appendix IV and 

the iron contents are discussed in relation to magnetism 

and the size of the unit cell, 
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CHAPTER II 

THE GENERAL GEOLOGY OF THE BIRD RIVER SILL 

io General Statement 

The Bird River Sill occurs in south-eastern Manitoba, 

north-east of Lac du Bonnet (Fig. 1). An all weather road 

from Lac du Bonnet to the Gordon Lake Nickel Mines (Ontario) 

parallels Bird River close to the sill. Figo 2 ShO\'lS a 

general geological map of the area and the location of the 

samples that were collected. 

The topagraphy of the area is typical of the 

Precambrian Shield in Manitoba. The Sill parallels Bird River 

which is the main drainage system of the area o The chromite 

bearing horizon is usually defined as a low ridge, the 

surrounding areas being drift filled and covered by swamp 

and muskeg. The chromitite bands form shallow grooves along 

the peridotite outcrop due to their lesser resistance to 

glacial abrasion. 

The earliest geo logica l i .... ork in this area was done 

by Moore in 1912. Numerous reports and papers have followed 

Cooke (1921) ; Wright (1924) ; BroNnell (1942) ; Bateman (1943, 

1945) ; Osborne (1949) ; Springer (1949, 1950) ; and Davies 

(1952, 1955, 195$). Some drilling "laS done in 1944 by 

Petra Chromite Limited, and it proved a large deposit of 

chromite ll 

DONnes and ~lorgan (1951) of the Department of Mines 
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and Technical Surveys, Otta\,18 made a study on the 

ultilisation of low grade domestic chromite. They concluded 

that considerable beneficiation of the ore would be necessary 

to bring it to an economically acceptable grade. 

Table I shov-Is the stratigraphic colwnn and age 

relationships betYJeen the rocks, as given by Davi es (1955). 

The consolidated rocks of the area are Precambrian in age 

and are partly covered by Pleistocene glacial depos its. 

The Bird River sill intrudes rocks of the Rice Lake Group , 

\'lhich are considered to be the oldest rocks of the area. 

The Ri ce Lak e Group consis ts of volcanic and sedimentary 

rocks occurring in a belt, three to four miles wide, along 

Bird Rivero 

i10 Th e Geological Environment of the Sil l 

a. The Rice Lake Group 

This group of rocks forms an elongated, steeply 

dipping belt parallel to Bird River. To the north of the 

river the lavas are principally andesitic in co:nposition, 

fine-to medium- grained, and fresh looking in hand specimen o 

They are dark green to gr ey in colour. Orig i nal structures 

such as pillm1s and flow lines are preserved o South of 

Bird River the volcanic rocks are more altered than those 

to the north. HO\\!ever, they have been correlated on the 

basis of composit ion and stretigraphic position (Davies, 

1955) • 
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TABLE I TABLE OF FO!lMATIONS 
(After Davies , 1955) 

AND PLEISTOCENE GLACIAL CLAY AND 

U N C o N F 0 R M I T Y 

INTRUSIVE Trap , diabase 
Pegmatite dykes and s i lls 
Granite , granodiorite , 

Quartz dior ite. 

-Intrus i ve Contact 

ROCKS Hornblende Gabbro , 
Peridotitea pyroxen i te, 

hornblen ite .. 
- Intrusive Contac t 

Si licified Rocks 

RICE LAKE 
Arkose 
Greywacke , tuff, quartz 

GROUP mica schist. 
Andesite, basalt and derived 

9 

SAND 

schists 
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The greywacke , tuff and quartz mi ca schists, considered 

to be the oldest members of the sedimentary unit of the 

Rice Lake Group, outcrop along Bird River. Th e contact 

bet~"reen the sedimentary and volcanic rocks is obscured on 

the north side of the river. 

The arkose, though considered to be stratigraphically 

above the g reywacke, tuff and quartz mica schists, is partly 

interbedded ~l ith the grey\.,acke o Similarly beds of g reywacke 

are interbedded l~!ith the main arkoseo A division bett'leen 

coarse-grained arkose and a medium-to fine- grained type may 

be madeo The coarse-grained arkose is characterised by 

large clear quartz teyes t • 

Interbedded silicified rocks in the sediments and 

volcanics are considered by Davi es (1955) to be a silic­

ification of their host rockso He bases his arguments on 

t extural similarities between the silicified and unsilic­

ified portions in the same rock unito 

b. Intrusive Rocks : 

The Bird River Sill ranges in thickness up to six 

thousand feet, averaging three thousand feeto It is d ivided 

into tvl0 parts, a lower consisting mainly of peridotite and 

an upper tJhich contains the chromitite horizons o Conformably 

above the peridotite are the gabbro ic rocks comprising the 

upper portion of the sill. The most common gabbroic phase 
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is a medium-to coarse- grained rock composed almost equally 

of labradorite and green hornblende, with magnetite, sphene, 

epidote and biotite as accessory minerals. The degree of 

secondary alteration is less pronounced than in the 

peridotite. The contact bet\'Teen the peridotite and the 

gabbro is marked by a narrow drift - filled depression. Only 

rarely may this contact be seen (Davies, 1955 ). The sill 

as a whole is i ntrus ive into rocks of the Rice Lake Group 

and, in the area studied, into the lower volcanic seri es 

of the Group. 

I ntrusive granitic rocks outcrop north and south of 

the belt of Ri ce Lake rocks. They are grey to pink in 

colour, and either equigranul ar, porphyritic or gneiss ic 

in texture. These differences do not reflect compositional 

variations. Davi es (1955) has suggested that there is no 

significant difference bet~n the ages of the various 

granites intrudi!1g the Ric eA Group. 

Pegmatite dykes, sills and i rregular masses cutting 

the sedi ments and volcanics vary cons i derably in size. 

A microcline- bearing pegmatite may be recognised as 

distinct from al bite-rich vari eties . No correlation has 

been made bet\'/een the pegmatites and their possible parent 

granites. 

The granite north of Bird rtiver contains irregular 

areas of andesitic and gabbroic rocks whose correlation 



with other basic rocks in the area is uncertain. North­

",!est striking diabase dykes , composed principally of 

egual amounts of andesine and amphibole also cut the 

granitic rocks. 

c. Structural Setting 

12 

Top determinations from pillowed lavas in the a rea 

indicate a synclinal axis closely parallelling Bird River, 

the south limb of l;orhich appears to be overturned 51 nee 

the sediments there dip southwards between 75° and aoo. 
The rocks of the Rice Lake Group and the Bird River 

sill have been correlated with s i milar rocks of the Cat 

Lake - Eucl i d Lake area (Davies, 1955). This is the basis 

for the suggestion, that, taken together, these rocks form 

the limbs of a southeasterly plungi ng anticline. An 

anticlinal axis passing through Star Lake is shown by 

Davies in the tGeology and Minera l Resources of Manitoba' 

( Davies et 81., 1962). 

Consi derable transverse faulting north of Bird 

River has cut the Rice Lake Group and the Bird River s ill 

into several blocks offset from each other. A major 

longitudinal fault at the "Jest end of Bird Lak e brings the 

sediments of the Rica Lake GroJ,ip into contact with the 

intrus ive rocks of the sillo 

d. Minera l Deposits of the Area 

The mineral deposits of the Cat Lake - Bird River 



area may be divided into three groups. 

i. The chromitite horizons of the Bird River sill. 

ii. The lithium and beryllium deposits. 

iii. The base metal depositse 

The chromitite bands occur, as noted earl i er, at 

the top of the peridotite zone i n the Bird River sill. 

13 

The main zone is 8 to 10 feet wide and is composed of six 

bands -! - 6 inches thick. Below the main zone are several 

other bands f rom ~ to 4 inches thick, from four of whic h 

specimens were collected for study. The lowest band 

studied is seventy feet below the main zone. In l atera l 

extent these bands are highly ·pers i stent, although offset / 

by the faulting. Large tonnages have been estimated for 

the sill, but mining would be complicated by the offset 

faulting and the poor grade of the ore. A ' strat i graphic' 

section of the ten horizons studied i s given in Fig. 30 

Pegmatite dykes occurring round the edges of the 

granit ic i ntrus ions contain several interesting mineral 

deposits. The most significant of these are the lithium 

pegmati t es near Bernie Lake about four miles south- west 

of Bird Lake. These nearly horizontal pegmatites have a 

complex mineralogy of lithium-bearing minerals sueh as 

spodumene, ambl ygonite , petalite and lepidolite. 

Considerable interest has been shown in a large body of 

pollucite i n a pegmatite at Bernie Lake estimated to 
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contain 300 ,000 tons averaging 20- 30% cesium (Davies et 

al., 1962 ). In the intermediate zones of these pegmatites, 

small amounts of beryl are concentrated ; however, the 

mineral is more common in pegmatites of low lithium content, 

often "dth small amounts of tantalite- columbite , topaz, 

uraninite and monaz ite o The l argest d epasit of beryl occurs 

at Greer Lake. Age determinations on uraninite from the 

Huron beryl deposit gave an age of 2,600 million years which 

is regarded as the minimum age for the Superior province of 

the Precambrian shield (Davies, 1955). 

Base metal deposit s occur at the edges of the gabbro 

and peridotite. To the "lest of Bird Lake sulphides occur 

in fractured peridotite and granite. The sul phi de lenses 

are composed of massive and di sseminated pyrrhotite, 

pentlandite, chalcopyrite, cubanite, pyrite and magnetite. 

Gold, feldspar, rose quartz and fuchsite (chrome 

bearing, green mica) have been discovered in the areao 

Some feldspar of ceramic quality was quarried at Greer Lake 

between 1933 and 193 9 . 

A more detailed account of the economic mi neral 

deposits in this area is given by Davies et ale (1962 ). 



CHAPTER III 

POLISHED SECTION OBSERVATIONS ON NATURAL 

AND HEATED CHROMITITES 

i. Naturally Occurring Chromitites 

On the basis of variation in hand spec i mens they 

were grouped into three classes as follows (see Fig. 3 

for location of numbered specimens): 

a. Densely packed crysta l aggregates, fine-gra i ned, 
' massive' • 
Specimens 1 and e. 

b. Less densely packed crystals, coarzer-gral.ncd, 
'massive ' • 
Specimens 2, 3, 5, 6, and 10. 

c. Crystals disseminated around oval masses of 
serpentinised olivine. 
Specimens 4 , 7 and 9. 

The groundmass, or gangue material, bet,\'een the 

chromit e crystals i s composed of secondary minerals 

derived from olivine and pyroxene. Serpentine is by far 

the most common mineral with penninite and tremolite 

associated with it (A. Juhas, personal communication). 

The gangue minera ls range in colour from l,1hite, through 

pale greyish blue, to pal e apple green. 

16 

All the specimens, both massive and disseminated, 

are compact as opposed to friab l e. On fresh surfaces the 

chromite crystals impart a metallic lustre to the rock. 

Fine stringers of gangue minerals, mainly serpentine '·lith 
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some calcite cut through the massive specimens. 

The ~pecimens that appear in the hand specimen to 

be 'massive' are seen i n polished section to be an aggregate 

of chromite crystals evenly distributed throughout the rock. 

The three specimens referred to as being 'disseminated ' 

specimens 4, 7 and 9 are of interest as the chromite 

crystals are interstitial to large round or oval masses of 

serpentinised olivine. A thin section of this type of 

chromitite from the Bird River deposit \1aS loaned to the 

writer by lI1r. A. Juhaso It may be seen from this section 

(Plate I) that the chromite generally occurs outside large 

serpentinised olivines where the gangue appears to be 

altered pyroxene o This suggests that the olivine crystals 

and the chromite crystals settled together with l ater 

crystallization of the pyroxene from interst itial liquid. 

In places a chromite crystal ma y be seen \V'ithin a large 

altered olivine crystal suggesting that some of the 

crystallization of these two minerals Has contemporaneous. 

\!! ith a lot\' power obj ective the chromite is seen as 

rounjed octahedral crystals. Numerous crystals from all 

horizons show central cores of gangue. Although usually 

round these inclusions may a l so be square, rectangular 

or L-shaped, as noticed in spec i men 1. Specimen g has 

single chromite crystals each ,·lith several rounded inclusions 

of gangue s UBgest i ne: that they are inclusions rather than 



PLATE I 

THIN SECT I ON OF DI SSEMI NATED CHROMITE ( x 4 ) 
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centres about ':tlhich crystalli sation began. ~1any crystals 

do, however, have a 1a rge round central inclusion. 

Fractured crystals a r e not common but a few may be 

noticed i n each specimen. Fractures are fi lled \vith gangue 

but a r e rarely wide . Stresses imposed on these rocks must 

have been considerable as they have been folded f rom their 

original horizontal position into the near l y vertical 

attitude wh ich they nOvl occupy. The small number of broken 

grains may be explained by the comparative ease with which 

the gangue minerals could have adj usted to the deformation 

without affecting the more tough and compact chromite 

octahedra . 

Most of the naturally occurring chr omites from 

Bird Ri ver ",hleh have been examined during the preparation 

of this thesis show rims around the crystals of a sl i ghtly 

lighter grey colour under reflected light. These rims are 

presumably of a different composition from the central cores 

of the crystals. Further examination of polished sections 

showed that thi s phase which exi s ts as rims , is a1 so present 

along the edges of broken grains a nd marginal to fractures 

within a crystal (Fig. 4B). This feature does not show 

clearly on a photograph so it is represented by a sketch o 

The lighter material does not occur at the edges of the 

inclusions within the crystals. The idea t hat this 

phenomenon is due to zoning of t he chromite crystals is 
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A. Skeletal Cry . .::,·"" _s of {: .h., f'O .- ,'.: i"·e . Spec~ """'"(1 4 (x 450) .v ~ v • .., _ "_."'.' • 
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B. Alteration along Fractt:.r'e s i n Nc:.tural Chro~ite . 
Specimen 4 (x 450) . 

FIGURE 4. Diagr ams ShNfing Textures i n Natural Chromite 
from Bird Hi ver. 
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therefore untenable, since the minor phase occurs at the 

edges of broken crystals as well as at a rim around the 

euhedral crystals. A more satisfactory explanation \\'ould 

attribute the rims to deuteric alteration of the chromite 

at an early stage after crystalli zation. Similar features 

are noted by Smith and MacGregor (1963) in the i r recent 

paper on the use of chrome spi nels in petrographic studies 

of ultramafic intrus i ons. 

I n specimen 4 (F i g. 4A) a rew chromite crystals 

were found whose growth seems to paralle l some crystal­

lographic direction of another mi neral competing with it 

during crystallisation. This specimen is of the disseminated 

type and shows chromite interstitial to large, rounded, 

ser pentinised olivine crystals. The pattern of the 

chromite 'skel eton ' suggests a possible orientation 

paral le l to pyroxene cleavage directions, pyroxene being 

the principal interst i t i al mineral to the rounded serp­

entinised ol ivine crystals. 

Of the ten specimens col l ected, numbers 2, 6, 8 and 

10 show very tiny rods and pl ates of a mineral exso1ving 

from the chromite. Magnification required to see this 

feature is of the order of 850 times. These tiny 

inclusions, suggested by Broh~el l (1942) to be either 

hematit e or magnetite, are aligned crystallogr aphical ly 

and may be descri bed as an ' incipient \'lidmanstatten 
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pattern'. These rods and pla tes are most co~monly seen at 

the centres of the chrorr:ite crysta l s but not in the rims. 

The other specimens do not show any evidence or exsolution 

either in the rims or in the cent ral parts of the crystals. 

ii. DeveloDment of Exsolution on Heating 

In a study made in the Economic Geology Laboratory 

at the University of ~!anitoba , Brownell (1942) found that 

on heating specimens of the Bird River chromitite in excess 

of 700°C, en exsolution pattern developed. Brownell 

concluded that one trivalent element was in excess of the 

ideal molecular formula and since this was most likely to 

be iron, he surmised that the solute phase was hematite o 

The ten specimens collected from different horizons 

for this thesis were cut into rectangular blocks for the 

heating experiments and were held at IOOaoe for 72 hours, 

at one atmosphere in air. It ',-las not possible to heat 

previously polished sections and then repolish the same 

surface for study since alteration occurred at the surface 

and the sections had to be reground 0 To avoid any discrep­

ancies due to surface effects, heated specimens were cut in 

half and the cross section polished to observe crystals at 

the centre of the block. All specimens on cooling showed 

exsolution. Other than the "Iork by Brownell (1942) the 

only reference to exsolution in heated chromites is that of 

Rigby, Lovell &. Green (194.6 ) "ho mention the exsolution of 
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an R20
3 

phase on heating. 

Of prime importance in this study was the identifica­

tion of the solute mineral" Specimen 1 shQl.,.red the best 

exsolution in a coarse l'!idmanst~tten pattern.. A chromite 

concentrate of this specimen was prepared (Appendix I) and 

was found to have a non-magnetic and a ferromagnetic 

fraction in the amounts 31.0% and 69~O% respectively .. 

Separate heating of the concentrated fractions and 

subsequent examination in a polished section grain mount 

(Appendix III) showed a heavier exsolution pattern in the 

ferromagnetic fraction. X-ray diffraction pO\~Tder 

photographs were taken of these two heated concentrates, 

and hematite was positively identified together with 

chromi te. Confirmation of the identification VI as obtained 

indirectly by comparing the streak of the natural and 

heated chromitites being ground for polished section \.oJork. 

In each case the heated chrornitite had a cherry- red streak 

indicating the presence of hematite" Hence hematite was 

proved to exsolve from this chromite when heated for 72 

hours at lOOOoe at one atmosphere in air" 

Hematite exsolved from specimens 2, 6, e and 10 

which showed exsolution as tiny rods and plates before 

heating as well as frem those specimens 1dhich showed no 

previous exolution under the highest magnification available o 

The ten specimens developed three kinds of exsolution 



24 

patternso The most common type illust r ated by specimens 

4 , 5, 7 and 8 shO'.v hematite exso l ving at the rims in a 

dense Wi dmanstatten pattern ""hieh is only clearly r esolved 

under high magni fication (Plate II B). A few blades and 

patchy areas may be seen a t the centres of some crystals 

(Plate II C)" It seems that, since the rims are prominent 

in spacimens 4 , 5, 7 and 8, exsolution first deve loF s in 

the rims , and that the t wo are related. At present it 

... 1i11 be sufficient to suggest that the rim phase i s more 

iro n-rich and hence exsolution i s more l ike ly to occur 

in these areas ~ 

Specimens 1, 2 and 6 show the best deve loped 

"J idmanst~tten patterns.. Spec imen 1 has a very coarse 

liidmanstBtten pattern (Plate II D) composed of thick 

stubby blades of hematite which are dis continuous , giving 

a graphic appearanc e to the texture. Specimen 2 on the 

other hand shows an extremely delicate and finely deve loped 

pattern with l ong , thin , strai ght blad es intersecting 

wi thout thickeni ng in the classic manner o 

The r ema i ni ng specimens (3 , 9 and 10) developed an 

irregular pattern ""i t h an indistinct resembl ance t o a 

\'lidmanst~tten pattern. I rregular patches of hematite 

rather than plates or blades are seen. 

No relationship between the three groups of 

chromitites and the type of exsoluticn \'!as recoe;nised. 
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A 

B 

PLATE II 

DEVELOFJ~ENT OF £;,SOLUTION 

A. Crystal of Chromite shol<ing no exsolution. (x 1$,.) 

Eo Exsolution in the rim of the crystal only . (x 312) 
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For the most part exsolution is most pronounced at the 

rims and at the edges of inclusions 'V'!ithin the crystals. 

The rims and areas along the fractures may be iron-rich 

and therefore are likely places for the exsolution of 

hematite to begin.. The inclus ions wi th in the crystals 

may tend to act as centres from which exsolution may begin. 

Because of the strong Widmanst~tt en pattern 

developed in specimen 1 it was decided to use this specimen 

for a more detailed heating experi ment .. T1.ielve small blocks 

were cut from the specimen and placed in a furnace at 

lOOOoC at one atmosphere in air. One l,\'as removed after 

each 12 hour period, so that the longest heating period 

was 1~,4 hours. The specimens !'>lere each polished after 

cooling and studied \ .... ith a meta llographic microscope. 

Specimen 1 of the natural unheated chromite showed no 

ev id ence of exso lution under the highest availab le 

magnification. Rims are common in the octahedral 

crystals. Inclusions are rare and fractures show 

alteration alon~ them. After 12 hours the chromite 

showed exsolution in the rims, which under high power 

resolved into a fine grouping of hematite blades parallel 

to the (llll planes. All th e crystal sections shoVled the 

blades to be parallel to the euhedral sides of the 

crystals. Each succeeding polished section (i . e. t hose 

heated for longer periods) sho~·led stronger deve l opment 

of hematite blades at the rims with extensions into the 



centres of the crystals. Simultaneously tiny rods and 

plates appeared in the central areas of the crystals. 

After 36 hours they became t hicker and more stubby and 

by 84 hours the pattern "las completed throughout the 

crystals. A series of photographs are presented 

i llustrating this development (Plate II A, B, C and 0), 
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CHAPTER IV 

X- RAY FLUORESCENCE ANALYSES 

i. Analytical Methods 

Concentra tes of the chromites were prepared for 

analysis (Appendix I). The amount of serpentine adher­

ing and included in gra ins of chromite \,la 5 a minimum 

and estimated at les s than 2%. Th e effects of these 

impurities are cons i dered negligible to the interpreta­

tion of the general trends . 

The analyses wer e done on the A.R.L. Vacuum 

X- ray Quantometer in the Geology Department of the 

University of Manitoba. Preparation methods of the 

pellets for analysis are g iven in Appendix II. The 

beads which were made wi th the chromite concentrates 

appeared to be completely fus ed , though if some gr a ins 

were not fused the analysis r esult would be affected 

only in a minor way. 
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To calibrate the X-ray Fluorescence Unit three 

s t andards wer e prepared by Bristol, Coats and Wi cks (1963). 

Instrument precision is t o.2% ""hile the a ccuracy may be 

g iven generally as 0.4% of the amount of th e element 

present (K . Ramlal - personal communication). The 

analytical error is unlikely to exceed 0 .5% of the amount 

of the element pres ent and is therefore negligible wh en 



29 

the general tr ends of the analyses are considered. 

The totals of the concentrate analysis do not 

a lways total 100% becaus e of small amounts of vo l atiles 

and undet ermine d elements (Ni, Iv[n etc 0) and the effect of 

the analytical error. These results therefore are not 

truly comparable yet the effect of each of the above 

three factors is so small as to be of negligible import-

ance and do not affect anyone value mor e than any other. 

ii. Total Rock Analyses 

Table II sho\'ls the analyses of the chromititeso 

Volati l e constituents account for most of the deficiency 

from 100'% of the analysis with l e sser amounts of minor 

elements such as Ni and Mn . These were not determined. 

Total iron is given as FeOa Fig. 5 shows the analyses 

plotted 'strat i graphically'. As can be expected MgO is 

the most abundant constituent as it occurs in the 

serpentine as well as in the spinel. 3102 is exclusively 

in the serpentine o A120
3 

and FcO are almost equal in 

seven of the ten ana lyses. Of the others, two have more 

A1203 than FeO , >lhile the third exception ( Specimen 4) 

bas 10>1 A1203 ( 8.2%) and higb FeO (18.6%) but is 

distinguished by having the higbest Cr203 content (32.7%) 

of a ll ten specimens o 

GaO varies cons i derably, being due to the calcite 

stringers cutting through the rocks rather than an 
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TABLE II X-RAY FLUOR"SClmCE ANALYSES OF THE BIRD RHER CHROIi,ITITES 

TOTAL ROCK ANALYSES 

Total Tota-
Specimen Fe as less 
Number Cr203 FeO A1203 14g0 Si02 CaO Ti02 K20 Volatiles 

TR 1 20 .4 14.0 14.$ 25.0 13. $ 0 . 40 0.20 88.6 

TR 2 27.3 1$.4 17.$ 20.5 11.0 0 . 50 0.2$ 0.02 95.$ 

TR 3 1$.5 11.1 14.5 24.2 21.0 3.60 0. 15 0.03 93. 1 

TR 4 32.7 1$.6 $.2 23.5 14.$ 0.60 0.24 9$.6 

TR 5 6.5 6.7 9.$ 2$.5 29.2 6.00 0.04 0.10 $6.$ 

TR 6 21.6 12.1 17.9 1$.2 12.4 7.50 0.2$ 90.0 

TR 7 12 .5 12.3 12.0 29.0 23.0 1.40 0.16 90.4 

TR 8 17.0 11.3 14.5 29.0 17.0 0.40 O.2h 89.4 

TR 9 15.2 10.0 21.8 26.5 15.$ 1. 60 0.09 0.05 91. 0 

TR 10 11.2 10.5 9.9 2$.1 24 . 4 3.70 0 . 60 0.03 $S . 4 
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i nt rinsic feature of the composition. TiO Z is of the 

order of 0.1 to 0 .. 2% vlith the exception of specimen 10 

(0 .6%) . K20 occurs in fi ve of the ten specimens in 

amounts from 0 .. 02% to 0 0 1%. The anoma l ous values for 

TR 5 and its low total cannot be explained. 

iii~ Analyses of the Concentrates 

Concentra tes of the chro mit e were prepared for 

analysis (Append ix I), and six of the ten were found 
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to have a ferromagnetic fraction . This magnetic fraction 

'.'las termed ' ferromagnetic ' since it was separated ~'lith a 

hand magnet. The two fractions were analysed separately .. 

(Table III) The amount of f erromagnetic chromite in each 

sample is shown in Fig . 3 on page 14. This section will 

be confined to a discussion of the composition of the 

concentrates and it s relation t o t he subst itutions ~ihich 

can take plac e in the crystal structure of the Spinel 

Group. A comparison between the non- magnetic and 

ferromagnetic fractions \o]i11 be made . Figur e 6 repr esents 

the 'stratigraphic' va riat ion in composition of the con­

centrates. An explanation of this figure is necessary _ 

The variation in composition is plotted for th e four 

major elementz of t he chromite : Cr203 , total iron a s 

FeD, J~1203 and 111g0. The non-magnetic fraction is plotted 

as a solid line joi ning circles and t he ferromagnetic 

fraction a s a broken line joining squa res o For convenienc e 
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TABLE III X- RAY FLUORESCENCE ANALYSES 

OF THE 

BIRD RIVER CHROl·!ITES 

A. ANALYSES OF THE NON-MAGN ETIC COl(CENTRATES 

Total Total-
Specimen F e as l e ss 
Number Cr203 FeO A1203 !'olg0 Si02 CaO Ti0 2 K20 Volatiles 

C 1 41.5 32 . 4 13.0 8.5 1.5 0 .20 0.58 97 . 7 

C 2 42 .5 31.0 15. 8 8.7 0 . 8 Tr. 0 . 58 99Q7 

C 3 42.6 31.2 11,. 1 8. 7 1.5 1.2 0.46 99.8 

C 4 44.5 32.0 14.0 9.2 Tr. TI'. 0.70 100 .1 

C 5 43.0 31.7 15.4 7.5 0 .1 Tr. 0. 57 98.3 

C 6 42.0 29.3 15.0 7.6 1. 6 2.3 0.56 98 . 4 

C 7 43 .5 34 .6 13.7 6.7 Tr. Tr. 0 . 94 99.4 

C 8 1.3.5 33 .1 13.6 8.0 0.1 Tr. 0.84 99.1 

C 9 44. 1 36.1 13.6 5.5 Tr. 1. 00 100 .3 

C 10 37.3 27. 0 22 . 8 10.0 0.7 1.0 0.37 99.1 

B. ANALYS<:S OF THE FERRm4AGI'!ETIC CONCENTRATES 

Total Total-
Specimen Fe as l ess 
Number Cr203 FeG A12O, MgO Si02 CaO Ti02 K ° Volatiles , 2 

I·j 1 40.0 33.5 ll.6 8.3 1.5 0 .05 0 . 61 0 . 02 95.6 

l'-l4 42.0 36.5 ll. 8 6.9 0.8 0.04 0 .70 98 . 7 

M 5 41.5 32.3 13.8 8.5 1.0 Tr. 0 . 60 0. 15 97.8 

~l 7 4102 38.0 11. 6 6.6 0 . 6 Tr . 0 . 88 0. 10 99 . 0 

M 8 41. 4 32.5 13.0 9.7 1.4 Tr. 0.80 0.02 98. 8 

H 9 42.4 36.1 ll.8 7.5 o " " Tr. 0.84 0. 15 99.3 
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in the next chapter, two identica l curves of the 

tstratigraphic' variation of cell edge of the non- magnet ic 

and the ferromagnetic fractions are inserted in two 

arbitrary positions suitable for easy comparison with the 

variation in composition4 The non- magnetic cell edge curve 

should be compared only with the compos i tional variation 

of the non-magnetic fractions. A separate section in 

Chapter VI is reserved for di scussing variation in 

composition with ' stratigraphy'. 
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The non-magnetic fractions are noticnbly different 

from the ferromagnetic fractionS g Cr203 and A1 203 are 

higher and total iron is lower in the non-magnetic fraction. 

MgO varies considerably but no overall difference can be 

recognised o Ti02 (Fig. 7) is, Nithin the limit of 

analyt ical error, almost equal in both concentrates. The 

pairs of curves in Fig. 5 generally follow each other, 

hONever , the ferromagnetic curves are less variable than 

the non- magnetic curves (Tabl e IV). This suggests that 

the ferromagnetic fraction may have to have a more precise 

chemical formula to account for its magnetism than the non­

magnetic variety which has a highly variable composition o 

Table V shows total iron as FeO for the non- magnetic 

as well as the ferromagnetic fraction proportioned between 

FeO and Fe20) according to the requirements of the spine l 

structure (Appendix I V)o Fig. g shows curves for total iron 
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TABLE IV DEGREE OF VARIATION IN COlr:POSITION BET,mEN 

NON- MAGNETIC & MAGNETIC CONCENTRATES 

NON- MAGNETIC CONCENTRA'fES 

Cr203 

A1203 

FeO 

J~gO 

Ti02 

OVERALL DIFFERENCE 
IN CONCENTRATION 

2.6% 

6 $11.' . ;' 
3 0 7r~ 

0054% 

FERROHAGNETIC Cm1CENTRATES 

MgO 

Ti0 2 

OVERALL ,)IFFERENCE 
I N CONCENT~~TION 

2. 4% 



3$ 

TABLE V TOTAL IRON 

PROPORTIONSD BETI'lEEN FeD AND Fe203 
(APPEN~IX IV) 

A. THE NCN-MAGNETIC CONCENTRATES 

Specimen Total Fe 
Number as FeD. FeO% Fe203% 

C 1 32.4 22.9 11. 2 

C 2 31.0 22.3 $.7 

C 3 31. 2 20.9 10.3 

c 4 32 . 0 23.5 $.5 

C 5 31.7 24.6 7.6 

c 6 29 . 3 20.6 9.2 

C 7 34.6 24.$ 9.8 

C $ 33. 1 23.2 9.9 

C 9 36.1 24.8 9.) 

C 10 27.0 20.1 6.9 

B. THE FERROMAGNETIC CONCENTRATES 

Specimen Tota l Fe 
Number as FeD. FeO% ~ 0 " r e2 310 

~1 1 33.5 20.9 13. 1 

~! 4 36.5 24.4 12.6 

~l 5 32 . 3 22.3 10.7 

~4 7 38 . 0 23 . 8 14.2 

M $ 32.5 20.9 12.1 

M 9 36. 1 23.3 12.8 
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as FeO , true FeD and Fe20) plotted 'stratigr~phically' 

so that t hey may be compared. 

Concentrate 10 is anoma l ous and t.nll be mentioned 
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here as it i s ignored i n the rollot'ling discussion of the 

more gene r al r elat ionsh i ps . Cr20
3 

and total iron are low 

compared to the other conc ent rates . (37.3% a nd 27 .0% 

resp ectively) "hereas Al 0 i s high (2 2 . 8%). l.lgO is a 
2 3 

little higher than the average and Ti02 is the lowest of 

a l l the samples (0.37%). Concentrate 10 does not have a 

ferromagnetic fraction e As its composition is anoma lous, 

so is its cell edge whi ch is the lowest of the group 

(B .. 25Rl bringing it well into the range of the aluminate 

group of spinels (Thayer , 1956). It should be noted that 

specimen 10 is the topmos t member of t he horizons studied. 

Its radica l l y different composition i ndi cates a sharp 

change in the crystallising conditions between horizon 9 

and 10 0 There \,>,ould have to have been ad eficiency of 

iron and chrome \·.ri th alumina in excess, a D one would expect 

at the end of a long period of crystallisation with chromite 

settling out. 

From Fig o $ it c an be seen that the s hape of the 

curves for FeO are very similar for t hose for total iron 

while the Fe 20) curves a r e v cry different ; since most of 

t he iron is present as FeO th i s i s to be expected. 



sho-v . .rs the affinity of chromium and ferric iron '"/her-eas 

aluminium can replace them both. MgO and FeO vary 

inversely \".'1."th one another tndicating that they can 

substitute for one another in the bivalent pC':rt of the 

!!molecule". Ti0 2 (Fig .. 7) clos ely follo"lrls the curves for 

FeO in Fig . S i mplying th eir close relationship in the 

structure .. 

CaO, Si0
2 

and K
2

0 'dhich are present in the rock 

analyses lvould not. be expected in a pure chromite 

concentrate.. CaO and Si0
2 

in the latt er can be ac counted 

for as impurities in t he concentrates due to the inclusions 

of gangue material within some of the chromite crystalsc 

K20 occurs in small amounts, 0.1 to 0.2%, in fiv e of the 

six ferromagnetic concentrates but none is present in the 

non- magnetic concentrates. 

Tabl e VI shows the Cr:Fe ratio calculated for the 

ten non-magnetic fractions and the six ferromagnetic 

fractions. The Cr:Fe ratio varies from 0 096:1 to 1022: 1, 

and all these chromites exsolved hematite on heatingo The 

non- magnetic cone entrates average Cr:Fe of 1016: 1 1ihereas 

the ferromagnetic concentrates average 1002 : 1 . Thts ratio 

usually expresses the commercial value of the chromtte ore, 

and determines its suitability for the various processes in 

\"rhich it is used . The average va l ue for all the Bird River 

chromite concentrates , 101 : 1 , is considered lo~'-l from a 



COl1l1lercial viewpoint and it i s th i s fact which is 

pr i marily responsible for making the deposit uneconomic 

at the pr esent time. 

42 
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TABLE VI THE CHROME : IRON RATIO FOR THE 

BIRD RIVER C HR014ITE 

A. NATURAL NON- MAGNETIC CONCENTRATES 

Total Fe as 
Spec i men No . Cr203 FeO Cr Fe Cr :Fe 

C 1 41.5 32.4 28.39 25.19 1.13:1 

C 2 42.5 31.0 28.65 24 . 10 1.19 :1 

C 3 42.6 32 . 2 29.15 25.03 1.16:1 

C 4 44.5 32.0 30.45 24. $$ 1.22:1 

C 5 43.0 31.7 29.42 24.64 1.19:1 

C 6 42.0 29.3 26.96 22.65 1.19:1 

C 7 43.5 34.6 29.76 26 . 90 1.11:1 

C 8 43 .5 33 .1 29.76 25.73 1.16 :1 

C 9 44.1 36.1 30.17 2$ . 06 1. 07 : 1 

C 10 37.3 27.0 25.52 20.99 1. 22 :1 

AVERAGE Cr:Fe 1.16: 1 

B. NATURAL FERROMAGN~~IC CONCENTRATES 

Total Fe as 
Spec i men No o Cr203 FeO Cr Fe Cr:Fe 

M 1 40.0 33 . 5 27.37 26 .04 1.05 : 1 

M 4 42.0 36.5 28.74 2$.37 1.01 :1 

M 5 41.5 32.3 28.39 25. 11 1 . 13:1 

M 7 41.2 3$.0 2$.33 29.54 0 . 96 :1 

M $ 41.4 32.5 28. 33 25 .26 1. 12: 1 

M 9 42 . 4 36.1 29. 01 23 . 06 1.03: 1 

AVERAGE Cr :Fe 1. 02: 1 

OVERALL AVERAGE Cr:Fe 1.1: 1 
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CHAPTER V 

X-RAY DI FFRACTION STUDI ES 

i. General Statement 

X- ray diffraction work on the Bird River chromites 

was done on the Phillips X- ray diffraction unit under the 

guidance of Dr. R. B. Ferguson. The X-ray diffraction 

po\.roer photographs toJere taken on large cameras (diam. 

114 mm.) using the fine collimators . The l arge c amera 

and f ine colli mators were used to enhance accuracy in the 

measurement of the 'd l spacings a nd hence the accuracy of 

the cell edge. The fine collimator en sures fine lines on 

the photograph but increases the exposure til' A. The most 

satisfactory results were obtained using iron radiation 

with a manganese filter for an exposure time of thirty 

hours on portals one and three. The specimens \'-le r e made 

into thin collodion rollings rather than using a glass 

fibre to mount the powdered mineral, whic h is import ant 

in defining the lines on the photograph more sharply~ 

Careful centering of the specimen is necessary~ 

The fi r st X- ray diffraction powder photographs 

taken '."-'ere of heat ed specimens. Hematite was posit ively 

i dentified. Further work detennining the c ell edges of 

the remaining chromites \" as perfonned in th e hope of 

establish ing a r e l ation between cell edge , composition 
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and exsolution characteristics Q These relationsh i ps are 

discussed mainly in Chapter VIo 

The Nies 5 eale \"las used t o f read 1 the spacings of 

the refl ecting planes on the photogr aphs and the cell edges 

were then calculated f r om the formula ; 

The results are shown i n Table VIl e The standard line 

spac i ngs and hkl values '(.oTere compared \>lith those for a 

t ype example in Berry and Thompson (1962 , p. 195). The 

l ine of maximum theta angle and sharpness , used to 

ca l culate the cell edge "as (044). All the c~ll edge 

calculations were done us i ng this line ,.,hos e 1 d I spacing 

is about 1,473 ~ ( Berry and Thompson , 1962 , p. 195 ). 

i 1a The cell Edges of the Natura l Chromi tes 

The cel l edges of the Bi rd River chr cmites are 

co:y:p~re cl I'lith Thayer ' 5 (Thayer , 1956) three groups in 

~ ' . 9 ! ~e,. • The Bird Riv er specimens may be described as 

ranging from the al um i nate group into the true chrorn i te 

group. The cell edges of the ferromagnetic group are 

greater than those of the non- magnetic f r act i on (Figo 10) 0 

In some chromites, especially the ferromagnetic variety, 

tvlO phases of spinel are clearly seen on the X- ray 

diffraction powder photographs. These i·rill be briefly 

discussed later. The cell edges of the non- magnetic 
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TABL E VII CELL 3DGE,S IN A OF 

THE BIRD RIVER CHROIGTE SPECIr1ENS 

A. NATURAL NON- MAGNETIC CONCENTRATES 

Phase I Phase II 
Spec i men No .. Film Number ( strong) ( >leak) 

C 1 A- I053 8. 2705 8.3275 

C 2 A-102l 8.2818 none 

C 3 A- 1056 8.2760 none 

C 4 .4 -1062 8.2875 none 

C 5 A- I067 8.2818 none 

c 6 A-l064 8.2760 none v 

C 7 A-1066 8.2760 none 

C 8 A-I055 8,2818 none 

C 9 .4-1063 8. 298$ none 

C 10 A-I065 8. 2592 none 

B. NATURAL FERRO~\AGNET I C CONCENTRATES 

Phase I Phase II 
Spec i men No . Film Number ( strong) ( weak) 

14 1 A-I052 8. 2931 8. 3157 

~j 4 A-I057 8. 3044 8.3328 

M 5 A- I068 8. 231$ none 

1·1 7 A- 105$ 8.2875 8.3214 

1·1 $ 

l·j 9 A-I069 $.3157 none 
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fraction sho,:,' little variation, and are paralleled by the 

curve for the ferromagnetic fraction. Concentrate 10 is 

anomalous and has a small cell edge of 8,2592 R.; this is 

a consequence of its high A1203 contento 

In relating cell edge to composition, the problem 

becomes more complex. Figure 6 (page 34) should be 

referred to where the variation in cell edge is plotted 

against the variation in composition. The cell edge curve 

parallels the curve for CrZ03 in the non- magnetic 

concentrates. The relationship of cell edge to the A1203 
content is invers e , in a genera l way, hi gh A1

2
0

3 
correspond­

ing to a small cell edge. A s i milar relationship is to be 

seen for MgO but again is only general. ~lith FeD the 

curves [0110\·! a general pattern, high FeO indicating a 

large cell edge o This is app licabl e to both the non-

magnetic and the ferromagnetic fractions a FeO in sample 5 

is nearly equal in both fractions and the cell edges are 

the same. As expected the cell edge and composition are 

related in a complex way and any more precise statements 

should be sUPForted by a larger number of cell edge 

determinations and an&lyses. 

Of the ten chromites, four showed two spinel phases 

occurring i n the same specimen (Table VII). This may be 

related to the prominence of the al tered rims in some of 

the chromite crystals described in Chapter III. Specimens 
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1, 4 , 7 and 9 have noticable r i ms compared to the other 

specimens and each show t":iO phases . Except in specime.'1 1 

the two spi ne l phases occur onl y in the ferromagnetic 

fraction of the ccncentrat es o In the X-ray diffraction 

photographs OTIe phase is strong ( Phase I) whi l e the other 

is much "reaker (Pha s e II) . The 1,,,eaker phase i s less 

ab undant than the stronger phase and may be r ep r esentative 

of the crysta l rims which are small in size. Sinc e the 

cell edges of the rims are notic ably higher than those of 

main crystal, and since the cell edge increases ~ ... ith 

i ncreasing i ron , it is reasonable to assume that the rim 

phase i s i ron- rich. This is furthe r supported by the 

fact that the spinel g roup as a who l e hav e i ncreasi ng 

cell edges as they approach the i ron- rich, magnetic 

ferrites (Fig. 9). This substantiates the earlier sug­

gest io n that hematite exsolution may be expected to begin 

in i ron-rich areas on heating . 
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CHAPnR VI 

INTERPRETATION OF DATA 

i. EX501ution and Composition 

Exsoluti on developed in all ten specimens on 

heating in air for seventy two hours at lOOOoC.. Hematite 

was proved to be the solute minera l '·.'ith chromite as t he 

solvent mineral. Exso l ution appear s to be crystallograph­

ically a ligned along the (111) pl anes of t he crystals in a 

true \'l idmanst~tten pattern. The iron content of the 

natural chromites is considered to be the main factor 

govern i ng the devel opment of e;~solution t since hematite 

is the solut e mineral . All the specimens are ri ch in iron 

compared to true chromites. Thefferromagnetic variety 

produces a stronger exso l ution pattern on heating than 

the non- magnetic variety.. Again the iron content is 

general ly higher in the former thereby accounting for the 

stronger deve l opment of the exsoluti on.. The ~·:eak pha se , 

in the rims of the crystals, is the first part to develop 

exso l ution , and ,.,as shown, on the basis of the size of their 

cell edge , to be iron- rich.. Th e other e l ements are in some 

'yay d.ependent on the Cr203 and FeO content but no relation 

betV!een t hem and the exsolution could be established .. 

The iron therefore seems to be the rna in factor controlling 

the development of hematit .::: as <.X exsolution mineral frolll 

chromit e. 
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iL t St£~.tA€.:r:aphic t Variation of th '3 Parameters 

The tstratigraphic' v ari~ ~ic n of ~he parameter~ 

is not clearly defined o Only generalisations may be made 

and these are not of great value since the local variation 

is erratic o For convenience all the figureD sho\'Jing the 

parameters determined on each specimen ore plotted in 

' stratigraphic' order. "i'l ith the exception of Fi g . 3 

the ' stratigraphic' sequence is plotted without regard to 

scale. Fig. 3 is potted to scale and serves as a 

'stratigraphie ' column representing the chromitite hor izons. 

Fig. 5 shows the variations of MgO , Cr203' Al20) and total 

iron as FeO of the rock analyses across the 'stratigraphic' 

section. Becnuse of the variation of concentration of 

chromite in these layers no trends can be demonstrated . 

The composition of the chromite concentrates is also 

considered in relation to the 'strat igraphic' variation. 

Since the non- magnetic and ferromagnetic fractions vary 

in similar ways, and since taken together they represent 

the total composition of the chromite in each horizon, 

the trends \<1ill refer to the pa irs of curves in Fig . 6 . 

SpeCimen 10 has a very different composition to the other 

horizons and will not enter the general discussion. Cr203 

and total iron as FeO tend to increase up'flards in the sill; 

AlZ03 remains constant \oJhile MgO decreases to· .. Jards the top 

of the sillG Generally the cell edge increases in size 
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towards the upper horizons in sympathy It,d. th CrZ03 and 

total iron as FeO and decreasing ~4:g0 , while A1 20 3 re~ains 

constant. Specimen 10 is from the upp er most horizon 

stud i ed and ha 5 r e,\r€rse r e l ationsh i ps to the genera l trends 

in composition, that is to say, 10\-., Cr
Z
03 and iro n as FeG 

and hiJ;h MEO and A1 203 • This horizon i s a t the top of the 

main zone (Fig . 3) and repr esents a deficiency of CrZ03 

and i ron as FeO after a long period of crystallisation of 

Cr203 and iron- rich sp inels , a t 1,o!hich time one Nould expect 

a surfeit of IvlgO a nd A1 20 3 in the remaining liquid. The 

earlier chromites to crystallise are lower in Cr20) and 

iron as FeD th an those in the ma in zone excluding 

Specimen 10. It may be suggest ed that Cr203 and iron as 

FeO crysta lliz ed in increa s ing amount s as cond iti ons 

approached an optimum, after which a sh8.rp change i n the 

crystalli sation pattern occurred t o a cc ount for specimen 10. 

From Fig. e it can b e 5 een that any trend in true 

F eO or Fe203 i s very s light , although possibly the letter 

decreases slightly with increasing t stratigraphic' order. 

The Fe203 curve is smoother than tha t for FeO suggesting 

tha t MgO varies Ni dely while AI Z03 and CrZ03 only change 

slightly throughout the sequence. This is found to be 

true (Fig . 6 ). 

The fst rat i g r aphict variation i n the amount of 

ferromagnetic to non- magnet ic sp inel i n each sample is 
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shOl.,m in Fig .. 3 e Ther e i s no progressiv e variation so it 

i s unlikely that magnetism in these mi nerals is dependent 

on t he usual cour se of crystallisation. 

The parameters do not vary in a regular ltJay a cross 

the sill, though gene r a l trends may be r ecognised . From 

one horizon to the next the variation is erratic obscuring 

the trend if one actua lly exists .. 
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CHAPT ER VII 

SUMill AIlY AND CQI.'CLUSION S 

The Bird River chromites are described with special 

reference to the phenomenon of exsolution. To this end , 

heating experimentG were conducted on ten chromites from 

different horizons, and the optimum coni itions for maximum 

exsolution \·lere found to be hea ting in air at lOOOo C for 

72 hours at one atmosphere. Polished section vlork was 

carried out in conjunction with th e heating experiments 

and hematite ':Jas found to exsolve froT!! all the ten specimens . 

Analyses of the chromitit es and the concentrates ",ere done 

on the A. R. L. Vacuum X- ray Quantometer at the University 

of Manitoba . Six of the concentrates '-/ere found to have a 

ferromagnetic fraction and these were analysed separc,telyo 

Several differences bet\\'€)cn the ferromagnetic and non­

magnetiC concentrates can be seen. The non - magnetic 

fr2ction has more Cr203 and A1203 and less iron a s FeD 

t han the ferromagnetic fraction. Exsol ution is more 

pronounced in the ferromagn et ic fraction and thi s indicates 

that exsolut icn of hematite is dependent on the total iron 

content of the chromian spinel. X- ray diffract ion powder 

photographs \'lere t ake n of both types of concent rates and 

the cell d i mensions determined. The f erromagnetic fraction 

have larger cell edges than the non-magnetic fractions. 

A general relation between the compositions and cell edges 



56 

can be seen, but not enough samplesxould be examined to 

give a statistical comparisol"!c Cell edge seems to increase 

with increasing iron. ' St ratie:raphic' trends are noticahle 

in the composition curves and the c ell edge variation curve , 

but the amount of magnetic spinel in the concentrates does 

not seem to be related to the ' stratigraphic ' pos ition of 

the horizons p T\'lo spinel phases occur in certain chromites , 

the Neak phase representative of the altered rims of the 

crystals and the strong phase representat ive of the central 

areas of the crystals. The rims ''lere conc l uded to be iron­

rich due to deut eric alteration at late stage of the crystal­

l isation process, rather than zoning since they occur along 

fr ac tur es within crystals as Nell a s in the rims . 

Exsolution develops 1;..1]. th heating, first in the iron­

rich areas of the r i ms and it is resolved into a 

"lidmanst~tten pattern under high power magnification (XS50). 

\'!ith further heating, t i ny rods and p l ates gradually appear 

at the centres of the crystals and ult i mately after 72 hours 

at lOOOoC the exsolution is complete across the crystal. 

From the data collected it s eems likely that hematite will 

exsolve in any iron-rich chromite ~" lhich has a Cr:Fe ratio 

comparable to the Bird River chromites of about 1~2:1 or 

l ess .. 
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APPENDIX I 

PREPARATION OF TH E CONCENTRATES 

Concentrates of the chromite T,>!ere required for 

the anal~rses and the X-ray diffraction v!ork. The Haultain 

Super- panner was used to concentrate the chromite from 

the gangue minerals . For the best cone entration of grains 

l arge enough to study, the chromitites were crus hed to 

- 150 to 1200 mesh. In this size range no sma l l particles 

of gangue could be seen adhering to the chromi te grains 

under the binocul ar microscope, as was the case with the 

l arger mesh sizes . Neverthe l ess , the analyses indicate 

some impurities, and it is felt that they are due to gangue 

i nclus i ons \\rithin the chromit e crystals themselves o 



APF~NDIX II 

PREPARATION OF THE SAMPLES FOR 

X-RAY FLUORESCEt-!CE ANALYSES 

The sample for analysis !,!as pulver is ed to -200 

mesh , and then fused into a bead usi ng the following 

mixture: 

0.5 gm. pul verised samp l e . 

O~5 gm. lanthanum oxide o 

19O gm. lithium tetraborate g 

This mixture vms fused to a bead for 20 minutes at l800oF. 

To make up the re quired weight of 2.1 gms. , boric acid vTaS 

added to the bead and this mixture VIas then pulverised and, 

using a .30 ton pr ess , made into a pellet \\Iith a boric acid 

base. The resulting pellet ~ .. Ias then ready for analysis II 
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PREPARATION OF PLASTIC GRAIN MOUNTS 

FOR POLISHED SECTION EXAMINATION 

59 

With a brass ring on a piece of glass, 'Quickmount' 

plastic solution 1>vas moulded into a pellet and allowed to 

seto Since four fractions of the concentrate were required 

for comparison, four small holes were drilled in the pellet 

and the grains of each fra.ction mixed with a little plastic 

solution and poured into each hole. When set, the plastic 

mount could be ground to expose some grains of each 

fraction and then polished for studyo 



APPENDIX rJ 

PROPORTIONING TOTAL IRON IN THS CHROMITES BET',vEEN 

FeO AND Fe20} 

(Eee TABLE V p . }8) 

According to the requirements of the molecular 

structure of spinel 33~~ of the cations must be bivalent 

and 67% trivalent. Hence by adjusting the total 

composition to 100% it is possible to proportion tota l 
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iron available into FeO and FeZO) by adding the trivalent 

components and making up the deficiency with FeZO). The 

remaining iron Vlould then be prescnt as FeC.. This method, 

though not precise, is adequate for this study as the 

general relationships become clear. It should be kept in 

mind that some of the chromite showed exsolution of hematite 

before heating and that this woul d represent excess iren in 

the analysis rather than iron as a part of the spinel 

structure o However, thi s amount \'lOuld be smallo 
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