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SCOPE AND CONTENTS: Field relations of the banded mafic“Ultramafic 

Centre Hill complex were studied cad a single cross-section of the sill 

carefully napped and sampled. Modal analyses were completed from thin 

sections of each specimen. Samples of all specimens were spectrographic

ally analysed for nine elements: calcium, cobalt, chromium, copper, 

manganese, nickel, titanium, vanadium and sirconium. Thirteen samples, 

representing the major hands of the complex, wore chemically analysed 

for the major oxides. Mineral composition variations were determined 

either by x-ray or optical methods and the trends plotted on a variation 

diagram. The criteria of classification and the ma^sa differentiation 

trend were examined and discussed.
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ABSTRACT

Field relations of the Centre Hill complex, one portion of a sill 

in the Abitibi Peridotite Belt; were studied and the best exposed cross- 

section of the sill carefully capped and sampled. Tae general banded 

appearance^ rhythmic layering, igneous lamination and proportion of mafic 

•bo ultramafic rocks suggest a stratiform typo classification end in situ 

differentiation of a basaltic magma.

Medal analyses were completed for each specimen and these together 

with determined mineral composition variation ware plotted on a varia

tion diagram. Data from speetrochemical analyses for calcium, cobalt, 

chromium, copper, manganese, nickel, titanium, vanadium and airconium 

for all specimens and major chemical analyses for thirteen of the 

principal bands were similarly plotted. The mineralogical end chemical 

treads support the suggested stratiform classification.

For the purpose of calculating successive magmas, band widths 

have been assumed to be proportional to volume. The normative compos

ition of the calculated primary magma falls within the olivine tholeiite 

field of Yoder and Tilley’s basalt classification.

The mechaniseis of differentiation end crystallization have been 

discussed and compared with those of other stratiform bodies. To as?lain 

the noted reversals to more mafic products along the differentiation 

trend, periodic resurgence of basaltic magma into the chamber has been 

suggested.
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INTRODUCTION

The Centro Sill complex io one of several mafic to ultramafic 

sills in Munro Township, District of Cochrane, Ontario. These sills 

compose a port of the 80-mile-long Abitibi Peridotite Belt which extends 

from Resume Township at the northwest end to Holloway Township at the 

southeast end (Plate 1).

In 19W, under the direction of Dr. J. Satterly, a small part 

of Munro Township was mapped by the Ontario Department of Mines, the 

work being completed in 1950 (Satterly, 1951)• Detailed mapping and 

sampling over one section of the Centre Hill complex by the author and 

Dr. T. N. Irvine of the Geological Survey of Canada during the latter 

part of September 1962, indicated only very minor modification to 

Satterly*s map of that body.

F. C. Taylor, Satterly’s chief assistant for the Munro project 

during 1950, later completed a Ph.D. thesis concerning the petrology of 

the mafic to ultramafic sills in the Matheson area (Taylor, 1955). He 

considered the ultramafic and gabbroic rocks to have originated from 

two distinct liquids, the material being intruded in two separate periods 

as a crystal mush. However, field evidence observed by Irvine end the 

author at the Centre Hill body seemed to support a theory of origin by 

differentiation from a single liquid. It was decided to test this 

hypothesis by carefully documenting one well-sampled cross-section of 

the sill.
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Plate 1: Abitibi Peridotite Belt. Reduced 
from Ontario Department of Mines 
map. Scale 1" = 7-7 miles.
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GENERAL GEOLOGY

A complete picture of the geology of Munro Township is available 

from Satterly’s 1951 report. A brief summary of the data pertaining to 

the Centre Hill area will suffice here.

A Table of Formations, as established by Satterly, is as follows: 

Cenozoic

Recent Wind-blown sand (dunes), stream deposits, 
peat

Pleistocene Sand, gravel, boulders; boulder clay; varvcd 
clay, silt; wind-blown sand (dunes)

Great Unconformity

Precambrian

Kewcenawon (?) Quartz diabase

Intrusive Contact

I’atachewan (?) Quarts diabase, diabase

Intrusive Contact

Algoman (?) Quarts diorite, feldspar porphyry, felsite, 
lamprophyre

Intrusive Contact

Basic and Ultrabasic
Intrusives Diorite, diabase, gabbro, peridotite and 

dunite (aejpentinizcd), pyroxenite

Intrusive Contact

Volcanics Rhyolite, rhyolite agglomerate and tuff

Andesite, basalt; pillow lava, diabase lava, 
spherulitic lava, fragmental lava (flow 
breccia), talc-chlorite schist, carbonate- 
chlorite schist; actinolitised and chloritized 
lavas

Faulted Contact

Sediments Greywacke, argillite, arkose, conglomerate
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The sediments; thought to be the oldest rocks in the area; are 

mainly well-banded or fine-grained greywackes. They are limited to the 

extreme southwest comer of the township, separated from volcanics by 

the Contact Fault (Plate 2).

The volcanics, consisting of spherulitic basaltic flows, basic 

to intermediate pillow lavas with good flow breccia tops, and lenticular 

acidic volcanic bands, are divided into two general belts. The southern 

one between Contact and Munro faults is approximately 7000 feet wide, 

and the northern belt between Munro Fault and Centre Creek is approximately 

9500 feet wide. From Centre Creek northward the succession becomes more 

complex, the country rock being mainly basalt, with some interbanded 

acidic lavas all conformably intruded by sheets of mafic to ultramafic 

rocks. Because of the association of sills t/ith acid volcanic Morisons 

Satterly has suggested that these rhyolite agglomerates end tuffs 

indicate favourably weak horizons for the later intrusions.

The oldest intrusive rocks in the area are Haileyburian type 

ultramafic and mafic sill-like bodies, discontinuous end lenticular along 

strike. The composition of cone individual sills ranges from dunite 

through peridotite, pyroxenite and gabbro to diabase. Others are 

apparently wholly ultramafic or wholly gabbroic.

One small mass of Algernon quartz diorite spottily outcrops 

immediately southeast of Centre Hill.

Katachewen diabase dikes intrude the older rocks along a

general north-south pattern.
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Plate 2: Geological Map of Munro Township, showing location of Centre Hill 
complex. Reduced from Ontario Department of Mines map.
Scale 1" = 5,000'•
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STRUCTURAL GEOLOGY

Numerous top determinations were possible in the lavas because 

of the well preserved pillows. Also, much helpful data cane from the 

geophysical surveys and diamond-drilling programs carried out by various 

companies in the area.

In the southern part of the Township, the Contact and Munro faults 

trend approximately n6o°W with undetermined movement. Between Contact 

Fault and Centre Creek most volcanic rocks dip south-southwesterly. Thus 

a major synclinal axis has been assumed through the Centre Creek area, 

with minor ripples to the north and south.

The nearly vertically dipping Centre Hill complex is sharply 

drag folded against the Centre Hill strike fault, which marks the 

southern side of the hill. There has been some breakage across the drag.

On -the basis of the available geological and geophysical data, 

Satterly has postulated that the Centre Hill complex may be a part of a 

much larger sill which has been folded and faulted in a complicated fora, 

stretching from southwestern Varden Township, through Munro Township and 

halfway -through McCool Township (Plate 1).

METAMORPHISM

Regional metamorphism of the basic volcanic flows is of the 

greenschist facies, the common assemblage being actinolito-cpidote- 

carbonate. Sone fault sones show alteration to talc-chlorite schist and 

chlorite-carbonate schist. Actinolitization is most pronounced in the 

strike fault sones, as is the somewhat later carbonatization. Locally, 

both actinolitization and carbonatization nay extend into the oldest 

diabase sills. Carbonatization and sericitization of Algernon and older
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rocks is assumed by Satterly to be due to the action of hydrothermal 

solutions associated with the Algernon magna source.

In tiie ultramafic sills serpentinization and a later uralitization 

are the main metamorphic effects. In both the western dunite exposure and 

the peridotites of the main sill at Centre Hill serpentinization has taken 

place along fractures. A general decrease in serpentinization intensity 

is noted from base to interior of the sill. In thin sections of the ultra

mafic rocks small patches of talc can be found in the more highly altered 

shear zones. Magnesian carbonate minerals, as reject products of 

serpentinization, are not found in large emount in the Centre Hill area, 

although within several other sills of the belt talc-carbonate (magnesite) 

alteration products are extensive. 

BCOHOIHC GEOLOGY

Copper and gold accounted for all pre-19^8 exploration in Munro 

Township and continue to be important. All sulphide deposits are 

located peripherally to ultramafic and mafic sills. On the north side 

of Centre Hill, Centre Hill Mines Ltd. have recently diamond-drilled 

approximately 30,000 feet and sunk an exploration shaft on a copper 

prospect. Most sulphide deposits of the area are very low in nickel 

content, reflecting, perhaps, an initially low nickel basic magna for 

the Haileyburian Gills. Gold prospects ore generally associated with 

quartz veins in basic lavas.

During 19^8 Canadian Johns-Manville investigated on occurrence 

of asbestos, at what is now their Munro Mine, on the Munro Sill in Lots 

10 and 11, Concession II. Munro Mine has been the sole continuous pro

ducer of asbestos in Ontario since 1950, when mill operations began. 

Much help in understanding the geology of the area has been gained from
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the large amounts of data obtained by Canadian Johns-l-hnville and other 

companies who napped and prospected the ultramafic sills.

ACCLrSS

The paved highway Bo. 101 extends eastward from Matheson, Ontario, 

through the southeastern end of Munro Township and on to connect with the 

Quebec highway network. Approximately ^ 1/2 miles of good gravel and 

sand road leads north from the highway to the Centre Kill Mines site.



FIELD RELATIONS

Centre Hill io an elevated section of a generally east-vest 

trending sill which has been drag-folded sharply against the southern 

major Centre Hill Fault (Plate 3). At the northern contact is a narrow 

band of rhyolite agglomerate which, on the west end, folds south and has 

a baked contact with a small serpentinized dunite plug. Several cross 

faults cut the sill at the crest of the drag-fold, but there is little 

displacement on them. The sill shows clear division into bands of 

different mineralogy, the bands dipping from 70 degrees northward to 

vertical. At the east end two north-south dikes of Matachewan diabase 

cut all other rocks and structures. The Centre Hill outcrop area is 

approximately 3^00 feet long (east-west) and 1800 feet wide (north-south). 

A small plug of Algoman granite helot; the southeastern end of the sill, 

across Centre Hill Fault, has been indicated.

The location of the sample cross-section "was chosen to show the 

best contact exposures. Each distinct or homogeneous band was celled a 

’unit’, the measured width of each unit being assumed equal to its true 

thickness. Sample locations are noted on Plate 3.

The southern contact of the sill with metabaoalt is sharp with 

the intrusive characteristics being a slight decrease in groin size of 

basalt toward the contact, a slightly baked and iron-stained appearance, 

and email tongues of ultramafic material into the basalt. The northern 

contact shows a decrease in grain size of gabbro toward the contact, 

recrystallization of adjacent rhyolite agglomerate illustrated by
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development of feathery amphibole groins, and local iron staining and 

shearing.

Within the outcrop area of the sill contacts from bond to band 

are commonly knife-sharp, with the exception of that between the upper 

feldspathic pyroxenite and gabbro, which is gradational over a few inches.

The sill may be broadly classified into four main divisions, the 

Basal Zone, the Ultramafic Zone, the Transition Zone, and the Gabbroic 

Zone.

The Basal Zone consists of poikilitic hornblende peridotite, 

distinctively reddish-brown on weathered surface end somewhat finer 

grained than the following peridotites. Very small serpentinized olivine 

grains are poikilitically enclosed by average 1/8 to 1/k inch hornblende 

grains.

The Ultramafic Zone consists of interbanded grey-weathering 

poikilitic (pyroxene) peridotites and reddish-brown weathering pyroxenites. 

The pyroxenites are typically massive, medium- to fine-grained rocks 

which show an increase in interstitial feldspar and related alteration 

minerals northward in the sequence. Only one band, Unit Ho. 3 (Plate 3), 

contains a sufficient and consistent amount of olivine to be classed as 

olivine pyroxenite. The peridotites are all poikilitic in texture, the 

enclosing pyroxene grains being as large as one inch in diameter. The 

weathered surface io grey with the individual poikilitic grains in high 

relief (Figure 1). All fresh surfaces are black.

locally, serpentinization along small fractures is evident (Figure 

P), showing migrant secondary magnetite along’ the fracture surface and 

serpentine alteration inward. A few narrow picrolite and chrysotile

veins arc present in the more serpentinized areas.
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Figure 1. Weathered surface of poikilitic peridotite.

Figure 2. Serpentinization along fractures in 
poikilitic peridotite. Intersecting 
system of picrolite veins.

Layering is apparent in Unit 3, olivine pyroxenite (Figure 3), 

and in the peridotites (Figure 4). The layering - alwys parallel to 

band contacts - is, in both cases, compositional and mineralogical. 

Narrow olivine-rich and pyroxene-rich layers alternate rhythmically 

throughout the bands and any single layer is traceable along strike for 

many tens of feet.
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Figure 3. Layering in olivine pyroxenite. Olivine pyroxenite 
lower left, poikilitic peridotite upper right.

Figure 4. Layering in poikilitic peridotite.

The Transition Zone consists of interbanded pyroxene-rich gabbro 

and normal gabbro. The first gabbro, Unit Ho. 14 (Platte 3), 1g inter- 

banded over a narrow zone on the upper contact with pyroxene-rich gabbro 

(Figure 5). This narrow interbanding ia continuous along strike from one 

end of the complex to the other. The gabbro layers of the Transition Zone 

show marked planar arrangement of feldspars parallel to the band contacts.
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figure 5* Interbanded pyroxene-rich gabbro and feldspar-rich gabbro.

The Cabbroic Zone is composed of massive, medium- to coarse

grained pyroxene and hornblende gabbros. Planar arrangement of minerals 

is absent although there is a distinct banding or layering effect caused 

by small-scale alternations of feldspar-rich and mafic-rich bonds (Figure 

6). Scattered bands of hornblende-bearing gabbros are common, out

Figure 6. rhythmic layering in Cabbroic Zone.



typically these bands ore discontinuous. Toward the north contact the 

grain size of the constituent minerals becomes much smaller.

Table I summarizes rock types, width of successive units and 

cample locations from the cross-section.
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TABL3 I. SSKple Locations Within Each Rock Unit.

Unit
Rock Tyne Layer Footage Semple Seaplc

Ho. Thickness From To No. Footesc

1

2

3

7

5

6

7

8

9

10
11

12
13

17

15

16

Hornblende Peridotite

Pyroxenite

Olivine Pyroxenite

Peridotite

Pyroxenite

Peridotite

Pyroxenite

Peridotite

Pyroxenite

Peridotite
Feldspathic Pyroxenite

Peridotite
Feldspathic Pyroxenite

Gabbro

Pyroxene-rich Gabbro

Gabbro

70 (ft)

90

30

30

10

70

55

30

119

3
30

3
120

95

65

670

0

70

160

190

220

230

300

355

385

5o7
507

537
570

660

755

820

70

160

190

220

230

300

355

335

5^

507
537

570
65o

755

820

1790

27-7 
£7-8 
27-9 
27-10 
27-11 
27-12 
27-13 
27-17 
27-15 
27-16 
27-17 
27-18 
27-19 
27-20 
27-21 
27-22 
27-23 
27-27 
27-25 
27-26 
27-2?
27-23 
27-29 
27-30 
27-31 
27-32 
27-33 
27-37 
27-35 
27-36 
27-37 
25-1 
25-2 
25-3 
25-7 
25-5 
25-7 
25-3 
25-9 
25-10 
25-11 
25-12 
25-13 
25-17 
25-15 
25-16 
25-17

2 
6

15 
30 
69

72 
110 
157 
161 
185 
191 
210 
218 
222 
229 
231 
260 

295 
303 
330 
351 
357 
370 
387 
383 
725 
500 
505 
515 
535 
539 
571 
600 
670 
720 
775 
760 
810 
830 
930 
995 
1105 
1165 
1270 
1375 
177o 
1785



GENERAL MXHERALOGI

Primary Mineralogy of the Centre Hill complex is simple, the major 

minerals being olivine, clinopyroxene, calcic plagioclase, quartz and two 

amphiboles. Accessory minerals are ilmeno magnetite, apatite and very 

minor sulphides. Alteration, although severe in many cases, did not destroy 

completely the whole of the original grains and/or the essential textural 

features. Modal analyses were thus possible using primary minerals rather 

than secondary. Undoubtably discrepancies must occur between actual 

primary mineralogy and modal primary mineralogy. It is suspected, for 

example, that some secondary magnetite and quartz have been counted as 

primary. Similarly, where the reaction between plagioclase and pyroxene 

has resulted in a secondary chlorite“amphibole fibrous aggregate, the 

division of this aggregate between ’plagioclase’ and ’pyroxene’ is some

what arbitrary.

For determining modal percentages each thin section was placed in 

a mechanical stage on a Leitz polarizing microscope and the tabulated 

individual mineral proportions of the first 800 point counts were con

verted to percentage figures.

Mineral composition variations were determined by either optical 

or x-ray methods.

A complete description of mineral characteristics is unnecessary 

here, thus only selective features are dealt with. Mineral associations 

and textures are considered in the section ’Microscopic Petrography’.

16
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OLIVER

Olivine composition determinations were made by B. Delabio, 

through T. II. Irvine, at the Geological Survey of Canada laboratories in 

Ottawa. Unaltered olivine remnants were located in a thin section of the 

specimen, the section was then uncovered, the remnants flaked out with a 

sharp needle, and the powder mounted in a powder camera for x-ray exposure. 

Eight such determinations were made, the results of which, expressed as 

percentage forsterite, are shown in Coble II.

TABLE II. Olivine X-Ray Deterrainations.

Semple 
No.

Spacing Composition
0 Fo

24-10 
24-11 
24-16 
24-25 
24-30 
24-31 
24-34 
24-37

141.80 77.5
141.80 77.5
141.55 74.5
141.36 72.5
141.57 75.0
141.12 69.5
140.73 64.3
140.70 64.0

Invariably, olivines or olivine pseudomorphs occur as rounded 

grains. Alteration is mainly to mesh-torture chrysotile with secondary 

magnetite and chlorite.

CLEIOPIROnS^E

Clinopyroxene occurs in two min forms; firstly, settled crystals, 

euhedral to subhedral in outline, ere the major components of the pyrox

enite units. Secondly, ophitic to poikilitic grains fora the interstitial 

material of peridotites and gabbros. Alteration is mainly to dork green 

amphibole-chlorite fibrous aggregates, as a result of reaction with
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plagioclase, or to tremolite. In zones of severe serpentinization of 

some peridotites^ minor bastite serpentine is an alteration product.

Composition variation con be estimated from pyroxenite end gabbro 

samples only, the peridotite being too badly altered to obtain enough 

suitable fragments for the optical method used* partial mineral separates 

in the case of gabbros and ■whole rod: samples in the case of pyroxenites 

were used. Fragments of approximately 150 mesh size were sprinkled on a 

glass slide and immersed in oils for which the indices had been previously 

calibrated using on Abbe Refractometer. A temperature cell was not used, 

but a thermometer was hept near the microscope stage during the operation 

and corrections for deviations from 25°C made for each determination.

The method of orientation of mineral fragments such that By may 

be found is outlined by Heos (i960). Either (100? or [OOI? parting 

fragments nay be used since both will sho:; slightly off-center optic axis 

interference figures. Uy is aligned north-south by orienting the isogyre 

of the interference figure cast-west. Uy may then be determined in sodium 

light.

In addition to the index of refraction of pyroxene, the optic 

angle must also be known to distinguish the composition. In uncovered 

thin sections, mineral grains showing yellow-grey interference colors 

and symmetrical extinction (i.e. grains showing acute bisectrix figures) 

were circled with India ink. After replacing the coverclip over an 

immersion oil, standard universal stage techniques were used to obtain 

27 values. These optic angles were then corrected by means of the 

Fedorow chart (Emmons, 19^3)• Individual compositions are listed in

Table III.
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TABLE III. Pyroxene De^terminations (Average of* 3 Per Sample).

Sample Iio. ^ Corrected Sr Composition

24-13 1.678 53° Wo 50 Di 44 Fa Co

24-15 1-677 50 Wo 52 En 42 Fs Co

24-21 1.681 51 Wo 49 lii 42 X* th 09

2-1—26 1.681 50 Wo 49 Ln 41 Fg 10

24-32 1.682 50 Wo 49 Da 40 73 r« 
r m 11

24-36 1.679 54 WO 4'9 Ea 45 I’d OS

25-1 1.685 501/2 Wo 45 EH ^0 Fs 13

25-3 1.697 48 Ko 38 1^2 tO Fs 22

25^10 1.700 48 Wo 37 Da 37 Fs 26

25-16 1.699 45V2 Wo 36 Ea 38 Fg 25

The composition trend is show in Figure 7 and cankered with, the 

Skaergaard pyroxene tread (Drova, Vincent 1963).

PlAGxGCLASS

Plagioclase, or its alteration products, in the Ultramafic Sono 

occupies on interstitial position. In the Gabbroic Zone it occurs mainly 

as euhedral to subhedral lath crystals but also as intexprecipitato 

material, sometimes in association vith quartz in micrographic texture. 

Alterations nave been vO saussurxte and, where in contacs with pyroxene, 

to finely fibrous amphibole-chlorite aggregates.

Composition variation was determined simply by estimating anorthite 

percentage with the aid of standard extinction curves (Kerr, 1959). In 

many cases alteration was too severe to allow any detoxoiaations, out for
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CaSiO3

Figure 7. Clinopyroxene composition trend. Solid line - 
Centre Hill, dotted line - Skaergaard (Brown, 
Vincent 1963).



21

"the less altered specimens general extinctions and cleavage shov through 

the alteration products. Individual determinations arc noted in Table IT

TABLE IT. Plagioclase Determinations.

Sample 
Ho.

Composition 
?; An

2^-35 46

25-2 35

25-11 30

25-13 30

25-1^ 32

25-15 28

25-16 27

AMPHIBOLE

Two amphiboles occur in the Centre Hill cross-section. In tee 

basal layer tee enjoy mineral component is a red-brown hornblende 

occupying an interstitial position. Briefly, tee optical properties 

ora as follows: large axial angle, negative optic sign, pleochroic with, 

a very pale brown, p medium reddish brown and 7 dark reddish brown, 

extinction zAC is approximately 15°, no twinning evident, end fairly 

good hornblende cleavage.

Iio mineral separation of this hornblende has yet been attempted, 

thus no chemical or x-ray analyses ore now available.

Occurring more or loos sporadically in tee Gabbroic Zone are bands

containing euhedral to subhedral pale green hornblende crystals.
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Secondary magnetite Ie abundant throughout the Basal and Ultramafic 

Zones with each less in the Transition and Gabbroic Zones. Occurring 

as ’dust' within altered olivine or pyroxene crystals and as fracture 

and cleavage-’filling material elsewhere, it tends to obscure -the 

occurrences of primary opaques.

friueay ilmenomsgaetite appears first in Unit 9 end generally 

becomes more abundant upward. The typical texture is skeletal magnetite 

with irregular forms of leucoxene. In several, instances magnetite rods 

along octahedral planes form triangular shapes (Figure 8).

The ilmenite alterations may locally have migrated, leaving the 

interstices filled with secondary quarts, albite, amphibole or biotite.

Discrete grains of leucoxene are evidence in support of primarily 

precipitated ilmenite, in addition to the exsolved ilmenite from the 

ilmenonagnetite solid-solution.

SULPHIDES

Uo detailed study of the sulphides has yet been made, their 

occurrence being noted only in hand specimens end thin sections. They 

occur throughout the cross-section, but ore most abundant in the Transition 

and Gabbroic Zones. Here, as in the Layered Series of the Skaergaard 

complex (Wager, Vincent, Smales 1957), they occur as small, discrete units 

in on interstitial position to the silicate grains.

in peripheral bodies of sulphides in the Centre Hill area copper is 

common but nickel is absent. It is probable that the primary liquid was 

low in nickel and, after the early-formed olivine and pyroxene grains had 

incorporated nickel in their structure, insufficient remained to form 

sulphides.



Figure 8. Skeletal aagactit© shoving exsolved structure,
a. lignification xlO, plend light.
b. Magnification x25, plane light.



MICROSCOPIC PETROGRAPHY

BACAL ZONE

The Sassi Zone is in contact ■with a metabasalt. There is evidence 

of mobilization of iron and recrystallization at the contact. Thin 

section 2^-06, ent from a specimen taken one foot within the uetobasalts, 

shows small local amounts of olivine pseudomorphs poikilitically enclosed 

in a few patches of red-brown hornblende. This may be token as evidence 

for the unevenness of the lower contact.

The Basal Zone is distinctive in that no pyroxene occurs here, its 

place being taken by a primary red-brown hornblende. Four thin, sections 

of this zone were studied. A mineral-by-minci’al analysis follows. 

Olivine

The total estimated primary olivine in the lower section (2k-0?) 

is 5 percent while near the top of the zone (^-11) the emount increases 

to 30 percent. (Modal analyses are noted in Table VI.) Most of the 

primary olivine has now been completely altered to serpentine, magnetite 

and colorless amphibole (tentatively identified us tremolite-actinolite), 

but the grain outlines are commonly wall preserved, nowhere was sufficient 

fresh olivine available for optical study although from sections £ -10 and 

2k-ll enough could be picked out for powder x-ray analysis.

Hot only is there a very apparent increase in total abundance of 

olivine from the basal contact inward, but also an increase in grain sizes, 

those in the lower section (average 0.05 mm) being generally less than one- 

quartei’ the average dimension in the upper section.
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Olivines and olivine pseudomorphs occur as rounded grains 

poikilitically enclosed within an. amphibole host. Inose few areas of 

iiie tain section uhich snow in cense al coxa bion vita. associa ted shearing 

gxve, nucx»olx^, vhe nose unx'clxaole nodal comics xor oixvxne. me 

larger olivines (and pseudomorphs) show a random fracture pattern, 

usually outlined by secondary magnetite resulting from the reaction 

olivine --- - serpentine + magnetite.

Here is evidence of two periods of alteration in tile olivine 

grains. ’Hie centers of the completely altered grains consist of 

serpentine with or without associated secondary magnetite. From -the rims 

inward, in various degrees of growth, are fringes of colorless amphibole 

(tremolite ?) blades. Especially in the lover part of the Zone this 

tremolite alteration has completely replaced the serpentine in several 

grains. The extinction angle of the fringe tremolite seldom differs by 

more than 5 degrees from that of the immediately surrounding amphibole 

host. 

.Amphiboles

Two distinctly different amphibole minerals are the most abundant 

components of the Basal Zone; a primary red-brown hornblende occurs as 

remnants within its alteration product - light green actinolite.

The hoinblendc poikilitically encloses olivine grains, a texture 

typical of clinopyroxene of the more northern, or higher, peridotites 

(figure 9). its texture,color, size and alteration relationships are 

sufficient to assign the hornblende to a primary magma tic classification. 

There is no preferential concentration of magnetite at the contacts

between primary hornblende and secondary actinolite, thus both are assumed
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to hold equivalent amounts of iron in their structure. It is Impossible

to estimate the size of the original hornblende grains except to note

that they were probably larger than the present actinolite grains. 

Evidence for thio is the occasional common extinction and pleochroism 

of hornblende remnants in adjacent actinolite grains. Commonly, the 

extinction angles of included hornblende and alteration actinolite differ 

by 3 or U degrees. This may bo evidence of an incomplete structural 

adjustment of the hornblende lattice but tilth it still retaining 

compositional differences - as indicated by its distinctive color.

Approximately Ho to 60 percent of the red-brown hornblende has been

altered to actinolite.

The minerals of Figure 9 and following photomicrographs are

labelled according to the symbols of Table V.
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TABLE V. Legend for Photomicrographs.

actinolite ac micrographic intergiowth

amphibole £23. olivine 01

chlorite ch plagioclase pi

clinopyroxene cl quarts h

hornblende hb serpentine s

magnetite mt gv emolite tr

Oggsugs

Ho sulphides or leucoxene are found in any of the thin sections, 

the only opaque being magnetite. Most magnetite here is secondary, 

commonly occurring as ’dust’ Tri thin olivine pseudomorphs end locally out

lining irregular grain edges, fractures and cleavage directions in the 

amphiboles.

An effort has been made, during all nodal analyses, to differentiate 

between secondary and primary magnetite on the basis of shape. Those 

grains which show a somewhat rectangular form have been counted as 

’primary’. It must bo admitted that primary grains would act as nuclei! 

for secondary magnetite and, in contrast, that any structural defoliation 

of the rock would distort the primary grains. An argument to reduce the 

•primary’ amounts could be based on the fact that the secondary magnetite 

my also La rectangular in cross-section.

As expected from the equation 

olivine ---* serpentine -:- magnetite 

the amount of secondary magnetite rises sympathetically with olivine and 

olivine pseudomorphs.
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Others

There io no texture or secondary mineral group that indicates the 

presence of primary orthopyroxene in the original rock. However, 

actlnolitination io too severe to rule out this possibility.

Serpentine and chlorite both occur as secondary minerals, mainly 

pseudomorphous after olivine. 

UIMfflIC ZOilE

Since field evidence suggests that the Centre Hill complex 

represents a section of a differentiated sill, it is ejected that each 

successive layer or bund will have certain unique petrographic features. 

For this reason details of each unit from each zone are presented 

sequentially.

Unit 2 (Pyroxenite)

Subhedral to, euhedral primary settled clinopyroxene grains make 

up most of the rock. Barrow rims - additions to the settled grains from 

the original trapped pore-space liquid - are evident on many grains, but 

they have commonly altered to a pale green to clear amphibole (tremolite- 

actinolite). The primary grains also show alteration to amphibole, the 

extent of alteration increasing upward, or northward, through the unit 

(Figure 10).

A minor amount of red-brown hornblende occupies on interstitial 

position, but most of the interstitial material is on alteration product 

from a pyroxene-plagioclase reaction to give fibrous amphibole aggregates. 

No unaltered plagioclase remains although on estimated 6 to 10 percent 

was originally present.
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Figure 10. Settled clinopyroxene grain with growth 
rim, both showing alteration to amphibole 
(crossed nlcols).

The only two opaque minerals are magnetite and leucoxene. Kost 

of the magnetite appears to be primary, the remainder being alteration 

product of late metamorphicm. The email amount of leucoxene is 

associated with amphibole-chlorite aggregates thus suggesting a break

down of titaniferous pyroxene rather than ilmenite.

Toward the top of the band, in section 2^-14, a number of discrete 

grains, averaging 1/16 to 1/8 inch in diameter, consist of fibrous 

amphibole, chlorite (penninite), carbonate, secondary magnetite and come 

leucoxene (Figure 11). The primary mineral which this distinctive 

assemblage represents can only be guessed at, but it io thought to be 

orthopyroxene. The only supporting evidences are the rectangular chape 

and the negative attribute that no similar alteration io found elsewhere

in the cross-section.
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figure 11. Altered orthopyroxeae (?) grains,
a. Plaue light,
b. Crossed nicolo.

unit 3 (Olivine g^roxenitej

The amount of primary olivine varies from, approximately 20 percent 

in section Ek-15 (lower) to 50 percent in section 24-16 (upper). Evidence 

of shearing is abundant in the lover part of the unit where much secondary 

magnetite, chlorite and amphibole locally replace the primary minerals and 

obliterate primary texture. However, much of the upper primary mineralogy 

remains unaltered (Figure 12).

A decrease in the amount of settled clinopyroxene grains and a 

corresponding increase in the amount of interstitial clinopyroxene is 

evident from the base to the top. At the top, adjacent to a peridotite 

bend, interstitial pyroxene becomes poikilitic in texture.

A minor amount of leucoxene, apparently as an alteration product

of titaniferous pyroxene, is present.
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Figure 12. Olivite pyroxenite,
a. Plane light,
b. Crossed nicols.

No trace of plagioclase or its common alteration fora is found 

in the thin sections, but this may be due to the high degree of alteration 

in the unit.

Unit H (peridotite)

The original rock consisted of primary settled, somewhat rounded, 

olivine grains enclosed by large grains of clinopyroxene with minor 

interstitial minerals. However, alteration has reached the point where 

no plagioclase or olivine and only scattered remnants of clinopyroxene 

remain. Tremolite is now the most abundant mineral as on alteration 

product of both, clinopyroxene and olivine. Plagioclase and pyroxene have 

reacted to yield tremolito-chlorite aggregates and a reaction between 

olivine and pyroxene has yielded two chlorites (iddingsite and penninite) 

and magnetite.
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Good evidence of tremolitization superimposed over serpentinization 

exists in section 2k-17, where fibers of tremolite cut through serpentine 

flakes in olivine pseudomorphs.

In all three thia sections from this unit -there is evidence of 

shearins becoming intense toward the top and resulting in brecciation 

of olivine grains. It io impossible to tell whether the disturbance took 

place before, during or after alteration of olivine. In the zones of 

greatest deformation a few scattered thread-wide chrysotile veinlets, 

rimed by secondary magnetite, cut straight through the rock.

There is a general decrease in size of unbrecciated olivine grains 

up-ward in the unit. 

Unit 5 (pyroxenite)

Movement along the contact between Units k and 5 is responsible 

for obscuring such petrographic detail toward the top of Unit 4 and the 

bottom of Unit J. Just as there is a decrease in olivine grain size 

toward the shear zone in Unit k, there is an apparent increase in pyroxene 

grain size away from the zone in Unit 5. The explanation may simply be 

that the larger grains in the contact sene were brecciated end the smaller 

ones were not.

Because of the severe alteration at the lower contact, any estimate 

of the amount of interprecipitate plagioclase is uncertain, but must, in 

any case, be attempted. From the amount of dark green chlorite and 

amphibole aggregate typical of a reaction between pyroxene and plagioclase, 

it is estimated that plagioclase increases from 7 to 17 percent from 

bottom to top in Unit 5.
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As is coeeoii ’to all pyroxenites in the cross-section^ snail Tins 

on the settled grains have been added through a process of diffusion from 

trapped pore-space liquid. The simple twin plane (100) usually noted in 

the settled pyroxenites is not apparent on the rim material. Commonly, 

the ria material shows on earlier alteration to amphibole than the settled 

grains.

The grain size of the upper pyroxenes is distinctive in that it is 

so variable. Simply twinned, subhedral, small grains (average 0.17 am) are 

interstitial to similarly twinned and shaped grains ten tines their size.

Less magnetite and leucoxene are present in the thin sections of 

this unit than in the previous (lower) pyroxenites.

Unit 6 (peridotite)

Unit 6 peridotite is similar to Unit 4 in that the major mineral 

constituents have been almost completely altered to tremolite, serpentine 

and chlorite with only the loss altered patches showing primary texture. 

Olivine clearly shows two periods of alteration, the first being to 

serpentine and monetite and the second to amphibole (tremolite). Chlorite 

also formed as a product of either stage. Those olivine pseudomorphs 

which ore most completely trenolitized contain less secondary magnetite. 

than the rest. The poikilitic clinopyroxene, of which few fresh remnants 

remain, has altered the tremolite, resulting in optically continuous 

tremolite fibers over each original grain for the included olivine pseudo

morph and the host (Figure 13). The tremolite orientation over adjacent 

altered clinopyroxene grains usually varies. Secondary magnetite commonly 

outlines cleavage lines and cracks in the altered pyroxene.

In the most severely altered areas chlorite is abundant. Here, 

also, small shreds of biotite arc frequently associated with magnetite.
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Figure 13- Trcnolitizcd poikilitic peridotite.
a. Plane light.
b. Ci© seed alcols.

Unit 7 (Pyroxenite)

Clrtnopyroxene is the major mineral throughout the unit, tzith 

minor and largely unaltered olivine grains in the lower part. Scattered 

primary magnetite and non-unifoxmly distributed interstitial altered 

plagioclase ore minor minerals.

The clinopyroxene groins are generally subhedral, due to narrow 

added rims, often are simply twinned and increase in grain size from 

bottom to top in the unit.

Alteration is not severe end shows a general decrease upward. 

Tyrolite and light green pleochroic hornblende are the mein secondary 

minerals after pyroxene, with light green asmhibole-cblorite aggregates 

formed from reaction between pyroxene and interstitial plagioclase (Figure 

1M*



O /mm

3 b

i'lSiuro 14. Slightly altered pyroxenite, 
o. Plane light, 
b. Crossed, nicols.

Li -the upper part of the unit primary (?) magnetite lias altered 

to limonite. A very minor amount of leucoxene is associated, suggesting 

■the presence, originally, of small amounts ox ilmenite.

Unit 3 (peridotite)

Less severe alteration distinguishes this band from the previous 

peridotites. Only a few scattered olivine cores raisin unaltered in the 

lower part (&-28), but in the upper part up to 30 percent of the section 

(24-30) is unaltered olivine. The host clinopyroxene is sore completely 

altered, with frosh ramants only toward the top of the unit. There is 

heavy local separation of secondary magnetite, moot being in interstitial 

position, to the olivine pseudomorphs.

Hear the base of the unit olivine grain sice varies widely, but 

higher the percentage of email grains decreases and the larger ones 

increase in size.

A few chrysotite ‘thread-veins are found in the lower part of the

layer.
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Unit 9 (Pyroxenite)

Matrix material io more abundant in thio than previous pyroxenites, 

primary interstitial plagioclase starting at approximately 1^ percent at 

the base and increasing upward to 26 percent* Complete alteration of the 

plagioclase to chlorite and amphibole and the appearance of light green 

hornblende after pyroxene gives the rock a distinctly greenish color.

Patches of talc occur along some shear sones end may he indicative 

of minor hydrothermal alteration.

Urie percentage of primary opaques is higher than for previous 

similar rocks due to the appearance of ilmenite. In the lower part of 

the unit no distinction between magnetite and ilmenite can be made in thin 

section, but at the top leucoxene replaces ilmenite. In the upper section 

(2^-33) magnetite occurs in part as discrete grains but mainly as sharp 

’ribs’ within leucoxene. A few small grains of pyrite (?) were noted in 

section 2k~32.

Units 10 and 12 (Peridotite)

These two three-foot wide waits are sufficiently alike to warrant 

treatment under one heading, loth are badly altered poikilitic peridotites 

but contain approximately 20 percent fresh olivine remnants. However, 

between scrpentini^tion-tremolitisation processes and associated shearing, 

primary textures ore obscured over much of the area of each thin section. 

Serpentine and chlorite (penninite and iddingsite) have developed 

abundantly about many of the olivine grains. Also, much secondary 

magnetite fills fractures and outlines numerous shear sones. Green to

brown pleoahroic hornblende tilth tremolite are the chief secondary products 

of clinopyroxene. Only occasional remnants of clinopyroxene can now be



found, occurring within the pleochroic hornblende which itself shows 

peripheral alteration to tremolite. Minor biotite shreds occur as 

partial rims to come magnetite grains. Traces of talc can be found in 

most shear cones. In both units sparse, narrow, nagnetite-xdmaed 

serpentine veins are found.

Unit 11 (Feldspathic Pyroxenite)

Little material from trapped pore-space fluid has been added to 

each settled clinopyroxene crystal in this unit, thus resulting in more 

nearly euhedral grains. Alteration of the pyroxene to medium to light 

green hornblende and tremolite peripherally and along fractures io not 

severe, but increases upward.

Plagioclase, only moderately altered, is the major interprecipitate 

constituent (Figure 15), amounting to a modal 28 percent at the top of

Figure 15. Interprecipitate plagioclase in pyroxenite; crossed nicols. 

the unit. Much of the plagioclase is polysynthetically twinnod. Alter

ation, which, as for pyroxene, increases slightly toward the top of the

unit, is to amphibole, chlorite and zoisite. The fibrous amphibole is 

plcochroically medium to dark green and occurs (i) at plagioclase-
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pyroxene contacts and (ii) in fractures within plagioclase Ihara, 

apparently, mafic components have migrated.

Opaque material occurs in locally concentrated complex patterns. 

The material does not appear to bo replacing any previous mineral or 

minerals, but simply occupies an interstitial position. In the lower 

section (2^-35) leucoxene is the present opaque, apparently a reaction 

product of ilmenite end a Ca-coinponent. Some magnetite ’ribs' within 

several leucoxene grains suggest that the primary mineral was ilmeno- 

magnetite. In the upper section alteration of the ilmenite, if it is 

present, has not taken place. Ho trace of sulphides was found, in either 

section.

Scattered apatite needles appear within the interstitial 

feldspar.

Unit 13 (Feldspathic Pyroxenite)

Alteration is more severe in this unit than in the previous . 

■feldspathic pyroxenite. Plagioclase, which is interstitial to clino

pyroxene, is nearly completely altered to an aggregate of amphibole 

fibers and dense chlorite. Clinopyroxene shows varying degrees of alter

ation to pleochroic medium to dark green hornblende, with the average 

alteration being approximately 25 percent of any one grain.

Opaques, as in Unit 11, occupy an interstitial position and consis 

of leucoxene and magnetite in complex skeletal forms. However, in this 

unit there is some suggestion that the primary opaque, probably ilmeno- 

magnetite, locally replaced both pyroxene and feldspar as a late 

crystallizing phase. One largo irregularly shaped grain of pyrite was 

noted in one section.

Toward the top of the unit (section 25“02) a trace of apatite, as 

needles within less altered plagioclase, was found.
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17.io Transition Zone consists of Unit 1U, gabbro, and Unit 15# 

pyroxene-rich gabbro. As previously noted, those two unite show on inter

banded contact. This phenoaenon is thought to result from interruption 

of the normal crystallization tread by contamination of the magma by 

injection of new liquid (see explanation in later section), important 

petrographic features ore noted in this zone, thus the units ore treated 

separately here.

Unit 14 (Gabbro)

This unit marks the first occurrence of settled plagioclase 

crystals - previously all plagioclase occupied on interstitial position. 

The crystals occur as small, but elongate laths which show a narked 

increase in planar arrangement upward, in the band. Saussuritization has 

been complete, to the extent of partially obscuring the crystal boundaries. 

Presumably some of the trapped porc-spaco fluid crystallized to form 

interstitial plagioclase, but the settled laths ore so small, numerous 

sad altered as to prohibit estimation of amount of the interstitial phase. 

A significant trend in modal plagioclase pei’ccntage must bo noted - from 

base to top the amount regularly decreases from approximately 75 percent 

to 47 percent.

At the base of the band clinopyroxene occurs as settled grains 

which have apparently acquired additional material from the porc-spaco 

fluid. The resulting grains tend to be ophitic. Toward the middle of 

the unit the pyroxene is completely ophitic, but again at the top it 

reverts to sen!-ophitic texture. Alteration to light to medium green 

pleochrolc hornblende is commonly nearly complete for the settled pyroxene 

and less so for the interstitial groins.



The opaques are somewhat different in occurrence from previous 

unito. Sprite, in semirounded shapes, increase in amount sharply toward 

the upper contact (although still less than 1 percent). At the base of 

the unit altered ilxaenonagnetlte in skeletal form is common. An increase 

in medal percentage from 3 and 2 percent respectively in the lover and 

and middle sections to 9 percent in the top section (25-05) is accompanied 

by a change in shape. The previous skeletal fora is replaced by a smaller, 

more regular and sometimes rounded form. In reflected light, the previous 

steel blue-black color is replaced by a brownish black. Despite the color 

end form, this opaque is thought to be a partial alteration to oxide of 

magnetite rather than primary chromite (see Cr for 25-05, Table Lil).

Only scattered occurrences of apatite needles within plagioclase 

can be found.

Unit 15 (^xoxene-rich. Cabbro)

The l^/2~foot interbanded lover contact consists of narrow 

(approximately 1 inch) hornblende gabbro bands in hornblende-pyroxene 

gabbro (figure 5)« In thia section, the contact between herds shews no 

physical break, only a mineralogical one. The settled hornblende crystals 

in the pyroxene-rioh gabbro are apparently a carry-over from a hornblende 

gabbro reaction phase, since its modal percentage rapidly decreases upward 

from the contact zone.

plagioclase is the major settled mineral of Unit 15, occurring as 

very elongate, narrow laths and maintaining an orientation preference. 

Saussuritization is slightly less than in the previous gabbro unit. 

Reaction with matrix material to form fibrous amphibole is, on the other

hand, locally severe.



The only major primary interstitial constituent was apparently 

clinopyroxene, although few fresh remnants remain. Reaction has been to 

plcochroic light to medium green amphibole which commonly shows faint 

bluish tinges typical of sodic amphibole. Dense amphibole-chlorite 

aggregates have locally replaced both clinopyroxene and plagioclase, this 

amphibolic!nation hampering modal estimation of primary mineralogy.

Opaques in the contact zone at the base are idential to those of 

upper Unit 1U. A gradual end incomplete change to skeletal form takes 

place away from the contact. Iio pyrite was noted in the sections.

Settled light to medium green, small hornblende grains and 

scattered settled clinopyroxene grains are found in the lower part of 

the unit. Apatite is an even more minor constituent, only a modal 

’trace’ being noted.

GABEROIU ZOIg

The texture of this rock unit is completely different from that 

of the previous gabbros. Plagioclase end hornblende tend to be euhedral 

while pyroxene and quartz are anhedral. The resultant texture may be 

colled intersertal (Moorhouse 1959)• The rock is medium to locally 

coarse grained except near the top where a sharp decrease in grain size 

is noted.

The settled plagioclase crystals are generally subhedral, showing 

varying degrees of twinning, are locally normally zoned and are commonly 

saussuritized. Polysynthctic twinning is most abundant in the middle of 

the unit, the marginal sections showing more simple twinning. Clear 

evidence of normal compositional zoning exists in several sections, but 

alteration has made variation determinations impossible. Alteration of
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the plagioclase laths has taken two forms; sericitization or saussuritization 

is relatively severe at the base and top of the unit and, for any zoned 

crystals, in the central zone. Amphibolitizatlon, the second form of 

alteration, causes the edges of many crystals to appear ragged since it 

enters the crystals along most fractures. This fibrous amphibole is dark 

green, slightly pleochrolc and developed as a reactant from plagioclase- 

pyroxene reaction (Figure 16).

L 
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Figure 16. Secondary amphibole from pyroxene-plagloclasc reaction, 
a. Plaue light.
b. Crossed nicols.

Hornblende, the second most abundant settled phase, is not evenly 

distributed through the Gabbrolc Zone, but occurs in somewhat discon

tinuous bauds, three of which were sampled. The crystals tend to have 

slightly ragged edges where alteration to fibrous amphibole is apparent, 

are usually simply Grinned along their length, pleochrolc light to medium 

green, smaller than associated plagioclase laths, and may locally have 

faint blue-green tinges to their edges.
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Hie interstitial minerals arc various forms of clinopyroxene,

quarts and plagioclase. Clinopyroxene, the major component of this

category, commonly is ophitic in texture (Figure 1?), but only scattered

I mmO

Figure 1?. Ophitic clinopyroxene and long laths 
of plagioclase; crossed nicols.

Tennants now rennin. Alteration has been mainly to light green hornblende, 

but, where in contact with plagioclase, also to the previously described 

aggregates of amphibole and chlorite.

Micrographic intergrowth of plagioclase and quarts is present only- 

in the lower half of the band (Figure 18), the initial nodal percentage 

of 11 decreasing irregularly to ’trace’ at the mid-unit point. Hie 

feldspar of the intergrowth io less saussuritized (thus less calcic) then 

the adjacent primary settled plagioclase crystals.
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Figure 18. Graphitic quarts and plagioclase surrounding 
sanssuritized plagioclase crystal; crossed 
nicols.

Quartz occurs as anhedral interstitial grains of varying size.

commonly showing very slightly strained extinctions. Modal percents 

of quartz independent of graphitic quartz ore shown in Table VI. A 

regular decrease from the initial 14.6 percent is apparent for the lover 

half of the unit with an increase in the upper half.

TABLE VI. Variation of Interstitial Quartz

Semple No. Modal Quartz (%)

25-9
25-10 
25-11 
25-12 
25-13 
25-14
25-15 
25-16 

25-17

14.6
8.4
7-4
3.8
2.2
3.6
1.2
2.0
3-9
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Pyrite occurs in small quantity but fairly consistently throughout 

the Gabbroic Zone us irregular, medium to large, anhedral and often semi" 

rounded grains.

The major opaque is ilmenamagnetite or its alteration products.

The skeletal fora previously noted for the same mineral in Units 9? H and. 

13 of the Ultramafic Zone reappears as the typical ilmenomagnetite form 

in the Gabbroic Zone. Although magnetite and ilmenomagnetite cun produce 

skeletal forms as a settled phase, the grain relations here indicate a 

late interstitial phase. In seme cases, intergrotai plagioclase vita 

cession extinction over all included parts are found (Figure 19) and, 

rarely, pyroxene or pyroxene alteration products are partially included

Figure 19• Skeletal magnetite intergrown with twinned plagioclase, 
a. Plane light.
b. Crossed nicols.

in the opaque forms. Several of the opaques show skeletal magnetite ribs

within slightly diffuse leucoxene grains (25-1?). Exsolution of ilmeno»

magnetite and later alteration of ilmenite seems the logical explanation
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of thio texture. Locally, a partial rim of biotite on magnetite may be 

found.

Small apatite needles may be found through the Gabbroic Zone but 

are most abundant in the middle layers. Modal percentages for this 

mineral are probably inaccurate as the ease of identification varies 

directly with the severity of plagioclase alteration.

All gabbro thin sections were treated with hydrofluoric acid and 

sodium aobaltinitrate for the purpose of staining potash feldspar, but 

all results were negative.

MODAL AIWS8

A complete list of primary mineralogy modal analyses and the 

derived mineral variation diagram are given in Table VII and are shown 

graphically in Figure 20.



TABLE VII. Kadoi Analyses, i-Ancral Abbreviations co in Table V.

Oarrole 
No.

Walt 
No.

01 cl o^Iior?;: lib opaques pl <1 apatite

24-07 1 5.0 94.5 0.5
24-08 20.0 79.0 1.0
24-09 20.0 7’8.5 1.5
24-10 30.0 69.0 1.0
'A-ll 30.0 63.0 2.0
2*1-12 2 3.6 85.4 3.0 8.0
24-13 88.5 1.0 0.5 10.0
24-14 36.5 (7-0) 0.5 6.0
24-15 3 20.0 78.5 1.5
24-16 49.3 50.2 0.5
24-1? 4 59.7 39.3 0.5
24-18 58.0 41.5 0.5
24-19 55.0 44.5 0 0 3

24-20 5 1.0 90.0 2.0 7.0
£4-21 Go 0 5 2.5 17.0
£-.*•-22 6 58.0 41.5 0.5
£4-23 60.0 39.0 1.0
24-24 60.0 39.0 1.0
£4-25 7 18.8 70.6 1.2 10.4
24-26 87.5 0.5 12.0
24-27 84.5 0.5 15.0
^-23 3 61.0 34.0 5>o
24-29 43.0 49.0 3.0
24-30 50.0 43.0 2.0
2^-31 9 19.8 65.6 0.6 14.0
24 m32 75.7 £•3 22.0
24-33 73.0 1.0 26.0
24-34 10 49.8 49.4 1.0
24-35 11 75.7 1.0 23.0 0.3
24-36 71.0 1.0 £3.0 ul*
24-37 12 49.8 49.2 1.0
25-01 13 70.3 1.2 23.5 ’63?
25-02 73.8 1.4 24.8 tr
25-03 14 22.4 3.0 74.6 'u3?
25-04 43.9 2.3 53.8
25-05 43.6 9.0 47.3 ’er
25-07 15 72.3 1.2 4.5 22.0
25-08 54.2 0.5 5.3 40.0
25-09 16 19.8 7.2 4.4 48.7 19.9 "6 2?
25-10 32.0 10.0 3.0 45.6 ■/ 0 ( 1 tr
25-11 39 «^ 2.6 49.4 7.6 1.0
25-12 32.4 5.0 55-6 5.9
25-13 14.8 15.4 3.0 63.6 2.2
25-14 23.0 0.8 3.8 63*3 3 ° ^
25-15 51.2 5.0 42.6 1.2
25-16 45.0 4.5 48.5 2.0
25-17 31.6 £4 • 2 5.1 35.0 3.9
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C-EOCnLiUSTRY

One procedure for primary sample preparation me used for both 

spectrochceucal end wet chemical analyses. Approximately one-half of 

each hand specimen was crushed in a Bico-Braun steel jaw crusher; then 

ground to approximately -50 mesh in a cereals diac pulverizer. The 

sample was then split to approximately SCO grams and final grindins to 

-150 mesh was done in a Spew Minor Mill tungsten carbide vial. All 

cising was done through steel sieves.

Owing to difficulty of mineral separation in highly altered rocks, 

only whole-rods: analyses were made.

in^TrlPttS^

Eight minor elements and two major elements were analysed for 

by spec biographic methods, the procedural parameters of- which are 

summarized in Table VIII. line wavelengths end precision are noted in 

Table IK. Late in the process it was decided to emit all data concerning 

aluminum because of exceptionally poor precision and lack of correlation 

with values from the wet chemical analyses.

Of the specimens collected from the Centre Hill cross-section, a 

total of 52 (h in netabasalts couth of the intrusive, ^7 -within the 

intrusive, 3- in rhyolite agglomerate north of the intrusive) were 

analysed spectrographically.
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TABLE VIII. Spectrograph Parameters.

Spectrograph Jarrell-Ash 21-fcot grating, Wadsworth mount, 
first order dispersion of 5.2 K/m

Condensing Optics 25 cm focal length cylindrical lens on horizontal 
axis at the slit; 6.J cm focal length cylindrical 
lens on vertical axis at 16.1 cm from slit; 5 cm 
diaphragm at 2f.5 cm from slit; 72.5 cm arc - 
slit distance

toe Gap 4 mm

Slit Width 30 microns

Slit Length 11 ma

Intensity Control 7-step sector at slit, log intensity ratio 0.2, 
one wire-mesh screen

Electrodes National Carton Co. ’Special’ grade 1/8” graphite 

rod cathode. United Carbon Products ultra
purity preformed 1/8° graphite electrode anode, 
1/16” x 3/8” crater

Electrode Stand ARE arc-spark stand, water-cooled Jaws

Emulsions end Range Eastman Kodak SA I plate, 2200-3500 mi
Eastman Kodak III-F plate, 3500-^800 a

Processing 3 minutes in Kodak DI? developer at 20°C, 20 sec 
stop bath, ^ minutes acid fix, 1 hr water wash

Voltage 220 volts DC open circuit

Current 7^/2 amps

Exposure to completion; approximately 100 sec

Jet Stallwood Jet with 80# argon, 20# oxygen mixture 
at flow of 18 sefh. Silica glass cap over 
electrodes

Photometry ARL photodensitcaster, background corrections 
applied

Sample 1 part rock to 1 part graphite containing 
0.033# Pd, 0.165-/1 In

Artificial Standards Prepared from Johnson-Matthey ’Spec purs’ compounds. 
Matrix of 1*5# 3102, Uo# MgO, 15# FegOo, mixed with 
sufficient oxides to give 50,000 ppm Ca, A; 20,000 
ppm Ti, Cr; 10,000 ppm Ui, Ma; 500 Ppm Co, V, Cu, 
Zr. Original plus 0 reductions cover a 100# to 3.2# 
range of primary mixture
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TABLE DU Lino Wavelengths and Precision.

*• ««^ -^»w . «-m ' -> *-.«yA.>KMWO* WBS**4WW«**0NeM*

Spectral Line Precision
R 0 ($)

Al ^52.489 0

Ca 4425J& 4.4

Co 3453.505 7.1

Cr 3005.057 7.2

Cu 3273.962 10.6

Mn 4034.490 10.0

Hi 3003.629

7.0
Hi 3243.058

Ti 4305.916 20.5

v 3183.406 7-3

Sir 3391.975 8.3

Pd 3242.703 co



IntexTial Standard

It tos first decided to use Rd 3242 as internal standard line for 

all comparisons on Kodak SA I plates (2200-3500 2) end In 4511 for all 

comparisons on Kodak III-P plates (3500-4800 R). Later examination of 

the three high-range elements - calcium, manganese and titanium - plotted 

against both In 4511 and Rd 3242 shoved satisfactory graphs in either 

case. Thus., especially for the sake of computation convenience, Pd 3242 

vas henceforth used for all comparisons. 

Procedure

Samples of approximately 30 mg of the -150 wash materiel previously 

prepared for each specimen were neighed on a torsion balance and each 

portion mixed in a one-to-one ratio with the graphite-palladium internal 

standard mixture. Mixing was done in small agate carter a. Sy vetting 

the sample with acetone during mixing only a five-minute period was 

required to assure uniformity. Three electrodes were filled from each 

sample portion and burned to completion under the conditions indicated 

in Table VIII.

Calculation

An Applied Research densitometer was used to read the percentage 

light transmission of the analysis and internal standard lines from the 

photographic plates.

The basic theory for obtaining element concentrations from trans

mission readings can be easily followed in such references ns Ahrens and 

Taylor (1961) or Harvey (1950). Fundamentally, a curve, called a ‘working 

curve’, relating ppm to log Ia/Ie, where 1^ is the corrected intensity of 

the analysis line and Ig io the corrected intensity of the internal 

standard line, is prepared using the artificial standards. Thus, once
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a log I„/ly3 ratio io determined for any sample with an unknown concen

tration of the minor element, the concentration may be read from the 

previously prepared working curves for that els meat, provided that 

analysis parameters are constant in all cases.

An Intercom program prepared by D. M. Shaw for the Pencil:: G1?D 

digital computer obtains log I^/lE deteminations from transmission 

readings. Transmission readings from three successive steps for the 

analysis and internal standard lines together with a single reading of 

the ’background’ transmission opposite the strongest of the three 

successive readings ore required. From -these data the computer program 

arranges for computation of a quadratic polynomial expressing the cali

bration of a narrow segment of the photographic plate, and the subsequent 

calculation of the corrected intensity ration, log w

Working curves were prepared for all elements from the artificial 

standards, but it was later decided that for calcium a more realistic 

curve could be obtained using the values from the wet chemical analyses. 

Precision and Accuracy

An analysis of variance procedure was used for each element 

from the results of triplicate analyses for each sample. The components 

of the sum of squares of deviation expression (see Ch. 10 Dixon and Massey 

1957) were computed in logarithmic terms, on the Bondi:; computer and a 

2 
pooled variance 8$ obtained. The antilog, g, of the deviation per 

det amination (S = 8p//3 = log g) is then calculated. For a given 

concentration, e.g. 10 ppm, there is a 66$ probability that a repetition 

of the analysis trill give a value between 10 g end 10/g. C, the 

precision value expressed as percent, is calculated as follows:
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c (0) □ upper limit - lower Halt 
2 a: av. ppm x 100.

PreciDion is reported in Table IX.

Since no ultrabasic standard is available for comparison analysis, 

an attempt was made to estimate accuracy by analysing W-l (diabase 

standard). A comparison of the W-l analyses averages and the recommended 

averages is given in Table X.

TABLE X. W-l Spectrographic Comparisons. 
Recommended Averages from G.S.A. 
Bull. 1113.

Average of Analyses Recommended Av.
PPmPim ppa (x 0.80M

Co 77 62 51 (n.a.)

Cr 200 161 120

Cu 15k 12k 110

Un 1915 15ko 13k0

Ui 102 82 82

Ti 8370 67k© 7koo

V k6? 378 2k0

Zr 196 157 100

Without exception the W-l values, using the working curves 

established for an ultramafic matrix, ore high with respect to the 

recommended averages. Matrix effect is immediately suspected for at 

least a part of the deviation. A reduction by a factor of 0.80^ of all 

analyses averages brings nickel to 82 ppm - the recommended value - and

improves the correlation between the remainder. A reduction by such an

^log (W-l) - log (x) = a, where x is the obtained average ppm for 

nickel cud a is the reduction factor.
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arbitrary amount is perhaps not varrented in the absence of more concrete 

evidence, thus no alteration of the analyses has been made in future 

Tables or Figures.

A furtiier indication of accuracy was obtained by comparing wet 

chemical values with spectrographic values for common samples. Calcium, 

manganese end titanium values were obtained with both methods, but only 

manganese and titanium may be compared since the wet chemical values 

were used as standards for the calcium working curve. The comparison io 

presented in Table XI.

Assuming both methods to bo accurate, all points should lie on a 

straight line through the origin on a two-axis plot of spectrographic 

versus wet chemical values. Such graphs are presented in Figure 21. A 

reasonable linear correlation between methods exists for titanium but 

one of the methods for manganese determinations is apparently unreliable. 

J. Masson reports a maximum 0.01$ error in wet chemical MnO determinations 

(personal communication), thus the spectrographic method must be 

inaccurate.

Finally, four samples of basic to ultrobasic rocks from the Lac 

des Mille Lacs area, Ontario, previously analysed spectrographically by 

Watkinson (1963), vere partially reanalysed. The comparison is reported 

in Table XII.

Many of the reported values are within the precision range but 

others, such as chromium and vanadium for I 60-85, differ markedly.

Improvement in method and control are needed in the spectrographic 

analysis of ultramafic samples. In future, no attempt should be made to
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TABLE XI. Comparison of Spectrographic and Wet Chemical
Analyses of Manganese and Titanium. Wet Chem
ical Values Recalculated to ppm Metal.

Sample
Ho.

Spectrographic Wet Chemical
Mo. ppm Ti ppm Ma ppm Ti ppm

24-08 i860 3270 1390 5250

24-10 1560 2810 1390 .3870

24-13 2570 4150 1470 3900

24-18 1880 1270 1630 1570

24-23 1230 1100 1700 2020

24-25 1120 2550 1370 3370

24-28 1730 1020 2090 1650

24-33 1490 4010 1550 4940

24-35 2150 6130 1470 6150

25-03 2560 9830 1940 11400

25-12 3350 15060 i860 11000

25-15 2380 6000 1630 10570

25-17 2700 5740 1700 n4oo
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Figure 21. Correlation of spectrographic and 
chemical analyses of manganese 
and titanium.



TABLE XII. Comparison ’tilth Lac des Mill© Lacs Samples; M - I-iacBae, W - Watkinson.

Sample Un_____
Eo. M W

Ti C12 Co Ui Zr V
M W M W M W 1-1 W M VI M W M W

i 60-^5 1730 loco 5500 6700 101 43 587 1800 167 35 483 290

1 60-114 1290 970 7820 9200 65 57 90 70 318 360 1950 2050 85 46 523 470

w 65536 12 24 140 190 1260 1600 4920 4200 125 115

W 60543 42 20 200 130 1930 2100 7400 4700 81 43
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vary major and minor elements within one standard - the effects on 

volatilization and arc temperature of large variation of AlgChand CaO 

are significant. The artificial standards composed of oxide mixtures 

burned more rapidly and more violently than the silicate samples, thus 

some attempt should be made to obtain several silicate standards. The 

matrix used to establish working curves for the whole range of concen

tration of each element was of ultramafic composition. Separate 

standards of mafic and ultramafic composition should have been used.

At this point, certain conclusions may be drawn:

1. Precision is probably good enough to compare ultrsmafics 

one 'ri.th another.

2. Precision is probably good enough to compare mafics one 

with another.

3. These nay be systematic errors in each group of rock 

analyses.

U. These systematic errors are probably different. Hence, 

quantitative comparisons can be made but one must be cautious comparing 

ultramafics and mafics.

Results

A complete list of average spectrographic analyses for each sample 

is tabulated in Table XIII. Figures 22a and 22b are variation diagrams 

of element concentration versus height in the cross-section.

MAJOR CHBECAL CHEMISTRY

Thirteen camples representing major bands within the intrusion 

were analysed by wet chemical methods by J. Moye son, Rock Analyst at 

McMaster University. Portions of the previously crushed material were 

set aside for this purpose.
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Results., reported as oxide percentages# are tabulated la Table 

XIV and variation with height illustrated in Figures 23a and 23b• In 

order to obtain a sore complete picture of oxide variation# chemical 

compositions were calculated for those units which lacked wet chemical 

analyses. These calculations were bused on nodal analyses# making use 

of the determined minora! composition variations# and on spectrochemical 

analyses. A complete list of compositions# both analysed and calculated# 

is presented in the Appendix.

CORIffiLATi^^

Two major’ assumptions must be made prior to interpretation of data 

or comparisons to other similar intrusions. The first is that alteration 

of the primary mineralogy has been ioochenical with respect to the 

elements considered and the second that the spectrographic determinations 

are comparable from sample to sample.

Two-element orthogonal plots for various pairs of elements were 

constructed and are shown in Plate 4. Several conclusions may be dram 

from a brief examination of the diagrams. In the first place# a straight 

line relationship progressive from one rock group to another is most 

apparent for IJi-Cr and less so for Bi-Co and Ti-V. Secondly, the basal 

hornblende peridotite analyses invariably plot intemediateLbetveen 

pyroxenite and peridotite but closer to the latter group. Thirdly# one 

pyroxenite point usually lies within the peridotite group of points - 

this is the olivine pyroxenite of Unit 3.

More significant conclusions may be reached after a detailed study 

of the diagrams# while keeping in mind the limitations of the plots. Each 

point represents a whole-rock analysis# thus all minerals present wi]JL have 

a bearing on the location of the point. For peridotites# olivine and clino-



TABLE XIV. Major Element Analyses (Height Percent)

24-08 24-10 24-13 24-18 24-23 24-26 24-28 24-33 24-35 25-03 25-12 25-15 25-17

Si02 44.6 41.8 50.4 38.0 38.6 51.2 38.8 49-5 51-5 44.9 54.5 50.3 48.7s

TiOs .70 .49 •52 .21 •27 •45 .22 .65 .82 1.52 1.47 1.41 1.52
Al^o^ 6.04 3-97 4.21 2.00 2.02 3-03 1.68 4.23 5.06 13.6 13.0 13-5 13.0
Fes03 3.71 6.78 1.49 10.7 10.8 1.34 11.0 1.52 •53 3-8 3-7 3-2 2.2
FeO 9.73 6.29 7-99 4.81 4.73 6.62 5.01 8.96 9.02 14.6 12.1 11.4 13.0
MqO .18 .18 .19 .21 • 22 .17 • 27 .20 •19 •25 .24 .21 .22
MgO 20.6 27.0 16.0 30.8 30.1 17.1 30.2 14.9 12.9 7-1 2.0 5.0 6.5
CaO 7.92 5.50 16.3 2.87 3.27 18.2 1.97 16.6 16.3 -7-7 5-9 8.2 6.8
KagO •72 •52 •79 •05 .04 •39 .04 .63 1.65 2.2? 5.14 4.23 3-32
K2P .10 .02 •03 .01 .01 .00 .03 •03 .10 .52 ® 23 •15 •37
P2O5 -05 .02 .01 .01 .02 .01 .02 .00 .04 •07 .21 .0? .11
HgO+ 4.89 6.68 1.4? 9-32 8.79 1.30 9.4o 1.69 •95 3.00 1.38 2.26 3-51
HgO- •13 o2J •3-7 .51 •51 •17 .56 .18 .16 .20 .20 .16 .26
C02 .05 .09 •15 .06 .06 .01 .04 .75 •34 .07 •13 .12 .62
Iga 5.Q9 6.99 1.9 10.0 9.41 1.8 9-74 2.83 1-9 3-7 1.96 2.84 4.47

Total 99-4 99.6 99-7 99.6 99-4 100.0 99-2 99.9 99-8 99-6 100.2 100.3 100.1

Rock- 
type

hb.-
perid.

hb.- 
perid.

pxnt. perid. perid.> pxnt. perid. pamt. feld.
pxnt.

px-rich
gabbro

gabbro gabbro gabbro

Analyst: J. Euysson

^Repeated analysis: SiOg 48.9$
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pyroxene arc the major constituents and both are changing composition 

along their respective solid-solution series. Increases in amounts of 

one mineral, cay, olivine over clinopyroxene, may be correlated with 

noticeable changes or trends in the element correlation plots. Perido

tites may be assumed to consist of only clinopyroxene and olivine, the 

pyroxenites, of clinopyroxene with a gradual increase of plagioclase, 

and the gabbros, of plagioclase with on approximately equal amount of 

mafic silicates and fluctuating but significant quantities of opaques 

(oxides particularly).

From the Lia-Co plot of Plate kA, it can be concluded that 

peridotites have a slight enrichment in cobalt but that the remainder 

show little discrimination. Pyroxenites and gabbros have approximately 

equal concentration of cobalt. The distribution of cobalt is completely 

dependent on the number of octahedral sites occupied by magnesium and 

iron (Turekian 1963), hence some concentration in the early phases must 

be expected. Manganese, which has diadochic substitution of Mq+2 for 

Fe^ in a magma, shows greatest concentration in the magnetite-bearing 

samples.

■Une Ni-Cr plot of Plate 4b shows a general decrease in both 

elements from peridotite to pyroxenite to gabbro. A recent review of 

the Cr/ni ratio of both the Stillwater rocks and basalts in general by 

Turekian (1963) reveals that the process of fractional crystallisation 

of a basaltic magma docs not significantly change the Cr/Hi ratio. A 

plot of chromium versus nickel for world-wide basalts (p. 840, Turekian 

1963) gives an average Cr/Ni ratio of 1.29 end extremes of 0.46 and 4.25.

Using the average chromium and nickel values for the Skaergaard rocks
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(Wager and Mitchell 1951), Cr/Ui ratios from 1.2 to 1.9 ere obtained. The 

Centro Hill ratio of 3.6 apparently indicates a considerable depletion 

of nickel in the primary magma.

Plate Uc, the Ni-Co correlation diagram, supports conclusions 

made above, namely that cobalt decreases slightly from peridotite to 

gabbro-pyroxenite end that nickel decreases markedly toward gabbro. 

Both the Skaergaard (Wager and Mithcell 1951) and the Stillwater (Turekian 

1963) rocks exhibit the some trends.

A plot of nickel versus manganese (Plate Ud) shows good separation 

of the rock groups on the nickel scale and a wide range for all but 

pyroxenites on the manganese scale. The gabbro points, which orc roughly 

aligned along a nickel value of approximately 50 ppm, are of interest 

since those with lowest manganese are the stratigraphically lowest 

(southern-most) gabbros, the middle manganese group ore the stratigraph

ically highest (northern-most) gabbros, and the highest manganese group 

are the middle gabbros. The middle and late gabbros contain approximately 

0.5^ modal opaques of which most is magnetite. Apparently magnetite 

of the middle gabbros has a greater* concentration of manganese than that 

of the other gabbros.

Peridotites and pyroxenites are low in both titanium and vanadium 

(Plate Ue). Ilmenite is the major titanium-bearing mineral in magmatic 

rocks while vanadium, in the fora of V+$, commonly proxies for Fe"^ in 

magnetite. Ilmenomagnetite and its alteration products are identified 

in the gabbro thin sections, thus the gabbro plots are of special interest. 

Two groups of gabbro points appear in the diagram; the first group has 

high titanium and low vanadium while the second shows an enrichment of 

both titanium and vanadium along a linear trend including both pyroxenites



and peridotites. When echoIc numbers are affixed to the pointe it in 

noted that the first group includes the stratigr&phicolly lowest end 

highest gabbros. It is possible that optical study of polished sections 

of the gabbros would reveal more ilmenite in the middle layers than in 

other horizons.



CIASSIFICATIOn

ntEoiwe attempts have been Bade ■to isolate exclusive parameters 

•to distinguish between the two major types of gabbro-peiidotite com

plexes, the stratiform and alpine types* Ho single criterion has yet 

proven completely satisfactory. Criteria ere based on (1) orogenic 

environment, (ii) chemical composition of the parent magma, (iii) 

chemical and petrographic divisions within the intrusive body, and 

(iv) general form of the body.

SgJVfIFOBM Tgg

The stratiform type, classically exemplified by the Skaergaard, 

Stillwater and Bushveld complexes, typically has a lopolithic to 

inverted cone shape, a chilled margin with a narrow but apparent meta

morphic aureole, anil an upward succession from ultrabasic to gabbroic 

and even granitic rocks. Ccmpooitionolly, the border sone should be 

noritic. Dunite nay be the lowest ultrabasic rock type, but typically 

pyroxene predominates over olivine and the rock type would be peridotite. 

A pyroxenite layer is common between lower peridotite and upper gabbro. 

Reversals of the normal peridotite-pyroxenite-gabbro sequence along any 

complete cross-section are usual. The interhanded sone 'typical of the 

beginning of some sequences is traceable along strike for great 

distances.

Stratiform complexes, as the none implies, are layered. The 

conspicuous banding which is apparent ovei- much of each complex is
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termed ’rhythmic’ layering because of its rhythmic repetition. Variation 

in the relative percentages of more mafic and less mafic minerals are, 

of course, responsible for the layering. Cryptic layering, the gradual 

change in composition of the solid solution series of minerals, is an 

essential feature of stratiform complexes. Ingeous lamination, the 

planar orientation of lath-like crystals may or may not be apparent.

Hess (1938) added a compositional criterion for the recognition 

of stratiform bodies; after a detailed study of the Mg/Fe ratio of the 

different rock sequences of both major genetic types, he states:” It 

can be concluded that low ratios, below 6, are almost certainly not 

members of the primary ultramafic (alpine type) magma series’*.

The tectonic environment of stratiform plutons are commonly 

non-orogenic plateau areas.

ALPINE TYPE

A summary of alpine type characteristics becomes merely a list of 

negative statements directly opposed to the features of stratiform type 

intrusions. Lacking are a compositionally different border zone, any 

regular sequence of chemical or petrographic features and uninterrupted 

traceable petrographic horizons. Dunite rather than peridotite is the 

moot common ultramafic rock type, and chromite, which tends to be 

concentrated along a feu narrow horizons in a stratiform body, is more 

uniformly distributed in alpine bodies. Commonly, long and narrow sills 

in active orogenic belts are distinctive of alpine plutons.

CENTRE HILL CLASSIFICATION

The Centre Hill complex is, as stated earlier, merely a raised

section of a long sill, the exact length of which is unknown. Numerous



highly folded end vaulted sill segments occur in the immediate area and

a comprehensive structural study has yet -to be made.

Both lower and upper contacts show acme chilling of the intension 

and ■baking of the country rocks, and, although these effects have not 

been studied in detail, metamorphism appears to be low grade (greenschist 

facies) and fades out rapidly in a nearly equivalent regional metamorphism. 

She basal sone of hornblende peridotite, while not noritic in composition, 

is less mafic than the preceding ultramafic layers. The ton of the

Gabbroic Zone is a hornblende gabbro which is only slightly more mafic

than the preceding layers, and cannot be classed as a chilled margin.

Since a chilled margin should be direct evidence of the composition 

of the primary magma, a comparison of the basal hornblende peridotite 

composition and the calculated primary magma composition (see magma 

calculations in the folio-wing section) is shown in Table XV.

TABLE XV. Coamo sit ion of Basal Layer Compared with Primary 
Liquid and Derived Composition of ’Chill Zone*.

Calc. Primary
Magna

Basal Peridotite 
2^-08

70? i£gna + 30$ 
Olivine Fo 77.5

Si02 50.96 ^7*27 ^7.32
2102 1.10 .7^ •77
AlgO3 9.72 6.40 6.80
Fe203 k.07 3.93 2.85
FeO 10.90 10.31 15.61
1W .22 .19 .15
MgO 11.Ok 21.83 18.12
CaO 8.92 8.39 6.2k

HagO 2.79 .76 1-95
Kao .19 .10 .13
?2°5 .09 .05 .06
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A recent exaeriEen’b conducted at the GSC Ottawa Laboratories 

(Irvine, Personal Cornual cation) helps to explain the occurrence of 

olivine in a marginal phase. After placing a layer of fragments of 

various sizes of a homogeneous material in a cylinder containing oil, 

the plunger-bottom of the cylinder was slowly pushed upward. The coarse 

fragments were found to migrate to a center axis position of the cylinder 

with the finest fragaents toward the cylinder walla. The experiment was 

intended to simulate an intrusion of magma (liquid + crystals) into a 

chamber.

At Centro Hill the basal hornblende peridotite consists of very 

small and partially resorbed olivine crystals held within hornblende 

grains. Tile composition of the primary liquid should thus be represented 

by the hornblende peridotite composition minus a certain amount of 

olivine. A reasonably good approximation to the hornblende peridotite 

composition is obtained by adding 30 percent olivine F077.5 (composition 

of samples 2^-10 and 24-11) to 70 percent primary liquid (Table XV). 

Such differences as do exist may be results of migration of elements 

during metamorphism, or by early contamination by diffusion from the wall 

rocks.

As indicated in Figure 20, the mineral variation diagram, cryptic 

layering is present and rock type reversals, particularly in the Ultra

mafic Zone are common. The consistent trend in lithology, however, is 

from peridotite, rich in magnesium-olivine, to quartz-bearing gabbro.

In the Transition Zone a narrow but traceable sone of igneous 

lamination of feldspars at a reversal stage is one of the most striking 

petrographic features.
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It io hardly necessary that every discovered mafic-ultramafic 

complex mat fall in either one of the pure end-member groups, stratiform 

or alpine. However, it seems clear that the Centre Hill couples io 

very clone to a pure differentiated or stratiform type.

Satterly, in hi a Munro Township report (1951), colls the Centre 

Hill body a differentiated sill, but Taylor (1955) postulated a more 

complex origin and classification close to alpine type. Grubb (1?62) 

gave tile mafic and ultramafic rocks of this belt an undoubtedly alpine 

classification.

Taylor’s theory of origin and statements of classification were 

based, as were the author’s, on both chemical and petrographic data. 

Unfortunately, however, Taylor’s chemical data were calculated compositions 

using the Roslwsl analyses techniques. With no vet chemical analyses 

as guide and inadequate mineralogical work, sufficient errors were 

introduced such that no trace of cryptic layering was found.

Using Hess’ criterion of Mg/Fo ratio, Taylor obtained 12.4 for 

a aorpentinized dunite, 8.5 for a serpentinized peridotite, end 6.6 for 

a pyroxenite. The location of the specimens used for thio test is not 

known, but it is assumed they mot be in recta related in origin to the 

Centre Hill complex. At Centre Hill Mg/Fe ratios from peridotites give 

a range of 2.44 to 3*38, certainly lower than the maximum limit of 6 

suggested by Hess for stratiform type plutons.



DIFFERS JTIATIOW

Once the assumption of a closed system of magma is made, some 

workable theory of differentiation must be presented. Clearly, this 

theory must explain both chemical end physical features observed.

Hie primary chemical feature is the cryptic layering of olivine, 

pyroxene and plagioclase, while the principal physical features ore the 

general sequence from peridotite to pyroxenite to gabbro with frequent 

repetitions and sharp contacts of each band. Other points are 

significant, but these are the most striking. 

IECnAHISI-1 OP DMEESiTMOa 

Gravity Sinking

The sequence peridotite-pyroxenite-gabbro at once suggests the 

possibility of the operation of gravity to separate the minerals. Ho 

problem arises from the separation of plagioclase crystals from pyroxene 

or olivine in a moderatly viscous fluid since the specific gravity of 

plagioclase ranges from 2.61 to 2.76, that for pyroxene from 2.8 to 3.7, 

and for olivine from 3-2 to Ws- (Winehell and Winchell 1951)° She over

lap of specific gravities for olivine and pyroxene requires close 

examination.

Ac olivine and pyroxene crystallise from a magma, their compositions 

should gradually change from magnesium-rich toward iron-rich, assuming 

crystallisation in a closed system. Since the specific gravity of each 

mineral varies directly as the molar percentage of iron silicate contained
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in ths mineral cell, the specific gravity is know approximately once 

the composition is determined, or vice versa.

Coates (1936) gives an excellent explanation of rhythmic sanding 

effected simply by gravity. Both pyroxene end plagioclase, for example, 

will sink slowly to the floor of a chamber in which the magma is very 

slightly less dense than plagioclase. However, the rates of settling 

Trill differ somewhat, pyroxene settling faster than plagioclase. The 

sinking crystals mist displace an equal amount of fluid ns they settle, 

and the resultant slight upward current will tend to hold the less 

dense phase (plagioclase) off the chamber* floor. As the layer of sus

pended plagioclase crystals thickens, the openings through which pyroxene 

grains slip gradually close, co that pyroxene grains cover the feldspar 

layer, which settles into place on the chamber* floor ns the "vertical 

opposing currents lessen. 

Current Action

Simple gravity sinking of crystals explains the common upward 

sequence from peridotite -through pyroxenite to gabbro and even the small

scale layering contained therein. However, other physical phenomena 

are not so simply explained. Evidence of current action somewhere within 

each complex ia usually found. Wager and Boer (1939) found abundant flow 

structure in the Skaergaard reeks, from trough bonding to winnowed crystals 

and -thickened layers of heavy mineral concentrations at the edges of the 

chamber. With respect to the orientation of platey crystals of plagioclase, 

they state:

... direct sinking would produce little or no parallelism 
of the crystals owing to the feebleness of the orienting forces. 
On the other hand if -the magma were undergoing gentle flow 
there would bo on orienting force easily sufficient to lay out 
the minerals with their flat expanses parallel to the surface 
of the accumulating pile of crystals, and this direction would 
also be parallel to the direction of flow of the magma.
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The now classical theory outline! by Wager and Deer to explain the 

very evident effects of flow is widely accepted. Using the well-known 

fact that magma toad to crystallise from the edges inward, they reason 

that the top of the chamber will be the cost effective cooling area and 

thus the most efficient crystallisation zone. The crystal plus fluid 

phase which forms near the top of the chamber most have a density higher 

than -the underlying magma. (Hess suggests that the Stillwater magma had 

an original density of 2.65 g/cc at 1125°C.) For a time this upper zone 

will be partially supported, but as the crystal load grows the whole top 

layer will become unstable and sweep toward the side and bottom of the 

chamber. The downward movement of this mass must bo opposed by an upward 

currant near the center of -the chamber. Such convection currents are 

well suited to the shape of the Skaergaard chamber since the ideal con

taining cell for an operating convection current is one where the 

horizontal dimension only slightly exceeds the vertical (Hess i960). 

Variation of Magna Composition

Wager and Deer (Skaergaard complex), Hess (Stillwater complex) 

and Holl (Bushvold complex) assume that the initial magma for these 

three plutons was intruded into its present site in one major surge, 

and that thereafter* each system may be assumed closed to nil components 

except, perhaps, HgO, COg and Og, during the periodo of differentiation.

Large-scale oscillations in rock types can be explained by current 

movements in the case of a large chamber such as the Skaergaard. However, 

a sharp and major reversal from less mafic to more mafic composition for 

extensive and remarkably uniform layers is hard to explain by current 

action in thin tabular bodies. It seems inevitable that changes in the



Bo

composition of the crystallizing magma must bo responsible for the changes 

in rock types.

Tro methods of effecting such changes have been, suggested. Yoder 

(195^) has shown experimentally that the diopside«»anorthite eutectic is 

readily influenced by small alternations of the pUgO of the system. 

Volatiles periodically escaping from the system via fractures in the 

chamber walls could bring about mafic reversals in the crystallization 

zone. A more effective method io to simply introduce new material to 

the magma. Assimilation of wall rock is ineffective for ouch mafic 

reversals but addition of new magma, i.e. multiple injection from a 

basaltic reservoir, is a possibility heavily supported by Cooper (1936) 

and Lombard (1935)* Repeated surges of basaltic magma into the main 

chamber are thought by Irvine (Personal Communication) to be responsible 

for the major oscillations of rock sequences in the Muskox complex 

(northwest Territories). 

Mgra®^ 

iZachanicn of pj-fferentiation

Taylor contested the idea of gravity sanding for the Haileyburian 

ultramafic rocks because of the close similarity of density of diopside 

(3.33) end forsterite (3.32). Petrographic study of the Centra Hill 

rocks show that the olivine is not pure forsterite and the pyroxene is 

augite, not diopside.

Approximate specific gravities for both minerals are listed in 

Table XVI opposite each composition detexmination.

Quite obviously, the specific gravities of any contemporaneous 

olivine and pyroxene arc sufficiently different that gravity separation

of the minerals in a magma chamber is possible.
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SIBIL XVI. Specific Gravities of Olivines and pyroxenes.
Olivine Rtf: Beer, Howie, Zusanui (19^2) 

Vol. 1.
fyroxene Ref: Winchell and Winchell (1951) 

Assuming Constant Wo.

Sample 
Ho.

Olivine Clinopyroxene
Composition S.G. Composition S.G.

24^10 Fo 77*5 3*45

24-11 Fo 77*5 3»46

24-13 2a 44 Fo 06 3*3

24-15 3211 ^2 Fs 06 3*3

24-16 •° 74.5 3*47

24-21 3211 42 ^ 09 3*3

24-25 Fo 72.5 3*51

£4-25 Sa 41 ^° 10 3*31

24-30 Fo 75 3.47

24-31 Fo 69.5 3*53

24-32 Ea 4o ^/ll 3 *31

24-34 Fo 64.3 3,60

24-36 ^ 45 ^3 06

24-37 Fo 64 3*61

25-01 En 40 Fs 13 3*35

25-08 22 4o 7s 22 3*33

25-10 En 37 ^ 26 3*^0

25-16 21 38 Fo 26 3*4°
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With regard to the iioportan.ee of current action, the tabular 

shape of the Centre Hill sill makes the operation of large convection 

cello difficult. However, some current action must undoubtaoly have 

aided in the formation of the rocks, as evidenced by the planar 

orientation of feldspar crystals in the Transition Zone. In the gabbros 

above the Transition Zone tabular crystals have an apparently random 

orientation, thus current action during crystallization of the Gabbroic 

Zone may be assumed negligible.

The extensive repetition of the peridotite-pyroxenite cycle 

throughout the Ultramafic Zone coupled tri.th the fact that large-scale 

convection cells could not be operative lead to the conclusion that 

the differentiation was chemically controlled. Direct evidence for the 

addition of new material to the crystallization zone is absent. However, 

the reversals in composition of olivine from decreasing forsterite to an 

abrupt Increase in sample 2^-30, and of clinopyroxene from increasing 

ferrosilite to a similarly abrupt decrease in sample 2^-36 are good 

points of indirect evidence.

The composition of the added material need not be different from 

that of the original primary injection. If the new injections are not 

large or frequent the dilution effect of the main magma will still 

allow cryptic layering in the crystallized products.

The trend of differentiation of the Centre Hill complex can be 

attributed to two main phenomena; firstly, the continuous action of 

gravity on the crystallizing components, and secondly, the periodic 

resurgence of basaltic material into the chamber of crystallization. The

noted occurrences of rhythmic layering - a gravity effect - and critic

iioportan.ee
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layering - an effect of crystal fractionation - are thus readily 

explainable, tilth the need to introduce mild current action only to 

explain the igneous lamination of the Transition Zone.

The lack of anorthositic, or more acidic, dikes indicates that 

•there has been little expulsion of late residual material. 

Crystallization Trend

Assuming crystal formation at the top of the chamber and 

solidification from the bottom upward, it is difficult to interpret, in 

particular’, the tread of quartz in the mineral variation diagram of 

Figure EO. The suggestion of partial solidification from the top of the 

chamber downward is immediately obvious and must be tested.

It is significant that the Hi-Ito and Ti-V correlation diagrams 

of Plate 4 show grouping of both stratigraphically highest cad lowest 

gabbros but divergence of the middle gabbros. Further evidence is 

available from the triangular FeO-MgO-(KgO + FagO) plot showing the 

positions of whole-rock analyses (Figure E's). Gampie 25-12, a middle 

gabbro, is furthest along a tholeiitic trend, the three other’ gabbro 

points showing less extreme differentiation.-

The middle of the Gabbroic Zone can, apparently, be taken as 

the last crystallized section of the Centre Hill complex. Solidification 

from the top downward probably did not commence until the chamber 

narrowed to such on extent that the circulating currents (evidenced by 

igneous lamination in the Transition Zone) had ceased. 

COMPOSITION OF SUCCESSIVE MAGMAS

For ease of calculation, and from lack of knowledge concerning 

the dimensions of the original sill, measured thickness (i.e. true
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Figure 2^ Trend of Centre Hill rocks on FeO-MgO-total
alkali diagram.
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thickness) of layers la assumed directly proportional to volume. With 

the further assumption of no squeezing out of any residuum, the composi

tion of the last ’liquid’ or magma must be completely equivalent to the 

composition of the last-formed rock. The second-last magma will have 

a composition equivalent to the composition of the last formed rock 

multiplied by its thickness plus the composition of the second-last 

formed rock multiplied by its thickness, oil recalculated to 100 percent. 

Successive liquids can ba calculated similarly until the whole intrusion 

section lias been accounted for.

Successive magma compositions ore summarized in Table XVII with 

respective novas, as weight percents, listed in Tabic XVIII. The 

various steps of successive magma calculations are detailed in the 

Appendix.

Sample 25-12 is the most acidic member of the gabbro group and 

appears to represent the last crystallized phase. The remaining gabbros 

fora a fairly homogeneous unit. Hence, the second-last magma accounts 

for the whole Gabbroic Zone. The two 3“fcot peridotite layers, Units 

10 and 12, have been combined with Unit 8 for case of calculation. For 

those units where chemical analyses were not available, compositions 

wore calculated on the basis of mineralogical and spectrographic data.

Figure 25 shows the liquid trend of Centro Hill magoas on a 

MgO-FeO-(Ua2O +K2O) diagram.

VOLATjD^^

Autometasomatism of differentiating basaltic magmas is a popular 

theory of many petrologists. She amount of water required in such a

process to serpentinize completely or nearly completely large amounts



TABLE XVII. Composition of Successive Magnas.

Final 
Usgas

Ik^

Magma
13to 
lingua

is^ nth
Magma Magna

10*h
Magna

9 th 
Magna

8th 
Magma

SiOg 55.3k 53-79 52.92 52.87 52.k6 52.k6 52.29 52.01
TiOg 1.1*9 l.k9 1.50 1.50 l.kk l.k2 1.3k 1.31
AlcO^ 13.20 13.ko 13.k9 13.k9 13.11 12.87 11.9k II.63
Fe203 3.76 3.kk 3.50 3.52 3.63 3.5k 3.33 3.63
FeO 12.29 12.32 12.66 12.70 12.8k 12.73 12.35 12.13
M10 .2k .23 .23 .23 .23 .23 • 23 .23
MgO 2.03 3-k3 3.91 3.86 k.55 k.81 5.95 6.83
CaO 5.99 6.72 6.87 7.06 7.25 7.5k 8.57 8.37
NagO 5.22 k.78 k.k9 k.35 k.07 3-99 3.63 3-52
KgO .23 .23 .27 o25 <28 .23 .25 .2k
?2°5 .21 •17 .16 .15 .Ik .13 .12 .12

7th 6 th TJ’uh 3rd 2nd Primary
MftgSMk Karsca Magma Magm Magma Magna Magma

Sio2 52.01 51.5k 51.51 51.30 51.19 51.21 50.95
TiOg 1.27 1.21 1.21 1.18 1.17 1.13 1.10
ai203 11.23 10.7k IO.67 10.k8 10.33 9.95 9.72
F®P$3 3.51 3.93 3.96 k.lk k.13 3.97 k.O7
FeO 11.88 11.52 11.k8 11.3k 11.23 11.0k 10.90
MaO • 23 • 23 • 23 .23 .23 •23 .22
MgO 7.31 8.77 8.83 9.k2 9.87 10.27 11.0k
CaO 8.8k 8.55 8.63 8.50 8.51 9.02 8.92
NagO 3-37 3.19 3.17 3.10 3.03 2.90 2.79
KgO .22 .22 .21 .21 .20 .19
P2O5 .11 .LI .11 .10 .10 .10 .09



TAELE XVXXI* Koroativc Mineralogy of Successive Magmas (Uei^it Percent)

Primary 2nd 3rd 4th 5th 6th 7th 8th
Magma Ln^jiiCs 121322. Magma Magma Magna 122^523 Ma-gsa

Quartz ex 0.26 0.36

Orthoclase 1.12 1.18 1.2k 1.24 1.30 1.30 1.36 1.42

Mbits 23.60 24.53 25.6k 26.23 26.81 25.97 28.51 29.78

Anorthite 13.44 13.54 13.97 14.05 14.23 14.33 14.84 15.23
Diopside 16.55 16.25 14.45 14.10 13.83 13.60 12.80 11.12
Hypersthene 8.00 8.62 8.05 8.33 8.94 8.85 10.57 10.01
Enstatite 15.77 15.15 15.42 15.13 14.50 14.54 12.27 11.85

Ferrosilite 8.74 9.22 9.85 10.25 10.71 10.85 11.63 12.23
Forsterite 2.8k 2.02 1.72 1.25 0.74 0.69 « vx

Fayalite 1.7k 1-35 1.21 0.93 0.60 0.57

Magnetite 5.90 5’75 5.99 6.00 5.74 5-77 5.09 5.23
Ilmenite 2.09 2.15 2.22 2.2k 2.30 2.30 2.41 2.49

Apatite ex 0.23 0.23 0.23 0.26 0.25 0.25 0.28

ibth lite 12th 13th 14th Sinai
Mag^a L^jzn MBgBWl Mangai Magma Magna Magma

Quarts 0.75 1.1k 1.23 1.5k 1.05 1.84 4.43
Orthoclase 1.48 1.65 1.65 1.54 1.6o 1.36 1.38
Albite 30.72 33’76 34.43 36.81 37.99 40.44 44.15
Anorthite 15.55 16.38 16.68 16.52 15.86 14.43 11.90
Diopside 10.53 7.21 6.35 5.56 5.50 5-37 3.53
Hypersthene 11.28 9.73 9.11 9.26 9.02 9.72 10.60

Enstatite 9.89 8.63 3.39 7.04 7.19 6.05 3.42

Ferrosilite 12.15 13.36 13.79 13.44 13.51 12.58 11.81

Forsterite — «# ci ex ex •=» w

Fayalite «

Magnetite 4.83 5.13 5.26 5.10 5.07 4.99 5.45
Zinenite 2.55 2.70 2.73 2.85 2.85 2.83 2.83
Apatite 0.23 0.30 0.32 0.35 0.37 0.39 0.49

c?
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Figure 25* Successive magma trend plotted on MgO-FeO-total 
alkali diagram. Solid line - Centre Hill and 
first and last magma points shown. Dotted line - 
Skaergaard and first, fourth and seventh shown.
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of olivine is exceedingly great. To propose that such volumes of -water 

could be indigenous is, in most cases, out of the question.

It must be remembered that the best indicators of a magma’s 

-water content are the primary minerals -which it precipitates. A -water- 

rich basaltic magma would begin crystallising hornblende early, 

interstitial hornblende appearing in peridotites end pyroxenite, and 

primary hornblende crystals in gabbro. Most excess water would bo 

used up in this manner, leaving little at any stage for autometasomatiBm. 

If the same magma were, for some -theoretical reason, to crystallize 

olivine, pyroxene and plagioclase end not hornblende, it -would undergo 

second boiling and lose the water before it cooled to temperatures where 

autometasomatism would occur.

At Centre Hill the remnant red-brown hornblende of the Basal 

Zone and the euhedral to subhedral light green hornblende of the 

Gabbroic Zone are considered to be primary magmatic phases. Ko inter

stitial hornblende occurs in the pyroxenites with the exception of a 

slight residual of rod-brown hornblende in the first unit above the 

Basal Zone. The basal hornblende indicates a slightly water-rich 

magma, but apparently the excess water was quickly used up since normal 

pyroxenc-olivine-plagioclase mineralogy is assumed above the Basal Zone. 

The hornblende gabbros do not fora continuous layers in the Gabbroic 

Zone, but are rather elongate lenses at various horizons. Possibly 

these occurrences represent pockets in -which the water content was high. 

Discussion of aiw-EiriAsion treud

The primary nagau compositions for Centre Hill, Stillwater,

Bushveld and Skaergaord are shown in Table EE. The notable differences



90

TABLE US. Composition of Primary Ma^ia of Stratiform Complexes. 
A,B: Green and Poldervaart, 1955; C: Wager and Baer, 
1939-

A
Stillwater

B 
Buehveld

c
Skaergaard Centro hill

S1O2 50.9 52.0 U7.92 50.96

TlOg 0.5 0.8 1-35 1.10
AlpOq 
^2°3 
FeO

17-7 15.5 18.86 9.72
0.3
10.0

1.9
8.0

1.18
3.66

4.07

10.90
MaO 0.2 0.2 0.10 0.22
ISO 7-7 8.5 7.82 11.^

CaO 10.5 10.6 10. k6 8.92

NagO 1.9 1.8 2UA 2.79
KaO 0.2 0.6 0.18 0.19
^2°5 0.1 0.1 0.07 0.09

(Meh MgO and low AlgO^) in the Centre hill magma are not likely to be 

metasamatic effect a from serpentinizing fluids. According to Yoder and 

Tilley (1962)5 a rock of ouch composition and normative mineralogy as 

noted in Table XVIII, would bo classified no an olivine -tholeiite.

The equilibrium diagram of the system FeO-MgO-SiOg (Figure 25) 

can be used to roughly outline ‘the course of crystallisation. From a 

primary magma point ’x* a fractional crystallization trend would inter

sect the pyroxene field at ’y*. Instead of following the curve ’KL*, as 

in non-fracticnol processes, the liquid crosses the pyroxene field in a 

curved path (with continual separation Of pyroxene of changing composi

tion) to the pyroxene-silica boundary- Federate fractional cryst sillcation, 

us at Centre Hill, will conntonly result in complete solidification when 

the liquid reaches a point between ’G* and ’1’, but for strong fraction

ation, as for the Skaergaard liquid, the curve io followed to the 

reappearance of iron-rich olivine. The high temperature pyroxene to 

fom under such magmatic conditions will be clinopyroxene, absolution
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Figure 26, Moderately fractionated crystallization course 
similar to Centre Hill magma.
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or complete conversion to on orthorhombic fora at lower temperatures is 

common in stratiform deposits, but such did not happen at Centre Hill*

It io possible for clinopyroxene to be the reaction product of 

olivine by taking the ’normal’ orthopyroxene reaction product into 

solid solution (Schairer and Yoder 1961-62), but excessively large 27 

orgies should indicate the amount of orthopyroxeae in solid solution. 

The Centre Hill clinopyroxenes do not show unusually large 27’s.

A comparison of the differentiation trend under normal fractional 

crystallisation and the projected appreciate trend of the Centre Hill 

magma is shown in Figure 27. The pressure licitation of the triangular 

diagram is one atmosphere., and the compositional limitation is the Luck 

of iron-silicates.

Changing composition of the magma due to resurging basaltic 

material caused oscillations across the olivine-pyroxene boundary, 

resulting in such phenomena as the two 3-foot-vide peridotite bands. 

Units 10 and 12* At a later stage of differentiation additional 

resurgence caused the oscillations mirrored by the interbanded gabbro

of the Transition Zone.
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Figure 27. Llquidus diagram of system Di-Fo-SiOg (after 
Schairer and Yoder 1961-62). Dashed line - 
normal fractional crystallization trend. 
Solid line - approximate Centre Hill trend.



Ol&GXu 01? BASALT I2\G2 A

Prompted by laboratory observations on eclogites^ Yoder and 

Tilley (1962) swages* that the two main types of basalt magma are 

fomod from the differentiation of eclogites in the gentle. Segregation 

of the garnet phase will produce a tholeiite-type liquid while segrega

tion of omphacite components would yield a liquid, at high pressure 

(i.e. from greater depth), which would prodi’.ce an alkali-type magma at 

the surface.

Assuming that the upper mantle has a top layer of peridotite, 

as evidenced by inclusions of peridotite within basalt flows, Kushiro 

and Kuno (1963) propose that all basalt magmas can be formed by partial 

melting of the upper mantle. Uith only 2 to 9 percent partial melting 

basalt compositions can be obtained end the residual retains the 

composition of peridotite. At shallow depth within the mantle a local 

supply of heat may cause the incongruent melting of orthopyroxene, 

resulting in the development of tholeiitic basalt magma. The obvious 

difficulty in such a process is the derivation of sufficient heat to 

cause revolting and fusion. Mechanisms of severe crustal down-warping 

so as to produce loir pressure sones and the development of mantle 

convection colls have been proposed with some success.

Whatever the mechanism, it must bo concluded that only partial 

melting of a sub-crustal rock layer can yield manias of basalt 

composition.



CONCLUSIONS

Field examination of the Centre Hill complex suggests a theory 

of origin by in situ differentiation of a ‘basaltic aagsa. Petrologic 

study confirms this idea, thus tentatively establishing a classification 

for at least one sill of the Abitibi Peridotite Belt.

The history of the complex may be summarised as follows:

a. Major intrusion of a basaltic magma, containing slightly more 

water than ordinary, along a rhyolite-basalt contact. The magma, even 

during the period of intrusion, was crystallising olivine, as indicated 

by its content in the narrow basal or 'chill’ layer. Excess water was 

quickly used by the crystallisation of hornblende rather then pyroxene 

in the Basal Zone.

b. Normal fractional crystallisation of the magma was periodically 

interrupted by minor injections of fresh basaltic materiel. Each new 

injection io recorded in the accumulated rocks by a reversal to more 

mafic from less mafic mineralogy.

c. Crystallisation took place mainly at the roof of the sill and 

gravity acted to produce rhythmic layering in the solidifying products on 

the chamber’ floor. Solidification from the top downward did not take place 

until the Last stages of differentiation.

d. Serpentinization and tremolitization of the intrusive rocks 

took place well after the rocks had solidified. Serpentinization, in 

particular, took place along fractures, decreasing in intensity into the 

sill. The serpentinizing fluids may have come from a nearby Algoman 

granodiorite plug.
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A inajor conclusion is that a successful case for stratiform

classification has been made on the basis of only one cross-section of

the sill.
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TABLE A-l. Chemical CongpoEitionc of Centre Hill Recko Recalculated to 100 Percent,
Excluding HgO, COg, Ign. Eunibers Profiled by U Indicate Calculated
Analyses for Respective Unit Uuator.

fi4-o8 24-10 2i—X3 u-3 24-18 u-5 24-23 24-26 24-28 24-33 U-10

sio2 
TIC"

A12O3 
FegOo 
FcO
MnO
MgO 
CaO 
NagO 
Keo

47*27 45.16 50.95 46.43 42.38 51.72 42.85 51.97 43.48 50.91 43.14
.74 -53 - 53 .47 . 23 . 50 . 30 .46 .25 .68 .33

6.4o 4.29 4.2a 3.65 2.23 3.69 2.24 3.08 1.88 4.35 1.95
3*93 7.32 1.51 3.96 11.93 1-44 II.99 1.36 12.33 1.56 12.23

10.31 6.79 8.03 6.26 5.36 7.U 5.25 6.72 5.61 9.22 5.39
.19 .19 .19 .19 .23 .13 .24 .17 -3 0 .20 .29

21.83 29.17 16.17 29.73 34.35 16.85 33-41 17.36 33.E4 15-32 33.35
8.39 5.94 16.48 8.82 3.20 17.56 3.63 18.43 2.21 17.07 3.22
.76 .56 .80 .37 .05 .60 .04 .39 .04 .65 .o4

.10 .02 .03 .05 .01 .02 .01 .00 .03 .03 .03

.05 .02 .01 .02 .01 .01 .02 .01 .02 .00 .02

24-35 u-12 u-13 U-14 25-08 25-12 25-15 25-17

S102 
TiO?

FeO 
MnO 
1^0 
CaO 
NagO 
KgO 
^2^5

52.49 42.95 49.56 52.52 46.6o 55.34 51-46 50.87

.84 .33 .99 1.50 1.58 1.49 1.44 1.59
5.16 1.94 10.46 13.51 14.12 13.20 13.81 13.58
.54 12.18 4.41 3-70 3.94 3.76 3.27 2.30

9.19 5.37 13.77 13-01 15.15 12.29 11-66 13.58
.19 .28 .26 .19 .26 .24 .21 .23

13.15 33-21 9.36 3.50 7-37 2.03 5-12 6.79
16.61 3.65 8.59 8.50 7-99 5.99 8.39 7-10
1.68 .04 2.09 3.30 2.38 5.22 4.38 3.47
.10 .03 .44 .13 .54 .23 .15 - 39
.04 .02 .06 .09 .07 .21 .09 .11



TABLE A-2. Calculation of Successive Tiagoas. Each Unit Width Represented as 
Percentage of Anole Width* Prefix U Indicates Calculated Analysis 
for Represented Unit. Units 10 and 12 Combined with. Sample 24-23.

27 £ 15th 6^ 10.4,5 43.4^ 14th 6 49.47, 13th 6.4 9, 55.85 s “12th
25-12 w^ 25-17 25-15 magca 25-06 ri3®za u-14 nagLX

Si02 14.942 55.34 3.052 5.352 23.346 53.79 2.796 2o«1^2 52.92 3.361 29.503 52.67
Ti02 .402 1.49 .095 .150 .647 1.49 .095 .742 1.50 .096 .838 1.50
AlpOo 3-564 13.20 .815 1.436 5.815 13.40 .847 6.662 13.49 .665 7.527 13.69
Fe203 1.015 3.76 .138 •34o 1.493 3.44 .236 1.729 3.50 .237 1.966 3.52
FeO 3.318 12.29 .815 1.213 5-346 12.32 •909 6.255 12.66 .833 7.088 12.70
I5a0 - .065 • 2^ .014 .022 .look .23 .016 .116 .23 .012 .123
^0 .543 2.03 .407 .533 1.488 3.43 .442 1.930 3.91 .224 2.154 3.86
CaO 1.617 5.99 .426 .873 2.916 6.72 .4-79 3.395 6.87 .544 3.939 TeGO
RagO 1.4o9 5.22 .203 .456 2.073 4.78 .143 2.2159 4.49 • 211 2.427 4.35
Kgo .062 .23 .023 .016 .101 .23 .032 .134 .27 .012 .145 • Co
F2°5 .057 .21 .007 .009 .073 .17 .oo4 .077 .16 .006 .083 •15

63-8 $ 11th 2 2 65.8;; 10th 8 ^ 73.87’ 9th 2.4 ;, 76.25 Utt
U-13 WJM. ^-35 magma 24-33 ms®na 24-28 magca

SxOg 3.965 33.468 52.46 1.050 34.518 52.47 4.073 38.590 52.29 1.042 39.633 52.01
*?i02 .079 .917 1.44 .017 .934 1.42 .054 .988 1.34 .006 •995 1.31
Al^ .837 8.363 13.11 .103 S.467 12.87 .348 8.815 11.94 .045 G083O 11.63
FepO- •353 2.319 3.63 .011 2.330 3.54 .125 2.455 3.33 .296 2.750 3.61
FeO 1.102 8.169 12.84 .184 8-373 12.73 .738 9.111 12.35 .134 9.244 12.13
inO .021 .149 .004 .153 .23 .016 .169 •23 .007 .176 .23
J£0 .749 2.903 4.55 *263 3.166 4.81 1.226 4.392 5.95 .810 5.202 6.83

CaO .687 4.627 7.25 .332 4.959 7.54 1.366 6.324 8.57 • 057 6.381 8.37

Ha2° .167 2.5>4 4.67 .034 2.628 3.29 .052 2.680 3.63 .001 2.681 O CQ

KsO .035 .180 .28 .002 .182 .28 .002 • 185 •25 .001 .185

*205 .005 .038 .14 .001 .083 .13 - .088 .12 .089 .12



iAlU£ A*2» Cslculiitiou of Successive I-jagDsas (Continued).

V 2 £4—26 79-91b 7th 4.7 * 
24-23

“W3 £ 6th 0.7/1

magma U-5
85.3 $ 5th

magoa
2 2 87.3 $ 

24-18
4th

SBgma

8102 
TiOg 
^3 
i?o2°3 
FoO 
laO 
1’30 
CaO 
^ 

PoOj

1-923 
.017
.114

.050 

.249

.006 

.64-2 

.684

.014
«*
w

41.556 52.01

1.012 1.27
8.974 11-23
2.801 3.51
9-493 11.83
.182 .23

5.844 7.31
7.065 8.64
2.695 3-37
.185 .23
.069 .11

2.014 
.014 

.105 
•564 
.247 
.011

1.57 
.171 
.002 
.001 
.001

43.570 
1.025 

9.079 
3.364
9.740
.194 

7-414 
7.236 
2.637
.186

•090

51.54 .362
1.21 .004
10.74 .025
3.98 .010

11.52 .052
.23 .001

8.77 .118
8.56 .123
3.19 .004

.11

43.932

1.029
9-105 
3.374 
9-792
.195

7.532 
7-359 
2.701
.186

.090

51.51 
1.21 

IO.67
3.96

11.48

.23 
3.83 
8.63 

3.17

.898 44.779

.005 1.034

.045 9.150

.239 3.613

.107 9.899

.005 .200

.667 8.219

.o64 7.423

.001 2.702
.185

.090

51.30
1.13
10.43
4.14
11.34

.23
9 As
8.50
3.10

.10
89.3 3rd

magma

-6^'

24-13
95.3 $ Sid 

.’Haglia
4.7 $ 

A-o3, 10
100 £ Primry

S102 
TiC2 
AlpOo 
Fc2°3 
FeO 
1'310 
1^0 
CaO 
I?a20 
KgO 
-2°5

.009 
-073 
-079 
.125 
.oo4 

-595 
.176

.007 

.001
«•

45.708
1.043 

9.223
3.692

10.024

.203 
8.814 

7-599 
2.710
.187 

.091

51.19 
1.17
10.33 
4.13

11.23
.23 

9.37 
8.51 

3.03
.21
.10

3-057 
.032 
.256 
.091 
.485 

.011 
•970 
.989 
.0-48 

.002 

.001

48.765 

1.075 
9.478 
3.783

10.509
.215 

9.784 
8.588 
2.758
.189 

.091

51.21
1.13
9.95
3.97

11.04

.23
10.27
9.02
2.90 
.20 
.10

2.158 

.029 

.233 

.285 

•379 
.00?

1.^*6 

.321 

.030 

.002 

.001

50.923
1.104
9.716
4.069
10.883

.224
11.030
8.909
2.787 
.191 
.093

50.96 
1.10
9.72
4.07

10.90 
.22

11.04
8.92 

2.79
.19 
.0?

M 
O 
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