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ABSTRACT 

Ultramafic Nodules fram Ile Bizard, Québec 

by 

Michael Marchand 

Dept. of Geological Sciences 

Master of Science Thesis 

The Ile Bizard kimberlite, located near MOntreal Canada 

contains numeraus ultramafic nodules which are mainly websterites 

and lh~rzolites, thaugh a few amphibole-bearing nodules and a 

dunite nodule have been found. The lherzolites show evidence of 

cooling fram an assemblage of aluminous pyroxenes and olivine /' 

by the following reactionsl 

1) aluminous enstatite + olivine = spinel + enstatite 

2) aluminous pyroxenes + spinel = pyrope + olivine 

The aluminum content of the enstatite indicates a temperature 

of appraximately 10500 C and a pressure of 20 Kb for reaction (2) 

in a pyrolite upper mantle. This reaction has been balanced 

and is shawn to be divariant. Since the reaction has not gone 

to completion the nodules must have been ejected ta the surface 

fram these conditions., Adia'piric rise of pyrolite ta the 60 km. 

area of the mantle with subsequent magma segregation produced the 

websterites as currrulates and the lherzolites as residue. The 

heat produced by this event caused a slight amount of partial 

melting in the underlying material, fram which the kimberlite 

magma was formed. 
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Introduotion 

The Ile Bizard kimberlite, whioh is situated in the 

Monteregian provinoe about 15 km. west of the oit y of MOntreal 

(Fig. 1), oontains numerous ultramafio nodules. This thesis 

presents a desoription of the kimberlite and analyses of phenoorysts 

and of the co-existing mineraIs in a variety of these nodules, 

whioh provide the basis for intarpretation of their oonditions 

of origin in the mantle and of the history of development 

of this kimberlite intrusion. 

The relation of the Ile Bizard kimberlite to the other 

MOnteregian Intrusives is illustrated in Figure 1. The 

kimberlite is situated olose to the Oka oarbonatite oomplex 

and lies in an area of alnoite, alnoite breooia and diatreme 

breooia intrusions (Clark, 1952). As seen in Figure 1, the 

intrusions of the MOnteregian provinoe lie along fault trends and 

seem to be direotly related to them. A oomplete desoription 

of the Monteregian provinoe is available in Philpotts (1970) 

and Gold (1967). 

The rocks at this kimberlite ooourenoe have been mdntioned 

only three times previously. In 1910 Harvie mentioned the 

outorop looation in his artiole on the breooias of the MOntreal 

region. In 1935 Grimes-Graeme wrote a thesis on the intrusive 

brecoias in the Montreal distriot in whioh he desoribed the 

kimberlite but saw nothing of special signifioanoe in it. 

1 



Figure 1 

Map of the Monteregian Province 

1. Chathàm-Grenville * 
2. Rigaud ,. 
J. Carillon 

4. Ile Cadieux 

5. Oka 

6. st. Monique 

7. Ile Bizard 

8. st. Dorothée 

9. Visitation Island 

10. Mount Royal 

11. St. Helen's Island 

12. Mount Bruno 

13. st. Hilaire 

14. Iberville Intrusion 

15. Mount Johnson 

16. Rougemont 

17. Yamaska 

18. Brome 

19. Shefford 

Diagram from Philpotts (1970) 

* This intrusion is not part cf the Monteregian province, which 

is of Cretaceous age, but is of Cambrian age and may be 

related to the tectonic activity along the St. Lawrence graben 

(Doig & Ba!"tonj 1968) .. 
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Clark (1952) mentioned the occurence in bis work on the 

MOntreal area. None of these investigators recognized 

it as kimberlite or noticed the ultramafic nodules. However, 

in 1966 N.H. Gray and associates recognized the outcrop as 

kimberlite and staked the ground. Subsequently Southern 

Exploration and Development acquired the ground and DeBeers 

optioned it, drilling several shallow holes and shipping 

a bulk sample back to South Af'rioa. The milling of this sample 

revealed several minute diamonds (Walters, 1969 J Surette, 1969) 

which were thought to be possibly due to contamination by 

previous samples in the milling system. 

THE ILE BIZARD KIMBERLITE 

Description and Mineralogy 

The Ile Bizard kirnberlite breccia occurs as a fissure 

intrusion (Fig. 2) extending for 6Om. southward from an oval 

outcrop through the surrounding Beelonantown dolostone to a prominent 

bill of diatreme breccia that contains no igneous matrix or 

ultramafic nodules. The kirnberlite is a very heterogeneous 

rock due to the variations in the numbers of xenoliths 

and in the mineralogy of the igneous matrix. The oval 

outcrop bas an area of very fresh igneous matrix which is iree of 

inclusions exaepting for the ultramafic nodules which oceur 

there in abundance. These features along with the distinctly 

4 
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oval shape suggest that this outcrop May be the surface 

expression of a pipe which fed the fissure. 

The rock is quite variable in appearance due to its 

inhomogenei~. In places it consists mainly of the igneous 

~trix which is very fine-grained, light pinkish-grey in colour, 

and exhibits numerous lusterous cleavage flakes of pr~ûgopite. 

In other places the rock consists of numerous white and green 

fragments in a light-grey very fine-grained igneous matrix 

(Fig. J). These.fragments forming the breccia consist of shale, 

lime stone, quartzite and 'Grenv~lle rocks' and they show 

all stages of alteration, the products of which commonly 

form concentric zones. Even the ver,y angular fragments which 

have been substantially altered retain their shapes. 

One inclusion about 25 mm. wide consists of coarse grained 

calcite, fine grained phlogopite, and zoned, in shades of 

dark brown to berlin blue, subhedral melilite. The coarse

grained nature of the melilite indicates that a substantial 

thermal metamorphism took place which is further substantiated 

by the presence of a zone of contact metamorphism at the 

intrusion's edge. 

Lar~ brown pleochroic phlogopite megacrysts are common 

as are Magnetite megacrysts ( up to 6 mm. in diameter) which 

6 
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Fi[!ure J. T:vpical kimberlite b1"eccia showin?" a 

variety of count1",'f rock inclusions and 

or.e ultramafic nodule. (center left) 

7 



occur as bright lusterous crystals with concho1dal fractures. 

An analys1s of one such magnet1te crystal (Table 1) shows 

1t to be magnes1um r1ch, whereas ldmberlites normally 

contain magne sium rich ilmenites (Lovering & Widdowson, 1968). 

Less commonly black lusterous homogeneous augite crystals 

(Table 1) are found up to 3 cm. long. Serpentinized olivine 

megacrysts are common throughout. One nodule contains a 

phlogopite megacryst poikilitically enclosing the augite 

megacrysts and serpentinized olivine. The presence of 

these three megacrysts in a single nodule Slows that they 

were crystall1z1ng s1multaneously from the magma. 

The igneous matrix 1s heterogeneous due to sympathetic 

variations in the amount of ~alc1te and hydrogarnet. The 

fresh rock from the oval outcrop contains essent1ally 

no calcite whereas in other places calcite forms up to 

25 per cent of the matrix. The very fine-grained groundmass 

which forms the major part of the matrix consists of brown 

translucent masses which x-ray diffraction patterns indicate 

are a mixture of hydrogarnet and serpentine. An electron 

probe analysis vas done on an area of the matrix judged to 

be homogeneous (Table 2, No. 4) and therefore representative 

of the final crystallizat10n product of the magma. The 

difference of 9.3 per cent from 100 per cent may be ascribed 

8 
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Si02 

Ti 02 

Al20) 

Fe20) 

FeO 

MnO 

MgO 

CaO 

1 

8.04 

77.4) * 
0.08 

91.86 

Table 1 

Analyses of Megaorysts 
2 

8.04 

1.)6 

50.)1 + 

)0.59 

0.08 

95.)1 

+ Fe20) caloulated by method of Anderson (1968) 

* Total Fe as FeO 

struotural Formulae 

Si 
Al iv 
Al vi 
Ti 
Fe J+ 
Fe 2+ 
Mn 
Mg 
Ca 
Na 

Total 

1) Magnetite megaoryst 

0.4919 
0.0000 
1.855) 

11.6172 
7.8501 
0.0208 
2.2549 

24.0901 

) 

51.)0 

0.64 

5.19 * 

18.85 

1.)) 

99.12 

1.8860 
0.1140 
0.0905 
0.0177 

0.1596 

0.9365 
0.7425 
0.0948 

4.0415 

2) Magnetite megacryst with Fe20) oalculated by method of Anderson (1968) 
cations to 32 oJCYgens 

3) Augite megacryst - cations to 6 oxygens 
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Table 2 

Analyses of Groundmass Minerals 
1 2 3 4 

5i02 39.10 27.32 26.53 28.84 

Ti02 0.14 1.48 1.46 0.96 

A1203 17.12 12a38 13.22 5.06 

FeO· 3.50 9.28 9.01 12.02 

MgO 24.61 0.66 0.54 21.86 

CaO 0.00 40.92 43.56 21.82 

Na
2
0 0.00 0.00 0.00 0.00 

K20 10.90 0.00 0.00 0.00 

Cr203 0.00 0.00 0.00 0.12 

Total 95.37 92.04 94.32 90.69 

• Total Fe as FeO 

1) Phlogopite phenocryst from freshkimberlite. 

2) Zoned hydrogarnet, center. 

3) Zoned hydrogarnet, edge. 

4) Fine grained igneous matrix. 



to volatile content which in this case is MOst probably water. 

Phlogopite, which is a major constituent of the rock, 

occurs in three different modes; as the previously mentioned 

megacrysts, as a porphrytic constituent of the ma trix, and as 

a fine-grained component of the groundmass. The porphrytic 

variety occurs as well Shaped laths up to 4 mm. long (Fig. 4) 

and is colourless in thin section. A ndcroprobe analysis 

(Table 2) shows it to be a very Fe poor variety of phlogopite. 

The very fine grained phlogopite which occurs as a . late 

product in the groundmass forms tiny laths or anhedral crystals. 

Magnetite, perovskite, and apatite occur as fine-grained 

anhedral to subhedral crystals distributed throughout the 

groundmass. Chrome spinel occurs similarily but is much 

less abundant. 

In the very fresh calcite free kimberlite a highly 

zoned clear gamet with low birefringence is found (Fig. 5). 

The strong zoning must reflect some compositional change 

but probe analyses (Table 2) of the center and edge show 

only slight variations. As the analyses do not total 100 

per cent it is assumed that the differences are due to water 

and that the variations in water content may cause the zoning. 

Small clear unzoned hydrogarnets are also very common in 

parts of the rock. Bath types have edges of a brown translucent 

11 



:;'l.:~nre 4. i-'orohr'ritic DhlocroDite in caldte-ooor 

g-ronr.dn:fls,c:. Polari z0d ll.;yht. 
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hydrogarnet which likely is of a different composition and rriè.y 

represent the final crystallization product of the magma or 

it may have formed as a result of deuteric alteration of the 

early hydrogarnet to a lIIOre water rich composition. 

In the fine-grained matrix there are globules approximately 

1 mm. in diameter (Fig. 6) consisting in part of very fine 

grained (.03 mm.) brown translucent hydNgarnet w.ith the 

remaining material being even finer grained. The globules 

are often outlined by a ring of magnetite grains. The composition 

of the globules as indicated by a qualitative mir:roprobe 

determination is a Ca-Fe-Al silicate w.ith volatiles and 

a lov silica content. The surrounding groundmass is a P:.g."Ca-Al

K-Si phase w.ith some volatile rontent. There are two possible 

origins for this texture, one is that these globules were 

lapilli of magma which cooled as a separate unit (Gold, 1963) 

and the other is that they vere imm:i'pible melt droplets. 

13 
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.02 mm 

Fic"ure 5. Hi~hly zoned hydro,,:rossular. (Polarized lü .. ht) 



-"", .. 

lmm 

Fig;ure 6. Plain light view of one of the globules 

at center of photograph in typical 

calcite-paor groundmass o 
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Chernical Composition 

Five whole rock analyses are presented in Table 3. Analysis 

5 is of the very fresh xenolith free igneous matrix which is 

probably most representative of the kimberlite magma. The 

greatest variation ia in the carbon dioxide and water contents 

of these rocks; a variation which may be attributed to original 

variations in the magma, to the amount of xenoli ths in the 

sampla analysed and to the effect of late stage alteration. 

In table 3a the kimberlite (No. 5" is compared with other 

kimberlites and nearby alnoites. In general the Ile Bizard 

kiMberlite seems to be chemically transitional between the 

kiMberlites and the alnoites. The high wa1ter, low sodium 

and the high KINa ratio, which should be near 7 for kimberlites 

(Dawson, 1967), makes the rock chemically more like a 

kimberUte than an alnoite. Mineralogicallyand texturally 

the rock is unlike the alnoites, espec1ally with the 

porphryit1c phlogopite, which 1s an obv1ous primary texture 

and is not found in any of the alnoites. Any hypothes1s 

of this kimberlite being an altered and hydrated alnoite 

is thus untenable but some relationship between the alnoites 

and kimberlites may exist because of the:ir chemical similarity 

and field association. 

16 
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Table 3 

• Chemical Analyses of Ile Bizard Kimberlite 

1 2 3 4 5 

Si02 35.46 30.70 37.54 33.88 33.58 

Ti02 1.88 1.89 1.67 1.97 2.27 

A1203 8.36 5.55 6.18 6.51 6.93 

Fe203'" 10.68 10.46 9.11 11.53 13.20 

MgO 22.13 21.62 18.73 :W.40 20.08 

CaO 14.84 14.17 14.81 14.73 12.89 

Na20 .23 .53 .31 .48 .18 

K20 .61 1.80 1.84 2.03 .77 

P205 1.07 1.01 .89 1.13 1.16 

CO2 .20 6.55 1.32 0.0 0.0 

H20 ::!: 4.52 5.73 7.54 7.35 8.76 

Total 99.98 99.98 99.94 100.01 99.82 

K/Na 2.7 3.4 5.9 4.2 4.3 

'" Total Fe as Fe203 

1) Micaceous kimberlite. 

2) Kimberlite with few xenoliths. 

3) Kimberlite with abundant xenoliths. 

4) Kimberlite, dark very fine-grained variety. 

5) Kimberlite, very fresh with no xenoliths . 

• 
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Table 3a 

Kimberlites and Alnoites 

A B C D E 

Si02 36.33 31.1 33.58 30.85 30.27 

Ti02 1.89 2.03 2.27 2.87 2.84 

A~03 5.09 4.9 6.93 8.21 10.00 

Fe203 7.43 13.20 3.33 4.88 

FeO 3.40 10.5 6.52 6.95 

MnO .10 .10 .21 .16 

MgO 26.63 23.9 20.08 23.16 20.11 

CaO 6.78 10.6 12.89 16.46 14.73 

Na20 .37 .31 .18 1.01 1.41 

12° 2.43 2.1 .77 1.43 2.85 

P205 .66 .66 1.16 1.90 .95 

CO2 1.64 7.1 0.0 3.04 3.24 

H20 + 7.25 5.9 ± 8.76 1.22 ± 2.17 

Total 99.90 99.20 99.82 100.26 100.64 

K/Na 6.6 6.8 4.3 1.4 2.0 

A - Average or 10 micaceous kimberlites (Nockolds, 1954) 

B - Micaceous kimberlite (Dawson, 1967) 

C - Ile Bizard kimberlite No. 5 

D - Alnoite, Ile Cadieux (Bowen, 1922) 

E - Alnoite, north or Ile Cadieux (stansrield, 1923) 

18 



Conditions of Crystallization 

The fine anà even grain size of the groundmass and the 

preservation of the ultramafic nodules in the ldmberlite May 

be interpreted as resulting from the rapid crystallization 

of a magma. The lack of rounding of the fragments further 

suggests that the intrusion prooess was rather gentle and vas 

not by fluidization. The intrusion probably took place along 

an:·opening produced when the adjaoent diatreme was formed. 

The presence of coarse-grained melilite in the xenolith 
o described earlier indicates a temperature of at least 720 Ct 

the lower stabili ty limi t of akermani te over a wide range of 

pres~~es (harker & Tuttlet 1956). Walter's (1965) decomposition 

curves for akermani te at C02 pressures of 0.:3 to 0.5 kbt 

a resonable estimate of the minimum pressure based on the 

depth of the present land surface below the ancient surface 

as given by Clark (1952), gives a tempe rature range of 

o 820-900 C. The porphryitic phlogopite, which was the first 

mineral to crystallize, can fOrIn up to 11700 C over a pressure 

range of 1-40 kb in the presence of a pure water gas phase 

(Yoder & Kushiro, 1969). Since there was also likely a CO2 

gas phase present this temperature must have been lower and hence 

the tempe rature of intrusion was probably between 900-11500 C. 

19 



ULTRAMAFIC NODULES 

Amphibole-bearing Nodules 

Rounded black amphibole-bearing nodules consist of 

a medium-grained mosaic of interlocking amphibole and clinopyroxene 

(Fig. 7). In one of the nodules a large clinopyroxene crystal 

is embayed and dissected by the amphibole which, although perhaps 

indicating a reaction relationship between the clinopyroxene 

and the amphibole, does at least indicate the earlier occurence 

of clinopyroxene. The clinopyroxene which forms 20-50 par cent 

of the nodules is colourless and has rare exsolution lamellae 

of orthopyroxene. The ~~phibole is very strongly pleochroic 

in shades of deep brown and yellow and contains abundant 

pyrite, minor chalcopyrite and ilmenite inclusions, The high 

Ti02 content of the amphibole (Table 4) shoWs that it is a 

kaersutite. 

The high Ti02 content of the nodule clinopyroxene (Table 4) 

suggests that it was a product of the kimberlite magma as does 

the kaersutite, which is commonly found in alkaline rocks. 

Since the clinopyroxene megacryst is also thought to be a 

product of the kimberlite magma these two pyroxenes are 

compared in table 4, where it i5 seen that the nodule 

clinopyroxene is richer in Ti02, CaO, A120J, FeO and poorer 

in MgO, Na20, and Si02, Since the composition of clinopyroxenes 

20 



21 

2 mm 

Fi2ure 7. Amphibole-bearing nodule showing mosaic 

of kaersutite (Ks) and clinopyro~ene (Cp). 



in basic rocks have been shawn ta depend on the level of 

undersaturation of the hast rocks (Kushiro, 1960, LaBas, 1962), 

these differences may reflect changing magma compositions. 

Data from Wilkinson (1966) for clinopyroxenes in theralites 

show that the relation found for the two clinopyroxenes abOve 

is a typical relationship between phenocryst (Megacryst) 

and groundmass (nodule) clinopyroxenes. Binns (1969) has a 

sequence of megacrysts that consisuinitially of Mg-rich 

clinopyroxene and termnates with a Mg-rich kaersutite and ilmenite. 

This suggests that the clinopyroxene megacryst ~s the first 

ta orystallize wi th the nodule clinopyroxene forming later 

after the magma had changed composition somewhat and the 

kaersutite following closely after that. 

The aluminium contents of the clinopyroxenes expressed 

in terms of Ca-Tsohermak's (CaTs) mole cule (~Si06) is an 

indication of high pressure origine This ~s experimentally 

" shown by Clark, Sohairer, and de Neufjlle (1962) for solid 

solution of CaTs in diopsidic clinopyroxenes and Hays (1967) 

found that pure CaTs is unstable below 11000 C and 11.6 Kb. 

While the amount of aluminum in the pyroxenes i5 influenced by 

the amount of Al20) and Si02 in the magma (Kushiro, 1960) 

it must also he controlled by the phases crystallizing from 

the magma. The appearance of an aluminium rich phase 

22 
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Table 4 

CLINOPYROXENES AND AMPHIBOLE 

1 2 3 4 
Si02 48.07 51.30 46.95 40.81 

Ti02 1.94 0.64 2.12 3.15 

A1203 7.14 4.72 7.33 14.54 

Fe203 a a 2.96 a 

FeO 6.21 5.19 4.60 9.91 

MnO nd nd 0.10 nd 

MgO 11.82 17.09 12.95 13.72 

CaO 23.73 18.85 21.42 12.13 

Na20 0.68 1.33 0.69 2.12 

K20 0.00 0.00 tr 2.05 

Total 99.59 99.12 99.12 98.43 

nd = not determined tr = trace a = Total Fe as FeO 

1) Clinopyroxene trom amphibole-bearing nodule 

2) Clinopyroxene megacryst 

3) Phenocrysts in analcime-olivine theralite, Square Top Intrusion, 

Nundle, New South Wales (Wilkinson, 1966) 

4) Amphibole trom amphibole-bearing nodule 37 • 

1 
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Table 4 cont'd 

1 2 3 4 

Cations'per 60xygens Cations par 23 oxygeœ 

Si 1.7962 1.8660 1.758 5.9725 

Al iv .2038 .1140 .242 2.0275 

Al vi .1106 .0905 .082 .4804 

Ti .0545 .0177 .060 .3467 

Mg .6.583 .9365 .723 2.9928 

Fe 2+ .1941 .1596 .144 1.2129 

Fe )+ .083 

Mn .003 

Ca .9500 .7425 .859 1.9020 

Na .0593 .0948 .050 .0616 

K .3827 

XI 2.0268 2.0416 2.004 X 2.8863 
Y 5.0328 

Ca 52.7 40.4 47.4 

Mg 36.5 50.9 39.9 

Fe 10.8 8.7 12.7 

• 



(eg. plagioclase, spinel, gamet ) would certainly reduce 

the amount of Al available for the pyroxenes. The results 

of experimental work on an alkali basaIt system (Green & 

Ringwood, 1967 ) show _ that the pyroxenes become Al-rich at 

11 kb an.i 10000 C. . 's 
Th~s~obviously a reflection of the absence 

of plagioclase and supports the view of Kushiro (1962) 

that the amount of CaTs in the pyroxene is due to the 

disappearance of plagioclase and the appearance of garnet, 

both of which decrease the CaTs component. Natural examples 

of megacrysts that have been assigned a high pressure origin 

are glassy black aluminous clinopyroxenes from an alkali 

olivine basaIt (Kuno, 1964) near Taki-sima, Japan and from 

analcime basanites near Armidale , New South Wales (Binns, 1969). 

Experimental studies on a variety of olivine normative 

basaltic compositions under both dry and hydrous conditions 

indicate that olivine and plagioclase are important liquidus 

phases at pressures below 10 Kb where~s pyrope-rich gamet 

is prominent above pressures of about 18 lb (Green & Ringwood, 

1967, Bultidude & Green, 1968). The absence of plagioclase and 

pyrope megacrysts along with the CaTs content of the clinopyroxene 

would suggest crystallization in the 10-18 lb region for a 

magma of basaltic composition but the kimberl1te is sufficiently 

different so as ta possibly allow crystallization 

25 



at slightly higher pressure. The amphibole, which was slightly 

latelj may have formed at :3lightly lower pressures though it 

o 
is stable to 30 lb at 950 C (Gilbert, 1969). 

26 



Websterite Nodules 

The websterite·nodules consist of clinopyroxene and 

orthopyroxene with olivine and phlogopite as minor constituents 

in a few nodules. The orthopyroxene 1s a dark green aluminous 

enstatite (Table 5) and the clinopyroxene is a bright green 

aluminous chrome diopside (Table 6) usually of a dusty nature 

due ta a slight alteration. Beth pyroxenes show exsolution 

features of the other pyroxenes as fine lamellae parallel 

to(10~and in places as blebs. The most common texture 

in these nodules is a medium-grained, equigranular aggregate 

of clinopyroxene and subordinate orthopyroxene, a texture 

which megascopically appears ta be a recrystallization 

of larger crystals of clinopyroxene and finer grained 

enstatite. In some nodules the diopside, which is more 

abundant than the enstatite, occurs as large crystals 

(p~enocrysts) up to 1 Cm. long in a groundmass of finer 

grained enstatite. Black fine-grained alteration mate rial 

and more rarely phlogopite is common along the edges of 

the nodules and along cracks penetrating them. An analysis 

of this phlogopite (Table 6) shows it ta have an appreciable 

chrome and titanium content. 

The analysed pyroxenes have been plotted in the pyroxene 
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quadrilateral (Fig. 8 ) along w1:t.h the temperatures on the 

solvus in the system diopside-enstatite at 30 Kb (Davis & 

Boyd, 1966). This solvus is not very sensitive to pressure 

and the pyroxenes in the nodules do not deviate much from 

the system diopside-enstatite so that the solvus temperatures 

can be used in a relative way to show the compositional 

trends with decreasing temperature. 

In nodule 53 there are four analysed pyroxenes; 53a 

and 53c are small separate grains of' clino- and orthopyroxene 

respectively, whereas 53b is a large clinopyroxene crystal 

with exsolved blebs of orthopyroxene near its margin, one 

of which has been analysed (53b t ). Because of the several 

different compositions of clino- and orthopyroxenes in this 

nodule there could not have been equilibrium. Since there 

are no phenocrysts of orthopyroxene, it is possible that 

the composition of the clinopyroxene phenocryst was 

originally almost identical ta 53b, there being only a very 

small percentage of exsolved orthopyroxene in these grains. 

Pyroxenes 538 and 530 May have crystallized from the 

residual liquid which could have been enriched in orthopyroxene 

relative to the original magma. The original phenocryst of 

clinopyroxene on cooling reached the solvus with orthopyroxene 

at temperatures of approximately 1100oC. However, pyroxenes 
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Mol Percent 

Figure 8. Ans:lysed ·pyroxenes !rom thEf weost"erite-n6âüles 

plotted in a portion of the pyroxene quadrilateral. 

Temperatures given are points on the diopside solvus 

in the system MgSi03-CaMgSi20
6 

at 30 kb (Davis & Boyd, 1966 ) 



53a and 5Jc may have crystallized diractly from the melt 

as separate clino- and orthopyroxenes or as a single phase 

which reached the solvus shortly alter crystallization. In 

either case 53a and 5Jc stopped equlibrating at approximately 

1250oC. It is possible that pyroxenes of compositions of 

5Ja and 5Je cannot equlibrate as easily as those of compositions 

5Jb. The total A120J and incraasing Al iv/vi ratios of 

clinopyroxenes can be qualitatively related to increasing 

temperatures under isobaric conditions (Boyd & England, 1964, 

Kushiro, Syono, & Akimoto, 1967) and these pyroxenes illustrate 

this relationship 1 the phenocryst has a higher total Al20J 
showing its higher crystallization temperature while the 

Al iv/vi ratios of the clinopyroxenes demonstrate their 

relative subsolidus equlibrium temperatures. 

The textures of the nodules indicate elinopyroxene was 

the major phase crystallizing from a magma with enstatite being a 

minor phase or possibly forming from a trapped pore fluide 

Some of the enstatite grains may have formed by exsolution from 

clinopyroxene. The phlogopite would appear to be formed by 

reaction with the kimberlite magma since it oceurs around 

the edges of the nodules. The high Chrome and titanium contents 

of the phlogopite are considered the contributions of the nodule 
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Table 5 

ORTHOPYROXENES 

4 sa Sb 26 53b' 53c 

Si02 52.53 55.24 55.19 53.86 54.06 .55.12 

Ti02 0.00 0.13 0.21 0.39 0.00 0.27 

Al203 3.37 3.64 3 .. 48 3.58 4.62 3.02 

FeO ... 6.69 6.97 7.53 7.03 7.02 7.36 

MnO nd nd nd nd nd 0.14 

MgO 33.61 )4.43 33.55 35.46 33.24 )4.89 

CaO 1.00 0.90 0.78 1.26 0.00 1.26 

Cr203 0.33 0.50 0.63 0.19 0.)8 0.32 

Total 97.53 101.82 101.37 101.76 99.32 102.38 

... Total Fe as FeO nd = not determined 

structural formulae Cations per ·6 oxygens 

Si 1.8742 1.8852 1.89.51 1.8476 1.8841 1.8792 

Al iv 0.1258 0.1148 0.1049 0.1441 0.1-159 0.1208 

Al vi 0.0159 0.0316 0.0359 0.0000 0.0739 0.0005 

Cr 0.0093 0.0135 0.0171 0.0052 0.0105 0.0086 

Ti 0.0000 0.()033 0.0054 0.1001 0.0000 0.0069 

Mg 1.7873 1.7513 1.7171 1.8127 1.7268 1.7729 

Fe 0.1996 0.1989 0.2162 0.2016 0 .. 2046 0.2098 

Ca 0.0)82 0.0329 0.0287 0.0463 0.0000 0.0460 

fi 2.0503 2.0316 2.0205 2.0678 2.01.57 2.0489 
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- Table 6 

CLINOPYROXENES .AND PHLOGOPITE 

cpx 5 cpx 534 cpx 53b Phlog. 5 

Si02 53.22 50.93 52.12 37.41 

Ti02 0.51 0.48 0.00 4.4'7 

Al203 4.76 4.04 6.35 15.24 

FeO * 3.86 4.03 3.59 4.73 

MgO 16.76 19.32 15099 21.44 

CaO 17.47 17.02 18.60 0.00 

Na20 1.95 1.58 nd 0.00 

12° OeOO nd nd 14.47 

Cr203 0.95 0.71 0.63 1.20 

Total 99.48 98.11 97.28 98.96 

* Total Fe as FeO nd = not determined 

Structural formulae Clinopyroxenes 1 Cations per 6 oxygens 
Phlogopitel Cations per 22 oxygens(anhydrous) 

Si 1.9287 1.8805 1.918~ 5.3081 

Al iv 0.0713 0.1195 0.0812 2.5486 

li vi 0.1320 0.0563 0 .. 1943 0.0000 

Cr 0.0272 0.0207 0.0183 0.1)46 

Ti 0.0139 0.0133 0.0000 0.4770 

Mg 0.9053 1.0633 0.8774 4.5343 

Fe 2+ 0.1170 0.1244 0.1105 0.5613 

Ca 0.6783 0.6733 0.7337 0.0000 

Na 0.1370 0.1131 0.0000 

e .... ~ 1 0.0000 2.6191 

ri 2.0107 2.0645 109343 8.3262 



and kimberlite magma respectivel;y'. The well presel'Ved nature of 

the nodules and the small &l1I)unt of phlogopite suggests that 

the nodules did not spend much time in the kimberlite magma. 



Lherzolite Nodules 

The lherzolite nodules consist of a medium- to coarse

grained mosaic of orthopyroxene and olivine with subordinate 

clinopyroxene and a minor amount of interstitial chrome 

spinel and pyrope and also a small amount of phlogopite around 

the edges. The orthopyroxenes are dark green aluminous 

enstatites (Table 7) soma of which show a slight alteration 

and the clinopyroxenes (Table 8) are bright green chrome 

diopsides which inevitably show some degree of alteration 

gi ring them a dusty appearanee. Both pyroxenes commonly 

show exsolution lamellae of the other pyroxene. The olivine 

is a very clear forsterite (Table 11). The chrome spinel 

which has a light brown eolour when it oceurs as discrete 

grains is very inhomogeneous in its chrome content which 

varies from 12 to 26 per cent (Table 10), connnonly increasing 

from the center of the grain ta the edge. The chrome spinel 

also oceurs as light green platelets in bath pyroxenes. The 

pyrope (Fig. 9) (Table 9) oecurs as rims around the spinel 

grains. Some of the pyrope grains contain very sma11 

erystallographica11y orientated rods of rutile and chrome 

spinel and one grain was found with a two phase sulphide 

bleb, a Ni-Fa-As and a Cu-,Fe-As sulphide. The lherzolites 

a11 have a slight but pervasive serpentinization which oeeurs 



Ca 
Gr + An 

Alm 
Fe++ 

Mg 
Py 

Figure 9 • Chemical composition of the gamets fram various 

nodules fram the Ile Bizard kimberlite in terms of almandine 

( Alm ), grossular + andradite ( Gr + An ), and pyrope ( Py ). 
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Table- 7 

ORTHOPYROXENES 

2304a 2304b la lb le 23 29 52a 52b 

Si02 55.11 57.47 57.73 54.51 57.72 57.48 54.24 57.77 55.51~ 

T102 nd nd 0.11 nd 0.12 0.02 0.18 nd 0.13 

A120
3 

3.32 3.41 2.73 2.96 2.03 1.81 2.89 3.13 4.05 

FeO * 5.45 5.66 5.54 5.95 6.01 5.37 7.98 6.29 6.26 

MnO 0.06 nd nd, 0.10 nd nd nd nd nd 

MgO 33.02 34.22 33.42 35.81 34.05 32.70 33.73 33.41 33.23 

CaO 0.43 0.76 0.60 0.54 0.45 0.43 0.50 0.45 0.55 

Cr203 0.28 0.27 0.44 0.35 0.28 0.24 0.36 0.24 0.39 

Total 97.67 101.79 100.57 100.22 100.66 98.05 99.88 101.29 100.11 

* Total Fe as FeO nd = not determined 

~ 
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Table 7 cont'd 

Structural Formulae Cations par 6 oxygens 

2304a 2304b la lb lc 23 

Si 1.9370 1.9389 1.9674 1.8831 1.9699 2.0032 

Al iv 0.0630 0.0611 0.0326 0.1169 0.0301 0.0000 

Al vi 0.0745 0.0745 0.0770 0.0036 0.0516 0.0743 

Cr 0.0078 0.0072 0.0119 0.0096 0.0076 0.0066 

Ti 0.0028 0.0031 0.0005 

Mg 1.7299 1.7208 1.6976 1.8439 1.7321 1.6986 

Fe 0.1602 0.1597 0.1579 0.1719 0.1715 0.1565 

Ca 0.0162 0.0275 0.0219 0.0200 0.0165 0.0161 

XY 1.9885 1·9897 1.9691 2.0490 1.9824 1.9558 

29 524 

1.8946 1.9594 

0.1054 0.0406 

0.0136 0.0845 

0.0099 0.0064 

0.0047 

1.7561 1.6890 

0.2331 0.1784 

0.0187 0.0164 

1.9892 1.9748 

e 

52b 

1.9919 

0.0881 

0.0763 

0.0106 

0.0034 

1.7062 

0.1803 

0.203 

1.9972 

Iy) 
.....:J 
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Table 8 

CLINOPYROXENES 

19m. la lb le 29a 29b 52& 52b 

Si02 51.84 52.89 54.43 54.15 50.15 51.91 52.12 52.38 

Ti02 0.30 0.94 0.47 0.31 0.79 0.38 0.55 0.41 

Al203 5.01 4.92 3.86 3.78 4.18 3.59 4.84 4.73 

FeO * 2.73 4.35 2.89 2.75 4.19 3.60 3.72 3.08 

MgO 16.07 15.34 15.60 14.89 15.35 16.12 15.50 16.22 

CaO 21.30 20.58 21.22 21.67 21.69 21.74 20.80 20.06 

Na20 nd nd 1.54 1.60 0.67 nd 1.54 1.49 

Cr203 0.95 0.91. 0.98 0.90 0.72 0.68 0.63 0.47 

Total 98.20 99.93 100.99 100.05 97.74 98.02 99.10 98.84 

* Total Fe as Fe nd = not determined 

~ 
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Table 8 cont'd 

structural Formulae Cations par 6 oxygens 

19m la lb lc 29a 29b 

Si 1.9062 1.9172 1.9503 1.9598 1.8806 1.9241 

Aliv 0.0938 0.0828 0.0497 0.0402 0.1194 0.0759 

Al vi 0.1223 0.1274 0.1133 0.1211 0.0653 0.0809 

Cr 0.0276 0.0261 0.0278 0.0258 0.0213 0.0199 

Ti 0.0083 0.0256 0.0127 0.0084 0.0223 0.0106 

Mg 0.8808 0.8288 0.8332 0.8033 0.,8580 0.8906 

Fe 0.0840 0.1319 0.0866 0.0832 0.1314 0.1116 

Ca 0.8:;:92 0.7993 0.8147 0.8403 0.8714 0.86)4 

Na 0.1070 0.1123 0.0487 

XY 1.9631 1.9390 1.9951 1.9944 2.0185 1.9775 

52a 

1.9084 

0.0916 

0.1173 

0.0182 

0.0151 

0.8459 

0.0955 

0.8160 

0.1093 

2.0175 

52b 

1.9165 

0.0835 

0.1205 

0.0136 

0.0113 

0.8846 

0.0942 

0.7864 

0.1057 

2.0163 

• 

W 
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Table 9 

GARNETS 

2304 la lb le 2 13a 13b 13c 

Si02 43.17 44.10 41.32 41.75 41.48 43.42 41.51 43.08 

Ti02 0.18 nd nd 0.08 nd 0.18 0.09 0.14 

AI2O) 21.47 22.12 23.83 22.08 21.83 21.71 23.30 22.54 

MgO 21.32 21.59 21.54 20.53 21.48 20.33 18.91 19.77 

FeO * 7.37 7.27 7.67 7.59 10.54 7.56 9.16 9.46 

CaO 5.76 5.52 4.67 5.25 5.00 5.31 5.19 4.68 

Cr20) 1.05 1.17 1.16 1.06 1.69 1.18 1.13 1.46 

Total 100.)2 101.77 100.19 98.34 102.02 99.75 99.29 101..13 

* Total Fe as FeO nd = not determined 

g 
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Table 9 cont'd 

Structural Formulae 

2304 la lb le 

Si 6.0973 6.1226 5.8448 6.0186 

Al iv 0.0000 0.0000 0.1552 0.0000 

Al vi 3.5739 3.6195 3.8176 3.7514 

Cr 0.1139 0.1284 0.1297 0.1208 

Ti 0.0191 0.0087 

Mg 4.488) 4.4677 4.5415 4.4113 

Fe 0.8705 0.8441 0.9073 0.9150 

Ca 0.8716 0.8211 0.7070 0.8109 

Cations per 24 oxygena 

2 13a 13b 

5.8648 6.1548 5.9622 

0.1352 0.0000 0.0378 

3.5025 3.6370 3.9064 

0.1889 0.1322 0.1283 

0.0192 0.0097 

4.5267 4.2954 4.0484 

1.2463 0.8962 1.1003 

0.7574 0.8065 0.7987 

130 

6.0696 

0.0000 

3.7428 

0.1626 

0.0148 

4.1517 

1.1146 

0.7065 

e 

+=" 
t-A 
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Table 10 

SPINELS 

center edge 
2 2 2304 13 52 

Si02 0.08 0.11 0.13 0.08 0.14 

Ti02 0.20 0.27 0.28 0.23 0.32 

llz°3 49.98 50.04 49.49 48.98 51.38 

FeO ... 15.05 15.16 12.50 15.45 14.08 

MgO 18.31 18.65 21.45 18.00 19.17 

CrZ03 15.42 14.19 13.84 15.14 12.67 

Total 99.04 98.42 97.69 97.88 97.76 

... Total Fe as FeO 

structural Formulae Cations per 32 oxygen s 

Si 0.0174 0.2040 0.0283 0.0177 0.0305 

Al iv 12.8244 12.8914 12.6962 12.7572 13.1849 

Cr 2.6543 2.4524 2.3818 2.6453 2.1811 

Ti 0.0327 0.0444 0.0458 0.0382 0.0524 

Mg 5.9416 6.0763 6.9592 5.9291 6.2231 

Fe 2.7402 2.7713 2.2754 2.8554 2.5638 

The chrome content of other spinel grains are l1sted belowi 

1a 22.35 
1b 25.70 
1exsol. 19.53 spinel exsolution in pyroxene 
45 19.84 



Table 11 

OLIVINES 

2304 1 23 52 

Si02 40.12 40.09 40.58 38.45 

Al
2
03 0.19 0.11 0.00 0.00 

MgO 52.35 51.16 48.91 49.05 

FeO * 8.80 9.64 9.2) 9.96 

Total 101.46 101.00 98.72 97.46 

* Total Fe as FeO 

structural formulae Cations per 4 oxygens 

Si 0.9670 0.9737 1.0033 0.9713 

Aliv 0.0054 0.0031 0.0000 0.0000 

Mg 1.8806 1.8521 1.8025 1.8469 

Fe 0.1774 0.1958 0.1909 0.2104 

Atomic Ratios 

Mg 91.4 90.4 90.4 89.8 

Fe 2+ 8.6 9.6 9.6 10.2 



mainly along the grain boundaries. 

In the pyroxene quadrilateral (Fig. 10) clinopyroxenes 

and orthopyroxenes !rom the lherzoli tes .rorm distinct groups 

with higher Mg/Fe ratios than the websterites. This suggests 

that the lherzoli tes rnay be an earlier product of fractional 

crystallization than the websterites or alternatively that 

they are the refractory residue of an episode of partial 

melting, with the websterites forming as cumulates from this 

melt. The higher chrome content of the lherzolites also 

supports this interpretation. Comparison with Davis and Boyd's 

S)lvus temperatures indicate equilibration of the lhsrzoUtes to 

lower temperatures than the websterites. 

Nodule 52 (Fig. 11) shows a spinel grain surrounding 

both olivine and orthopyroxene which may be textural 

evidence of the following reaction 1 

(m-2) MgSiOJ • MgA12Si06 + Mgri04 = Mg~04 + m MgSiOJ 
(Green & Ringwood, 1967) 

Decreasing temperatures are indicated by this reaction since 

the boundary aurve (Fig. 12) is nearly isothermal and by 

the pyroxenes which indicate equlibration temperatures 

considerably lower than that of the reaction. 



Mo 1 Percent. -
Figure 10. Analysedpyroxenes from the lherzolite--nodules 

plotted in a portion of the pyroxene quadrilateral. 

Temperatures given are points on the diopside solvus 

in the system MgSi0
3
-CaMgSi20

3 
at 30 kb (Davis & Boyd, 1966) 



( 

1 mm 

np:ure 11. Nodule 52 showinr: spinel :rra:!1 -,;it.h 

oli "ine and orthoDvroxene incl'l::ed 

wi thin i t. 
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OEPTH Km 

PRESSURE Kb 

Figure 12. Diagram illustrating the P, T fields of 

different mineral assembleges in pyrolite III 

composition. The figures 1~ AliO) etc. refer to 

the A120) content of orthopyroxene in equilibrium 

with gamet in the gamet pyrolite field. The 

oceanic and Precambrian shield geotherms are those 

illustrated by Ringwood et al (1964). 

Diagram taken from Green & Ringwood p.155, 1967. 
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The reaetion which provides the best estimate of the 

depth of origin of these nodules is the one whieh defines 

the boundary between the pyroxene pyrolite and the gamet 

pyrolite fields (Fig. 12). The idealized reaetion May be 

written, 

x Mg2Si206 + y CaMgSi206 + x + y ~04 = 
2 

x; y Mg2Si04 + ~Mg3~Si3012 

+ 

(MaeGregor, 1968) 

This reaetion is wall illustrated in figures 13,14 where the 

spinel grains are surrounded by gamet rims and olivine 

blebs oeeur between the pyroxene and gamet. This texture 

shows the reaetion was preserved in the nodules and sinee 

analyses of both reaetants and produets are available, a 

balaneed reaetion was written • 

Sinee there are five phases the reaetion can only 

be balaneed for four eomponents. Numerous combinations 

of components, both inert and mobile were defined to 

write the balaneed equation, but only a few of them gave the 

observed reaction. The reaetion with the lowest residuals, 
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01 ivihe. 

SpLhei U .15 mm 
'--------Ji -

Fi,,:ure 14. Nodule 2)04 showinfS spinel surrolmded b.v 

pyrope with olivine between the p:vrope and enstatite. 



a aeasure of its univariance, iSI 

1.93 orthopyroxene + .62 cl1nopyroxene + .14 spinel + ~OJ 

+ F~OJ + MgO = 

.6.5 gamet + 1 olivine + FeO + Cr203 + Ti02 + Na20 

The compcments balanced for in this reaction are (Al,Cr,Fe)20J ' 

(Mg,Fe)O, Cao , Si02 ' with Ti02 and Na20 unbalanced. Ail 

the mineraI compositions are taken from nodule 1 except for 

the spinel Which is from nodule 2 because there vere no acceptable 

analyses of spinel from nodule 1 available. The differences in 

spinel compositions between nodule 1 and nodule 2 are only in 

the Al and Cr contents which are treated as one component so 

there should be no effect on the balanced equation. Since 

phlogopite is also present in the nodules, it was used as an 

additional phase, but the resultant reaction was not the one 

observed in the nodules which therefore supports the textural 

evidence that phlogopite was a result of a later reaction. 

The method of balancing an equation by simple matrix 

operations produces residuals (Carmichael, 1970) which are an 

indication of either the necessity to add or subtract elements 

in the system, 'mobile components', O~ of a divariant reaction. 

The zoning in the spinels shows that the high chrome residual 

(Table 12) indicates that the reaction is divariant. The chrome 
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Table 12 

RESIDtJAlS 

( + produeed, - oonsumed ) in the reaction 

FeO MgO ~O) Cr2O) Fe2O) Ti02 

+.1507 -.1507 -.214) +.3402 -.1250 +.0027 

Binee. a11 the ondes are balaneed except fol" Ti and Na the 

residuals fol" any one oomponent JIlUst be equal and opposite in 

sign. 

52 
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has a strong tendency to remain in the spinel rather than to 

enter the reaetion products. The residuals in FeO and MgO 

also indicate that the partition of these ondes has a slight 

contribution to the divariance of the reaction. MacGregor (1965) 

showed that in the s,ystem CaO-MgO-Al20
J
-Si02 the reaction 

was uni variant and Boyd (1969) suggested that chrome would 

complicate the reaction. Therefore, the boundary between the 

garnet- and pyroxene-pyrolite fields in the pyrolite s,ystem 

(Green Be Ringwood, 1967) must be a divariant zone and not a 

univariant line as in Fig. 12. 

This reaction is used in conjunction with Green and 

Ringwood's (1967 ) diagram (Fig. 12) of mineraI assembleges 

for an upper mantle of pyrolite composition, which is 

comparable to that of the lherzolite nodules, and a value 

of J.O per cent A1
2

0
J 

in the orthopyroxene of nodule 1 ta 

obtain a value of 10500 C and 20 kb (60 km) for the conditions 

where the reaction took place. The effect of the divariance 

of the reaction must affect these values somewhat, 

but the extent of this is indeterminate at the present time. 

Both the texture and the inhomogeneity of the chrome spinel 

indicate that the rea.ction was in progress when the nodule 

was quenched, suggesting a. rapid emplacement from the 
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60 km. region of the mantle. 

The final stage in the evolution of the lherzolite nodules 

vas the formation of pyroxene and chrome spinel exsolution 

lamellae. This final exsolution of chrome spinel could not 

have occurred earlier as the spinel would have reacted to 

form gamet similar to the reaction above or i t would have 

exsolved directly as gamet. Thus the chrome spinel exsolution 

must have taken place as the nodules were injected to crustal 

conditions and represent the final attempt at equilibrium 

under low pressure condition6. Similar exsolution features are 

found in an enstatite augen from a high temperature peridotite 

in Venezuela (Green, 1963). Green showed that the spinel 

exsolution 'Was a result of disequilibrium in the high alumina 

augen as a result of a large change in load pressure. As a 

consequence of the chrome spinel exsolution in the pyroxenes, 

the value of 3.0 per cent A1203 used above would be increased 

for a homogenized pyroxene but the effect would only result 

in a slight increase of the pressure and temperature 

determined for the reaction • 



Miscellaneous Nodules 

There are two nodules Which are quite unlike the other 

nodules so far described. Nodule 47 consists of a fine-

grained equigranular aggregate of clinopyroxene and orthopyroxene 

with soma rare grains of garnet (Fig. 15). There is an abundance 

of phlogopite throughout the nodule and aIl the grains in the 

nodule have dark and dusty edges suggesting a pervasive 

alteration. The gamet grains, which are aIl surrounded by 

an opaque border as wide as the grain itself are pyrope-almandine 

(Table 13) with 10 per cent less of the pyrope component 

than the gamets in the lherzolite nodules (Fig. 9). It 

seems that this nodule has undergone considerable recrystallization 

and Alteration. 

The other nodule, P 8677, is very coarse grained and 

consists of olivine and orthopyroxene. The orthopyroxene 

forms only 15 per cent of the nodule and it has no exsolution 

features of any sort. Serpentine is very common along 

grain boundaries and cracks. The nodule is a harzburgite and 

it May be analogous the the 'residual dunites' (Ringwood, 1969) 

of the upper-most mantle. 
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Figure 15. Nodule 47 with garnet grain at center 

in rcroundmass of pyroxenes and phlo':ropi te. 



Table 13 

GARNEr t'rom Nodule 47 

Si02 39.87 

Ti02 0.32 

Al203 23.57 

MgO 16.lt6 

FeO • 12.69 

CaO 5.23 

Cr20
3 

0.12 

Total 98.26 

• Total Fe as FeO 

structural Formula 

Si 

Al iv 

Al vi 

Cr 

Ti 

Mg 

Fe 

Ca 

Cations ta 240xygens 

5.8783 

0.1217 

3.9739 

0.0140 

0.0355 

3.6172 

1.5647 

0.8262 
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DISCUSSION 

The fine-grained nature of the kimberlite, the preservation 

of the ultramafic nodules and the sl1ght amount of phlogopitization 

along the edges of the nodules indicate that the intrusion 

and the cool1ng of the magma was a rapid process. Since the 

websterites and the lherzol1tes are compositionally and texturally 

quite different from the megacrysts and show evidence ~f 

disequil1briurn with the kimberlite magma, it is l1kely that they 

are accidental xenoliths that were caught up in the kimberlite 

magma as i t passed upward. 

The temperatures indicated by the nodules are substantially 

higher than those of the Precambrian shield geotherm (Fig. 12) 

and they may be a result of a diapiric rise of pyrolite from 

depth to the required 60 km. with fractional fusion and subsequent 

magma segregation. As previously presented, the evidence 

supports the theor,y that the websterites were the cumülate phase 

formed by fractional crystallization of the magma while the 

lherzolites were the refractory residual phase. 

The kimberlite magma must have come from below the 60 km. 

depth indicated by the lherzolite nodules and the absence of 

any pyrope phenocr,ysts or other pyrope-bearing nodules suggests 

that it must have come fram immediately below the lherzolites. 



The presence of large unzoned clinopyroxene crystals along with 

olivine and phlogopite megacrysts implies the existence of a magma 

chamber where slowequilibrium crystallization ocourred. The 

presence of considerable aJa)unts or _ter in the kimberlite and of 

the phlogop1te megacrysts indicates that there ~s water present 

in the mantle at these depths. Thus the chamiaa1 nature of the 

kimberlite magma can be accounted for by a slight amount of 

partial melting of an undePleted mantle which would tend to 

concentrate the volatile components and the 'inoompatible 

elements' in the small amount of magma formed. After segregation 

of this magma into the magma chamber there would a strong tendency 

for the surrounding ~ ~Ck to be depleted of its 'incompatible 

elements' by the flow or liB.ter into the high1 y undersaturated 

liquide Nodule 47 may represent a sample of this highly altered 

wall rock. 

It 1s likely that the heat necessary to form the kimberli te 

magma came from the cooling or the websterite and lherzolite 

zone above 1t. This is quite reasonable sin ce it required 

the area· to have undergone only one thermal event and 1 t would 

have provided a slight amount of heat, but just enough to 

cause the slight aIOOunt of partial melting necessary to form 

the kimberlite magma. 
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The minute size of the ddamonds that may have come from 

th. kimberlite can be attributed to. resorption by the magma 

during the formation of the websterites and lherzolites. 

In the sequence of events that has been postulated this is the 

only mate rial that May have come from depths 'Mhere diamond 

i8 stable. 
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Appendix l 

Potassium Argon Ages 

Samples run by J.M. Barton Jr. were a phlogopite megacryst, 

the very !resh and inclusion free sample of the igneous matrix, 

and an amphibole-bearing nodule. The results are presented in the 

table below and they confirm the Cretaceous age of the intrusion 

and show no evidence of excess argon. 

Sample no. Wt. ~ K Atoms 4oAr*/gm Mean Air Age 
Correction myrs. 

Whole rock 5 O.64Z0.011 8.28 x 1013 64.8 125± 10 

Phlogopite 2 6.35 8.85 x 1014 44.5 125:t 10 

Amphibole 5 1. 17:t0.009 1.55 x 1014 34.4 119:t 5 

* Radiogenic 

K and Ar concentrations are the Mean of two or more analyses 

À e = 5.85 x 10-11/yr. 40K/ K = 0.011~ 
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Appendix II 

POSSIBLE NEW MINERAL 

A possible new highpressure mineraI has been found in 

a lherzolite nodule. It occurs as square white single crystals 

in the center of a spinel grain in a polished thin section (ANU 2304) 

which was provided by N.H. Gray who first noticed the mineraI. 

The size of the largest grain is 0.1 ~ on a side with another 

grain which is within 1 mm. being slightly smaller. The mineraI 

is uniaxial negative with the birefringence being in the upper greys. 

The photo below shows its appearance and an apparently good analysis 

is presented below. The mineral has the stoichiometery of 

no known mineraI though melilite is the closest to it. 
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Possible New Mineral 

5i02 28.08 

Ti02 
0.16 

~20) 25.95 

FeO* 0.8) 

MgO 0.27 

Caû 44.44 

Cr20) 0.2) 

Total 99.96 

* Total Fe as FeO 



Appendix III 

ELECTRON MICRO PROBE 

AlI the mineraI analyses presented in this thesis were done 

on an Acton MS-64 Electron Microprobe. The raw data was then 

reduced to oxide percents with a computer program written by 

J. Rucklidge and E.L. Gasparrini (1968) at the University of Toronto 

which was substantially modified for the Acton probe and 

IBM 360-75 computer. This was accompli shed with the expert help 

of W.H. MacLean, M. Firth and W. Trzcienski. 

The use of the micro probe resulted in rapid analyses 

of numerous mineraIs. however, the results were not always 

favourable and consequently at least fort y percent of the data 

obtained was discarded. Standards used were analysed silicates 

both s1llthetic and natural specimens and it was found that any 

silicate could be used as long as it was relatively close to the 

unknown in the content of the analysed element. Difficulty was 

encountered for considerable time in the analysis of the spinels, 

whtch contain around 50 % A1203. It seems that when alumina 

is so abundant it is necessary to be especially careful and use 

a standard that is very close in alumina content. In general 

the elements Al, Mg, and Si are especially sensitive in this 

regard while it was found that for Mn and Cr pure metal standards 

could be used satisfactorily. 
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Appendix IV 

PETROLOGY COLLECTION CATALOGUE 

Lo.ç~li ty ___ ._ll~~ard Kimberlite , PIQ. 

r.n1' pl"t,pn Thr Michael Marchand 

Co11ector's Location Description Mc Gill . 
i~o. Uo. .. - ---- .. .. .... 

Ile Bizard kimberlite P 8670 

" micaceous kimberlite P 8671 

" fine grained dyke P 8672 

" kimberlite P 8671 

" " P 8674 

" " P 867'5 

" " P 8676 

" dunite - harzburgite nodule P 8677 

--- • 

' . 

. " 

au:: 

r 
".:==-

1 
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PETROLOGY COLLECTION CATALOGUE 

4) LO_cFli i;.y ___ , __ I~e Bizard Kim:..:;;b~e~r~li~t..;..e,~P;..;:.~Q:.:.. __ ...,... __________ _ 

~n1 1 ",,..t.P'; nu- Micha 1 Ma ha d e rc n 

Collector' s Location Description Mc Gill 
i~o. No. _o. .. - --- .. -. - --

WR-7 Ile Bizard Fresh kimberlite- Analvsis S P Q2Q~ 

37 " AmDhibole-bearinŒ nodule P Q2Q? 

49 " Clinoo:vroxene meŒacrvst P Q?QR 

4 Il 
Websterite P O?OO 

5 Il Websterite ( no hand spec.) P 9300 

26 Il Websterite P 9301 

53 Il Websterite P 9302 

1 " Lherzolite ( garnat-spinal) P 9303 

2 Il Lherzolite ( no thin section) P 9304 

13 Il Lherzolite p 9305 

23 Il Lherzolite p 9306 

29 Il Lherzolite p 9307 

52 " Lherzolite P 9308 

47 " Phlogopite-garnet-pyroxane P 9309 

--_ .. 

noter Sample 2304 (ANU 2304) is in the petrology collection 

at The Australiar National University, Canberra, Aust. 

-, 

:'. 
-, -

--


