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ProEosed line of Research. 

a) To study and establish variations in the chemical and physical 

properties of sodalite; in particular, to obtain chemical analyses of 

samples collected in the field and using the same material, to determine 

the refractive index, specific gravity and cell dimensions of each 

sample analysed; with this data to establish whether the variations in 

each parameter is significantly different from experimental error, and 

if so to compute a correlation matrix and regression equations to relate 

the physical and chemical properties determining the variation observed. 

b) To describe in detail the sodalite deposit at Bancroft, Ontario 

and to attempt to establish a reasonable hypothesis concerning its 

origin. 
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Abstract. 

The chemical and physical properties of nine samples of sodalite 

have been determined along with the physical properties of an additional 

thirteen samples. Taken together with selected data from the literature 

these data indicate that: (1) the cell dimension of sodalite is constant for 

samples from one deposit within the limits ascribed to experimental error 

(± 0.0015 A0 ) and the variation of a
0 

for samples from other deposits is 

quite limited (i.e. ±o.005 A0 ); (2) the specific gravity and refractive 

index exhibit small but measureable variations which cannot however be 

related to compositional variation; (3) the variation in chemical composition 

for sodalite indicated by analyses from the literature appears to be in 

error; much of the variation is attributed to zeolite impurities which were 

not removed from the samples before analysis; (4) probably all sodalites are 

represented to within 5 per cent by 6Na ' AlSi0~2NaCl with less than 0.30 

weight per cent H20. 

A petrographic study of the sodalite deposit at the Princess Quarry, 

Bancroft, Ontario, indicates that this mineral has formed from the reaction 

of chlorine-rich solutions with nepheline. The solutions appear to be 

derived from granite and syenite bodies which are regionally abundant in the 

vicinity of the Bancroft band of nepheline syenite gneiss. Many facts 

suggest that the present veins in the quarry have formed by the replacement 

of a pre-existing nepheline pegmatite. 
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GENERAL INTRODUCTION. 

A brief glance at the current geological literature reveals 

an active interest by field and experimental petrologists in nepheline 

syenites and their volcanic equivalents. Experimental investigators 

have studied in some detail the accessory minerals commonly associated 

with these rocks. Nosean and hauyne occur exclusively as minor 

constituents in undersaturated alkaline volcanic assemblages. Sodalite 

has been found along with nosean and bauyne as phenocrysts in volcanic 

rocks, but it is most common in pegmatite assemblages. Cancrinite, like 

sodalite, is most commonly found in hydrothermal environments. In a few 

instances, both sodalite and cancrinite have been reported as primary 

phases in undersaturated alkaline plutonic rocks. 

Sodalite, nosean and hauyne are isostructural (Barth, 1932B) 

and very similar chemically. Anderson (1963) demonstrated that the 

hydroxyl varieties of nosean and hauyne synthesized under experimental 

conditions invert to cancrinite structures at temperatures and pressures 

imagined to prevail in hydrothermal environments. This appears to be 

the reason why nosean and hauyne are not found in plutonic rocks. 

Socialite undergoes no such inversion to an hexagonal structure. 

The present investigation began as a petrologic study of the 

occurrence of sodalite at the Princess Quarry, Bancroft, Ontario. The 

research was expanded to include an investigation of the chemical and 

physical properties of socialite. Samples were collected from the quarry 

at Bancroft to study variations in their properties within one mineral 
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deposit. In addition, samples were obtained from other localities in 
I 

North America, and also from regions in Europe, Asia. and South America. 

Analyses from the literature have also been reviewed. 

2. 




PART ONE 

A Mineralogical Study of Sodalite. 

.3. 




A ~.dneralogical Study of Natural Sodalite. 

I. 	 Introduction. A review of the knowledge of sodalite from the 

literature. 


In table 1-1 the main physical, optical and structural properties 


of sodalite, nosean, and bauyne are sununarised. In table 1-2 chemical 


analyses and physical properties determined on samples of sodalite from 


a large number of localities are presented. The individual properties 


of sodalite are discussed below. 


A. Structure. 

Sodalite is a cubic mineral with a
0 

=8.9 A0 , space group P4Jm 

(Barth, 1932B; Pauling, 1930A), arrl one formula unit per unit cell. 

Pauling (1930A) determined the structure of sodalite, and Barth (1932B) 

determined the structure of sodalite, nosean and hauyne. Sodaliterconsists of 

S10t and . AlO+tetrahedra in approximately equal numbers linked 

together to form the basic alumino-silicate framework. The distribution 

of the Al and Si atoms at the tetrahedral sites is unknown. Large 

cavities left vacant within this framework are occupied by Cl and Na 

atoms. One Cl atom lies at the centre of the cube and one at each 

corner. They are each tetrahedrally coordinated by four Na atoms; 

four near the centre Cl and four along the cube diagonals about each 

corner Cl atom. There are eight Na atoms per unit cell and each 

atom is in eight fold coordination with oxygen. The entire structure 

is somewhat collapsed and twisted since the cavities are larger than 

necessary to contain the Na and Cl ions. 



*Table 1-1: The properties of the sodalite group of minerals. 

Socialite. Nosean. Hauyne. 

n 1.483-1.487 1.495 1.496-1.505 

D 2.27-2.33 2.30-2.40 2.44-2.50 

H 5t-6 5t-6 

Cleavage (110) poor (110) poor (110) 

Twinning (111) (111) (111) 

Colour pale pl.nk,grey, grey,brown,blue, white,grey,green, 
yellow,blue,green, colourless or blue or blue 
colourless in in thin section. colourless or pale 
thin section. blue in thin section. 

Unit Cell a,.(A0 
) 

z 
8.91 
l 

9.05 
l 

9.13 
l 

Space Groups P43m. . P43m. P43m. 

Readily gelat~ized by acids. 

* Taken from Deer, Howie and Zussman, (1961). 

Nosean and hauyne are isostructural with socialite. In hauyne 

Ca
... z. -;- ­

replaces Na . and .~ both nosean and hauyne SQt replaces Cl: 

The ionic radius of Cau is greater t~n that of Na+ and the size of 

the so; ion is much greater than Cl- ' hence the structures of these 

two minerals are less collapsed. The unit cell dimensions for both 

nosean and hauyne are therefore greater than that of socialite. 

Van. Petegbe.m (1961) formed synthetic phases of socialite, nosean 

and hauyne of natural compositions at temperatures and pressures from 

IOOPrc. to 750°c. 0 '11:/10,000 to 30,000 p.s.i. 
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A polymorphic transition, independent of _pressure, occurred at approximately 

475°0 for both nosean t?nd hauyne. A cancr:.i.nite structure appeared at 

temperatures below 475° c_· . Sodalite _exhibited no such polymorphism. 

Anderson (1962) established that such an inversion of structures 

occurred in synthetic hydroxyl varieties .of nosean and hauyne. The 

hydroxyl variety of sodalite showed no inversion to an hexagonal structure. 

B. Physical and Optical Properties. 

Sodalite has _a glassy lustre; ~t exhibits a variety of colours 

including blue, grey, yellow _and green, and that variety of sodalite 

called hackmanite is often pale pink and strongly flourescent. Sodalite 

has a poor (110) cleavage. Its hardness is approximately 5t-6. 

Deer, Howie and Zussman (1961) quote the cell dimension of 

sodalite to be 8.91.A0 • The physical data associated with the chemical 

analyses in table 1-2 give no values for a., • Van Peteghem and Burley 

(1962) determined the cell dimension for synthetic and natural sodalite • 

They are given in table 1-3 along with some values found in the literature. 

The cell dimension is observed to vary between 8.81 A0 and 9.933 A0 , - but 

most values fall within the range 8.86 A0 to 8.89 A0 ~ The accuracy and 

precision of the data as indicated in Table 1-3 is insufficient however 

to establish the exact limits in the variation of a0 ~ For the synthetic 

hydroxyl sodalites synthesized by Van Peteghem (1961) no significant 

variation in the cell parameter was observed as a function of temperature 

6. 




Table 1-2: Chemical analyses of sodalite and hackmanite from the 
literature. 

1. 2. 3. 4. 5. 6. 7. 8. 9 

Si02 37.33 29.66 41.56 36.63 36.72 .36.70 37.96 .36.36 38.05 

Ala03 31.87 30.09 29.48 31.08 31.17 31.14 30.96 32.09 31.30 

Fea03 0.31 1.06 o.7o 0.21 o.85 0.09 tr. 

F@ 0 0.49 

V.ig O 0.15 

cao 0.18 0.49 0.46 tr. 

Na2 0 24.56 22.60 19.21 24.54 24.53 24.51 22.93 24.73 24.77 

KaO 0.10 1.14 0.91 l.Ol 1.13 1.16 0.74 0.12 

H,o­ ]
1.07 

0.17 0.45 0.31 0.23 0.19 1.10 0.12} o.82 
H 0 + 
~ 0.79 3.73 0.86 

Vm.O o.06 
Cl 6.8.3 6.12 4.79 7.20 7.22 7.21 5.34 6.79 7.18 

S03 tr. tr. 

CaC03 0.50 

Sum 101.76 101.06 101.26 101.83 101.70 101.72 100.34 101.70 

O=Cl 1.5~ 1.39 1.08 1.03 1.63 1.63 l.Zl 1.53. 1.62 

Total 100.22 99.67 100.18 100.20 100.07 100.09 99.13 100~17 100.51 

S.G. 2.265 2.295 2.278 2.Z'/ 

N 1 . 483 
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Table 1-2 Continued. 

10. 11. 12. 1.3. 14. 15. 16. 17. 

SiOz. .38.52 .36.69 .36.99 .36.70 .37.60 51.58 . 

Al2 05 27.48 .31.40 .31.77 .32.01 .31.62 11.15 

Fez.03 0.85 o.17 0.07 0.55 tr. 

lv'J&;O 0.20 

Cao 0.19 0.28 0.25 

Na~O 28.50 25.96 25.84 24.79 24.02 25.52 26•.30 22.4 

K20 0.2.3 0.16 0.17 0.46 0.12 o.18 0.4 

HzO­ 0.04 o.oo 0.0.3 

H o+2 

} 1.70 
0 • .30 0 • .36 0.28 

} 1.10 

Cl 3.00 5.64 6.44 7.00 5.56 7.29 7 • .30 5.27 

s 2.10 0.34 0.39 tr. 1.10 o • .3.3 0.55 

BeO 5.40 

Sum 100.00 101.71 101.81 101.39 101.62 

OaCl 1 • .39 1.64 1.58 1.80 

Total. 100.00 100.32 100.17 99.81 99 .. 82 

S.G. 2 • .378 2.285 2 • .33 2.286 

N 1.487 1.487 
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1) Blue sodalite, Litchfield., M • (U.S.G.S.Bull.220) Anal. F.W. Clarke. 

2) Blue sodalite, Ice River, British Columbia, (U.S.G.S.Bull.220) 
Anal. G. Steiger. 

3) Sodalite from sodalite syenite, Square Butte, Highwood Mountains, 
Montana, (u.s.G.S.Bull.220) Anal. W.H. ~~lville. 

4) Soda lite from Cerro Sapo, Bolivia, (Brendler, 1934) 

5) Soda lite from Cerro Sapo, Bolivia, (Brendler, 1934) 

6) Soda lite from Cerro Sapo, Bolivia, (Brandler, 1934) 

7) Sodalite from Tichuanaco, Bolivia, (Brandler, 1934) 

8) Blue sodalite, Y~gnet Cove, Arkansas (Miser and Glass 1941). 

9) Blue sodalite, associated with colourless hackmanite, nepheline 
syenite, Kishengarh, Rajaputana, India (Vredenburg, 1904) 

Anal. E. Vredenburg. 


10) Green sodalite, Greenland (Miser and Glass, 1941) 

11) Light grey sodalite, pegmatite cutting sodalite nepheline syenite, 
Khibina tundra, Kola peninsula (Fersman and Bonshtedt, 1937) 
Anal. M. Vladirninova. 

12) Hackmanite, sodalite aegirine rock, Kola peninsula (Borgstrom 
1901) Anal. L. M. Borgstrom. 

13) White hackrnanite, tinguaite, Magnet Cove, Arkansas (Miser and Glass, 
1941) Anal. J.J. Fahey. 

14) Hackmanite, Luyavrurt, Kola peninsula (Vorobieva, 1946). Anal. 
V.A. Moleva. 

15) Beryllium sodalite from southwest Greenland (S~rensen, 1962) Anal. 
McMouritzen. 

16) Green sodalite developed poikilitically with microcline and aegirine 
(S¢rensen 1962) Anal. McMouritzen. 

17) Yellow 	sodalite in analcime - natrolite veins (S~rensen, 1962) 
Anal. McMouritzen. 



Table 1-3 : Unit cell dimension f or synthetic imd natural soda lite. 

Sample or Synthetic or Author ao(AO) 

locality natural 


SS-2 Synthetic This study 
.
8. 89-

+ 
0. 01 


II 	 IISS- 6 	 8 .89-+ 0.02 

+II 	 IISS- 8 	 8 . 89- 0.02 

+II 	 IISS- 9 	 8 . 88- 0.04 

+II 	 IISS-11 	 8 .89- 0.02 

II 	 +SS- 12 	 II 8 .89- 0. 02 

II II ' + 6SS-14 	 8 .89- o.o 
+SS-18 II II 8 .88- 0.03 

Bancroft Natural This study 8. 87-+ 0.01 

Bnncroft II Ba rth (1932) 8 .89 

Bc:mcroft II Pauling (1930) 8 . 87 

Unstated II Ba rth (1932) 8 .85 

l'·;t . Somt.1e, Ite ly 11 Jaeger (1926) 8 . 91 

Finland11Livaa ra , 	 Lehijarvi (1960) 8 .89 

l':t . Vesuvius, Italy Na t ural 	 Kolaczkowska 

(1935) 9.933 


of synthesis oveifaft;emperature interval from 300CC • t0 650CC • It appears 

that in the synthetic systems at least the cell dimension may be quite 

constant .. 

Deer, Howie and Zussman (1961) quote the variation of the 

specific gravity of sodalite to be 2.27 to 2.33. The data given in 

10. 
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table 1-2 suggests that this is appoximately the correct range for this 

parameter. Also a comparison of the range of the refractive index in 

table 1-1 with those quoted for samples in table 1-2 indicates satisfactory 

agreement. 

c. 	Chemical Properties. 

Both Dana and Winchell (1956) have constructed a sodalite group 

of minerals. It includes 

Sodalite 6NaA1SiO+ .2 NaCl 

Nosean 6NaA1SiO+ • Naz SO+ 

Hauyne 6NaA1Si01 .2Ca S04 

This grouping is based upon the similarity in chemical and 

physical properties between these minerals. Van Peteghem (1961) 

established that complete solid solution exists between nosean and 

hauyne using natural compositions, but that only a very limited amount 

of solid solution. exists between nosean and sodalite, and hauyne and 

sodalite. He also concluded that for synthet i cally produced natural 

sodalite, composition is strikingly constant. 

An examination of the chemical analyses of natural sodalites does 

reveal some variation in the major elements which fo!Ill this mineralu 

Table 1-2 presents the analyses of sodalite and hackmanite collected 

from the literaturev In all but a few instances, three oxides (SiOz, 

Al~03 , and Na,O) and one anion (Cl ) form better than 97 percent of the 

constituents reported in each analys.i's. In proportion to the . amount 
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present, chlorine exhibits the widest variation of the four ionic species 

(i.e. from 4.79 to 7.22 weight percent). Small amounts of Fe
..-3 

appear to 

• t-3 ' -t- +substitute for Al as does K for Na • In that variety of sodalite 

called hackmanite s= may replace Cl- up to 1.10 weight percent. When 

Cl- is quite low, water in the form of the OH- ion possibly fills the 

unoccupied sites. It is the suspicion of the author however that much 

of the variation observed in chlorine is not due to a substitutional 

phenomena. Sodalite commonly alters to a sod.ium rich zeolite such as 

natrolite. Impure sodalite samples would yield on analysis significant 

amounts of water and lower than expected values for chlorine. Brendler•s 

(1934) study on Bolivian sodalites (see table 1-2 for analyses) suggests 

such a possibility. 

D. Qµality of the Data in the Literature. 

The data just reviewed has been presented with the hope that it 

would be used along with data from samples studied by this investigator . 

to establish variations in the physical, optical and chemical properties 

of sodalite. A critical analysis of the data is presented in point form 

below stipulating the limitations inherent in such data~ 

1) Only rarely are the chemical analyses accompanied by a complete set 

of physical and optical data. Incomplete sets of data restrict the 

completeness of this study. 

2) Only rarely have the techniques used to determine the physical 

properties been stated. Various techniques exist to determine these 

propert ies and slightly different results can be expected from each. It 

is especially critical in this study, where variations if present are 

quite small, to standardize all the data obt ained by using the same 
12. 



technique to determine a specific property. It is realised that this is 

not possible when using data from the literature, but a knowledge of the 

manner by which the values were determined may enable the investigator to 

allow for obvious differences. In general only the chemical data of table 

1-2 have been considered comparable to data determined in· this study. 

J) Nothing is known concerning the composition and amount of impurities 

present in the material represented by analyses in table 1-2. This, as will 

be illustrated,is a critical factor when determining the acceptability 

of an analysis. 

E. C~nclusions based on the data from the literature. 

1) The cell dimension exhibits only a limited amount of variation: it is 

suspected that this parameter may have a quite constant value. 

2) The refractive index and specific gravity possibly show more real 

variation than a
0 

(i.e. their variation is not attributable to experimental 

error). 

J) The c1- and s= ions are interchangeable to a limited extent suggesting 

that a solid solution series exists between sodalite and hackmanite . 

4) It is possible that the c1- and OH- anions are interchangeable and 

reflect another solid solution series between hydroxyl and chloride 

types of sodalite. Brendler•s (1934) work ori the Bolivian sodalite 

however, tends to disprove this theory. 

5) Other than the above mentioned substitutions and quite limited 

.... -t3 +- -t-3 •substitutions of Na and Al by K and Fe respectively, the three 
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oxides, SiO.z, Al .2.03 and Naz.O, and one anion Cl , occupy all the 

available sites in the sodalite structure. 



II. Preparation of Samples. 

A) Introduction. 

Nine samples of sodalite were submitted for chemical analyses, 

seven from the Princess Quarry, Bancroft and one each from Ice River, 

British Columbia and Blue Mountain, Ontario. In the Princess Quarry, 

sodalite samples were taken from six veins in such a manner as to 

sample from all of the quarry. The samples were obtained using a hammer 

and chisel, chipping in order to get the purest material possible. In 

this way sodalite from an area 1-2 feet in length in each vein was 

obtained. 

Thirteen other samples were studied to determine their physical 

and optical properties only. 

B) Preparation of samples for chemical analyses. 

Most of the samples contained nepheline, oligoclase, microcline, 

perthite, lepidomelane, calcite, zeolite and magnetite in addition to 

sodalite. The purity before s~paration of the above phases ranged between 

50 and 90 percent. The following set of techniques was used to purify 

the samples. 

1) The samples were crushed and sieved to obtain the grain size fraction 

between 120 and 200 mesh. 

2) Fines (less than 200 mesh) were separated by allowing the sample to 

settle through water in a 500 ml. separatory funnel: a ten second interval 

was allowed before the coarse fraction was ·taken offe 

3) Magnetite was removed by running a hand :magnet over the crushed sample. 
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4) Using the Frantz isodynamic mineral separator; 

i) the instrument was set with a tilt of 7° from the horizontal, 

plunging 30°-40°, and a current strength of 0.5 amperes; most of the 

lepidomelane and any remaining magnetite grains (composites etc.) were 

removed in this manner. 

ii) the separator was reset to 1-li° horizontal tilt and a current 

strength of 1.5 amperes; any remaining lepidomelane and some iron 

stained zeolite was removed. 

Both steps were repeated until the separation ceased to be efficient. 

5) A tetrabromoetbane-acetone mixture with a specific gravity just 

greater than that .of sodalite was used to separate the sodalite and 

zeolite from nepheline, oligoclase and alkali feldspar; a 500 ml. 

se:p3.ratory funnel was used; the technique was repeated at least twice. 

6) The sodalite fraction was dried and heated in a porcelain crucible to 

500-550°C for 45 minutes at atmospheric pressure and then allowed to cool. 

7) Sodalite was then separated from zeolite using the heavy liquid 

mixture mentioned in step 5; small amounts of the sample were placed in 

50ml. centrifuge tubes and centrifuged ~or 30 minutes; the light fraction 

was poured off and collected for analysis; this technique _was repeated 

until the results showed no improvement in sample purity. 

Step 6 is necessary to separate the sodalite from the zeolite 

impurity which was com.~on to all samples. The separation of the two 

phases results from a decrease in the specific gravity of sodalite and 

a slight increase in that property of the zeolite when the mixture is 

16. 




heated. 

The effects that the heat treatment had on the optical and 

physical properties of sodalite are indicated in table 1-4· The 

specific gravity of sodalite decreased by 0.022 gms/cc. 

Table 1-~: The effects of heating on the optical and physical 
properties of sodalite. 

Sample ~(~) Density n colour 

EX-I 8.881.!0.0015 2. 308±0.002 l.483:!:o . 005 deep blue 
Unheated 

EX-I 8.882 2.286 1.483 white 

During heating the colour of sodalite turned from blue to white. Other 

than the specific gravity, no physical property pertinent . to this study 

changed significantly upon heating. X-ray diffraction patterns run on a 

sample of sodalite before and after heating were identical. A thermogram, 

which records weight loss versus temperature was run on a small pure 

sample (3% impurity) of powdered sodalite. It indicated that there was 

a 7.0 weight percent loss at 98°C but that no further losses occurred up 

to 750°C. A similar sample was heated in an open porcelain crucible from 

room temperature to 900°C at one atmosphere pressure . A two percent 

weight loss was calculated on the basis of weighings before and after 

heating. 

The experiments involving the heating of sodalite· which have 

just been described indicate that heating did not seriously alter the 
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structure of the mineral. In one instance a 7.0 weight percent loss 

was recorded upon heating. This is attributed to interstitial water. A very 

finely powered sample in a quite humid atmosphere could easily adsorb this 

amou.~t of water which it would lose upon heating. In the experiment 

being referred to it was observed that as the sample cooled to room 

temperature in a normal atmosphere, it was gaining weight quite rapidly 

indicating that water was probably being aaisorbed from the air. It was 

the author's opinion at the time of experimentation that no significant 

amount of chlorine or structural water in sodalite · was lost during
r 

heating. One sample of sodalite (table 1-12, #620708-6) which had not 

been heated was submitted for chemical analyses. A comparison of the 

analyses of the heated samples with this sample reveals no large 

differences in the major oxides or anions which form the structure of 

sodalite. 

The zeolite however changes markedly during the heating process . 

It assumes a frosted appearance when heated, and an x-ray pattern of the 

heated zeolite shows no reflections in contrast to the number of excellent 

peaks of the unheated sample (see"minera.logy", part II). It is probablw 

that the mineral is completely dehydrated in the temperature interval 

from 300°0. to 400°0.(see Hey, 1932a,b,1933) and possible that such a 

loss of water (12.0 - 13.0 wt.%) causes the structure to collapseo This 

might be indicated by the apparent increase in density which could not 

result unless some such phenomena occurred. That the density did increase 
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is indicated by the fact that sodalite remained the lighter of the two 

minerals. If all the water in the zeolite were lost but the volume 

of the unit cell re~~ined constant then the effect would surely be to 

make the zeolite as light or lighter than sodalite. The opposite 

situation is observed however. 

Table 1-5: Percentage and type of impurity of samples submitted for 
chemical analyses. 

Sample %Impurity l'.iajor Impurity 

Before Aftero 


1-I 15% 3.3% Zeolite. 


1-III 15% 7.7 It 


tt3-I 15% 3.7 

n3-II 15% 4.7 

n.3-IV 40% 7.7 

n3-V 50% 11.8 

620708-6 5.8 Zeolite, magnetite 

IR-1-63 40% 13.2 Zeolite. 

nBM-1-63 50% 16.7% 

The results of the separations are recorded in table 1-5. 

Sample impurity was estimated by point counting using a petrographic 

microscope. Sample 620708-6 was the only sample not heatede It 

contained less than .3% zeolite impurity. The table indicates that three 

samples still contain greater than 10 percent impuritye Composi"te" zeolite­

sodalite grains may be plentiful in any sample since the alteration of 
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sodalite to zeolite (described in "Petrology") has proceeded on scales 

ranging from macroscopic to sub-microscopic. It is therefore 

difficult to estimate accurately the percent impurity in most samples. 

A sample of the zeolite was also submitted for chemical 

analysis. It was hoped that for those samples in which the zeolite 

impurity was high, corrections could be made in order to· compare them 

with the other data. 

C. Additional samples studied. 

In addition to the nine samples of sodalite submitted for chemical 

analysis, thirteen other specimens were studied for only their optical and 

physical properties. These samples were obtained from the Royal Ontario 

}fuseum, Toronto and are listed in table 1-6. Only the sample from Ice 
\ 

River, British Columbia, yielded sufficient material for chemical analysis. 
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Table 1-6. Samples of sodalite obtained from R.O.M., Toronto. 

Catalogue No. 

IR-1-6.3 

M16651 

Y.J.5281 

Ml.9678 

M16211 

M5430 

M5275 

Ml.3887 

M21855 

M5274 

M23298 

M221.62 

M5272 

Locality Comments on sample 

Ice River, medium blue colour; extensive alteration 
British Columbia to zeolite. 

French River, 
Bigwood To'loTilship, 

Ontario. 

Tukushinzan, 
Korea. 

Red Hill, 
New Hampshire. 

Ayopaya, 
Bolivia 

Slidudianka 
River, Lake 
Baikal, Siberia 

Monte Somma, 
Vesuvius. 

Kishengaih, 
.Ra japutara , 
India. 

Lake Nipissing, 
Ontario 

Greenland 

Ydnas Gerais ~ 
Brazil. 

Mias Station 
South Urals, 
Siberia. 

Iles de Los, 
Guinea. 

Litchfield, 
1-t..aine. 

deep blue sodalite in nepheline syenite 

blue sodalite as semi-rounded anhedral 
crystals in nepheline-orthoclase rock. 

white sodalite in grey nepheline syenite. 

deep blue sodalite . associated with small 
cubes of galena. 

sodalite associated with nepheline. 

green sodalite. 

grey coloured mass with green inclusions 
of sodalite ( '?) 

deep blue lenses of sodalite in pinkish 
grey nepheline syenite. 

blue sodalite associated with grey feldspar. 

blue sodalite; slightly altered to zeolite. 

pale blue sodalite associated with nepheline, 
feldspar and zeolite. 

grey sodalite mixed with white feldspar, 
nepl::e.line and zeolite. 

deep blue sodalite with nepheline, pink 
feldspar and biotite. 
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III. Determination of the Properties of Sodalite. 

!• Refractive Index. 

The refractive index of each sample of sodalite was determined 

at 25°c. by oil immersion. An Abb6 refractometer was used to check the 

index values of all the oils between n =1.476 to n =1.490. The 

calibration of the refractometer was first checked and then each oil was 

checked in turn. All readings were made using monochromatic light from 

a sodium vapour lamp~ Temperature control was regulated with a constant 

temperature water bath. The results are quoted to : 0.0005. They were 

found to be reproducible within the limits of experimental error. 

~· Specific Gravity. 

Small pure samples of unheated sodalite were allowed to just barely 

sink in a heavy liquid mixture of tetrabromoethane and a non-volatile 

organic l iquid, dimethylformamide. A lOml. pycnometer was filled with 

this liquid, capped, washed completely with acetone and allowed to dry 

for two to four minutes. The bottle and contents were then weighed at one 

minute intervals for the next six to seven minutes. A graph of weight versus 

time was then drawn and extrapolated to zero time. This value was used as 

the weight of the bottle plus heavy liquid. The same technique was used 

to determine the weight of the bottle and distilled water. The values 

were read to six figures and the final value for the specific gravity was 

rounded to four. All values are quoted for 23°Ce The reproducibility of 

a value for any one sample is indicated in table 1-7. The values determined 

using this technique are accurate to ! 0.0015 units* 
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Table 1-7: Reproducibility of specific gravity determinations. 

Sample Specific Gravity 

Ex - I 2.307 

Ex - I 2.308 

Ex - I 2.306 

Q. Cell Dimension. 

The cell dimensi on a0 was dete~ined using a Norelco diffractometer 

unit. The sodalite samples and a silicon standard were mixed in a 3:1 

ratio and ground to below 200 mesh in acetone. A small drop of nail 

polish was added to the acetone, then the mixture was poured on a glass 
, 

slide and allowed to dry. Samples prepared in this manner gave the best 

results (i.e. distinct' and strong reflections even at high 20 angles). 

Table 1-8 outlines the pertinent features of the reflection used for 

the determination of the cell dimension. The samples were radiated with 

FeK~ radiation. The index of the reflection used was taken from the work 

Table 1-8: Sodalite reflection .studied. 

hkl dhkl 26(Cu Ko<) 29(Fe Ko1 )
I 1

721 ,633, l.210A0 79.20° 106.35° 
522 

of Borchert and I(eidal (1946). A complete set of reflect;i.ons for natural 

sodalite is given in table 1-9 after Borchert and Keidal (1946)e 

For each s.ample t he exact location of the reflection with d = l.210A0 

was determined by counting the intensity of the reflections every 0.05° 29 

for 0.20° 26 on either side of the approximate peak 
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Table 1-9: Sodalite reflections and their index (after Borchert and Keidal, 
1946). Cu Koc. radiation. 

08 hkl ·a hkl 

7.05 110 
 39.70 721,633,552 

9.95 200 
 40.60 642 

11.15 210 
 41.55 730 

12.25 211 
 43.20 732,651 

(. 

15.85 .310 
 44.85 811,741,554 
17.55 222 
 45.85 820,644 
19.00 321 
 47.55 822,660 

20.40 400 
 49.30 662 


21.65 411,330 50.05 752 

22.80 420 
 51.10 840 

24.10 332 
 51.85 910,833 
25.20 422 
 52.85 842 

26.30 510,431 53.70 921,761,655 
28.45 521 
 55.55 920,851,754 
29.40 440 
 57.45 9.32,763 
30.45 530,433 58.30 844 

31.45 600,442 59.35 941,853,770 
.32.40 611,5.32 61.30 1011,772 
3.3 •.35 620 
 63.40 950,94.3 
.34.25 541 
 64.60 1022,666 

.35.30 622 
 65.65 10.31,952,765 

.36.15 631 
 68.05 871,855,774 

.37.05 444 
 69.20 . 1040,864 
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Table 1-9 Continued,. 

e hkl 

70.55 lOJJ,961 

76.85 1121,1051,963 

79.05 . 880 
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location. The time to record a unit number of counts was plotted against 

degrees 28 thus outlining the exact position of the reflection. Figure 

1-1 illustrates a typical diffractogram ob~ained in this way. The 331 

reflection for silicon was used as an internal standard. The curves for 

sodalite and silicon plotted in the diffractogram were bisected symmetrically. 

The corrected values in degrees 28 for the sodalite reflection obtained in 

this manner were converted to d-spacings using tables produced by Parish 

and Irwin (1953) and the cell dimension was calculated .. : · " ··: 

Table 1-10 indicates the reproducibility of a0 using this 

method. From these results the experimental error can be expected to 

account for an uncertainty in the cell dimension of approximately 

!Q.0015A0 
• 

Table 1-10: Reproducibility of the x-ray determination of the cell 
dimension a 

0 
of sodalite. 

Sample d-spacing ao 
1-I 1.2093 8.887 

1-I 1.2093 8.887 

1-I 1.2091 8.885 

1-I i.·2091 8.885 

1-I 1.2090 8.884 

(T =~ 0.0015 . 

.£. Chemical Analyses. 

The chemical analyses were performed by Mr. J. Muysson, chemical 

analyst, McY~ ster University. Rapid silicate methods were used. The 

, Cl , F , and S • Also 
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a qualitative investigation fora number of trace elements was made by Mr. 

P. van deKamp. Two samples of sodalite from the Princess Quarry were 

analysed in duplicate. 



DJ. 	 Discussion of Data. 

A. Physical and Optical Properties. 

Table 1-11 lists the values for each of the physical and optical 

parameters 	determined in this study. The following points are noted. 

1) The maximum range of the refractive index for sodalite is from 1.482 to 

1.487. Within one mineral deposit this parameter varies by: 0.0015. 

2) The cell dimension a0 does not vary outside the limits ascribed to 

experimental error for samples from within one deposit. Determinations on 

samples from other occurrences indicate a maximum deviation of =0.005 A0 

from a mean value of 8.885 A0 quoted for the samples from the Princess 

Quarry. Sample M5274 from Greenland is the exception to this rule. 

Sample M5272 is a volcanic sodalite. Powder photographs of this sample 

did not show the highest reflections which were common to most of the 

other samples studied. It is worth notL.~g that most of the samples formed 

in hydrothermal or plutonic environments. Possibly the absence of these 

reflections at 'fiigh 29 angles indicates a . lack of ordering in the ·strµcture 

of the mineral. lu1 alternative explanation is that the grain size of the 

sample was so small as to produce only very diffuse lines on the 

photographs. 

3) The results of the study on the specific gravity of sodalite 

indicate that this parameter shows the most variation of all the 

physical paramete rs mea sured. Samples from the Princess Quarry fell 

within a range of 2.305 : 0.005. The remaining samples studied give 
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Table 1-11 Data accumulated on physical parameteisof SJdalite samples. 

Sample Chem. Analyses. RI S.G. a)A) 

P. Q. 1-I ../ 1.482 2.302 8.887 ± 0.0015 

P. Q. 1-II 1.482 2.309 

P.Q. 1-III ./ 1.483 2.310 8.884 

P. Q. 3-I ./ 1.483 2.301 8.884 

P.Q. 3-.II ./ 1.485 2.308 8.884 

P.Q. 3-IV ; ./ 1.483 2.302 8.885 

P. Q. 3-V ./ 1.483 2.303 8.885 

P. Q. 3-VIII 1.483 2.301 8.885 

620708-6 .,/ 1.482 2.304 8.886 

BM-1-63 ./ 1.483 2.305 8.886 

.,/IR-1-63 1.483 2.304 8.884 

1-0.6651 1.485 2.289 8.890 

J'.iJ.5 281 1.484 2.306 8~887 

V.J.9678 Y~terial too poor 

Ml6211 1.484 2.308 8.889 

115430 1.484 2.296 8.883 

Y.5275 1.485 2.365 8.884 

M21855 1.482 2.298 8.. 884 

M5274 1.484 2.297 8.859 

:tvi23928 1.483 2.305 8.. 887 

M22162 1.485 2.337 + reflections too weak 



Table 1-11 Continued. 

Sample Chem. Analyses. RI S.G. a,,(lJ 

M5272 1.486 2.299 8.887 

BREV­N-63 1.483 2.318 8.887 

+ Sample too impure to obtain sufficiently strong reflection for 

determination of cell dimension. 
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maxinrum and milllimum values of 2.365 and 2.289 respectivelYi but even these 

samples tend to cluster about the mean quoted for the samples from the 

Princess Quarry. The variation however may be significant and is 

definitely much greater than that ascribed to experimental error. 

Since all the values presented in this section have been determined 

at one time by the same experimental procedures , they give a more reliable 

estimate of the range than can be obtained from a study of values in the 

literature. For the purposes of subsequent statistical analysis it· ls not 

essential that they be absolutely accurate although reasonable precautions 

have been taken to assure accurracy as well as precision. The results 

indicate that the specific gravity is the one physical parameter which 

possibly exhibits real variation distinct from that produced by 

experimental error and impurity of material. 
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.!!• Results of Major Chemical Analyses. 

In table 1-12 the chemical analyses made on nine samples of 

sodalite and one sample of zeolite are presented. Each sodalite 

analysis is almost completely described in terms of SiOt, Al 203 , NaiO 

and Cl Trace amounts of Fe 2 03 are assumed to be substituting for Ala0 3• 

and similarily small amounts of K20 probably replace Na 20. Calcite 

is often a cow~on inclusion in sodalite (see petrologic section). The 

amounts of Cao and C02 which are rarely greater than 0.30 weight percent
I 

may be accounted for in this manner. In sample 620708-6 significant 

amounts of Ti02 , MnO, Fe,03 , FeO and S are attributable to a small amount 

of magneti te and/or a sulphide mineral in the original sample. 

In the first four analyses in table 1-12 H20+ is present in 

only negligible amounts and does not contribute significantly to the total. 

These samples were heated before analys:S and this is probably the reason 

for the low values for water. Sample 620708-6 however was not heated, yet 

Ho+
2. is not greater than 0.30 weight percent. In samples 3-V and 

is present in amounts approaching .1.0 percent. Note 

however that both of these samples contain greater tha]l 10.0 percent zeolite 

impurity. An analysis of a zeolite from the Princess Quarry indicates 

that it contains 11.61 percent H2o+ A comparison between the first• 

four analyses of sodalite and the zeolite analysis indicates that the 

zeolite is slightly richer in Si02 , contains approximately the same 

amount of Al2 03 , is distinctly richer in Cao, H20+ and H20- , and is 
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Table l-J2 CHEMICAL ANALYSES - J. Muysson(l964) 

1-I 1-III .3-I 3-II .3-II-l .3-V 620708-6 BM-1-6.3 IR-1-6.3 (~l-6.3) 

Si02 37.25 37.5.3 .37.27 .37.46 .37.68 38.09 36.68 38.50 3'J•.32 .39.28 

Ti02 o.oo o.oo o.oo o.oo o.oo o.oo 0.48 o.oo o.oo . o.oo 

.Ala0'5 31.61 31.85 31.83 31.64 32.44 31.66 .31. 53 31.56 31.74 32.15 

Fe 2 03 0.03 0.02 0.02 0.06 o.o~ 0.0.3 0.14 o.oo 0.04 o.oo 

FeO 0.02 0.01 0.02 0.02 0.0.3 0.02 0.54 0.02 0.04 0.03 

:VmO o.oo o.oo o.oo o.oo o.oo o.oo 0.11 o.oo o.oo o.oo 

MgO 0.09 0.02 o.oo o.r:n 0.04 0.04 "0.17 0.04 0.07 0.08 

Cao 0.15 0.13 ' 0.32 0.1.3 0.21 0.28 0.26 0.13 0.50 1.79 

Na 2 0 24.72 24.56 25.02 24.76 23~99 23.79 23.95 23.63 24.26 J2.83 

K20 0.08 0.11 0.03 0.08 0.24 0.09 0.08 0.05 0.06 0.72 

P2 Os o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo 

H o+
2. 0.06 0.09 0.13 0.10 0.02 0.41 0.29 0.95 0.08 11.61 

H20 ­ 0.06 0.01 0.01 0.02 o.17 0.08 0.10 0.20 0.01 1 • .31 

C02 0.24 0.19 0.07 0.13 0.14 0.19 0 • .31 0.26 0.60 o.oo 

Ign -
F 0.01 0.01 o.oo o.oo 0.01 o.. oo o.. oo o.oo o.oo o.oo 

Cl 6.91 6.89 7.00 6.81 6Q77 6.53 6Q84 6.09 6.44 0.19 

s o.oo o.oo o.oo o.oo o.oo o.oo 0.10 o...oo o.oo o.oo 

Sum 101.2.3 101.48 101.72 101.28 101.76 101.21 101.58 101.4.3 101.16 99.99 

Cl=O less 1.56 1.56 1.58 1.54 1.5.3 1.47 1.54 1 • .37 1.. 45 0.04 

Total 99.67 99.92 100.14 99.74 100.33 99.74 100.04 100.06 99.71 99.95 

Total Fe 0.05 0.03 ' 0.04 o.oa 0.05 0.05 0.74 0.01 0.08 0.02 
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Table 1-12 Continued. 


1-I 1-III 3-I . 3-II 3-II-l 3-V 
 620708-6 	B~..-1-63 IR-1-63 (Z-~-63) 

%Impurity 3.3 7.7 3.7 7.7 ll.80 5.8% 13.2% 16.7% 

Note: 1) 	First seven samples (i.e. 1-I to 620708-6) are from Princess 


Quarry, Bancroft, Ontario. 


2) IR-1-63 Sodalite, Ice River, B.C. 


3) BM-1-63 Sodalite, Blue Mountain, Ontario. 


4) Z-1-63 
 Zeolite, Princess Quarry, Bancroft, Ontario 
1 



much poorer in Na 2 0 and Cl • A sample of sodalite containing 10 - 15 

percent zeolite might be expected to exhibit a somewhat higher than 

average Si02 , H20+ and Cao content and lower amounts of NaaO and 

Cl • Sample B~~l-63 for example contains 13.2 percent zeolite impurity. 

In its analysis Si02 is observed to be high, NaaO low, H20+ quite high 

and Cl very low, relative to any one 9f the first four analyses in 

table 1-12.Brendler (1934) in his study of Bolivian sodalites pointed out . 

that the chemical weathering of sodalite caused a leaching out of the 

alkali metals and chlorine. In table 1-~ analyses 4,5 and 6 were made 

on samples of sodalite from the same deposit in Bolivia. Analysis 7 was 

made on a slightly weathered sod.alite from Bolivia. The weathered 

sample contains less Na 2 0 and Cl and more SiOzand water than the fresh 

samples. 

On the basis of the analyses made for this study the author will 

define what he considers to be an acceptable analysis of sodalite (i.e. 

one which contains a minimum of impurities and has not been weathered 

appreciably.) Such an analysis consists almost entirely of Si02 ,Al~03 , 

Na2 0 and Cl • In the case of hackmanite S may substitute for Cl • 

The extent of this substitution is unknown~ For the remaining oxides 

and anions Ti02 , VinO and F are present in amounts less than 0.05% or 

absent; Fe2 03 , FeO, MgO less than 0.10%; CaO and C02 only rarely greater 

than 0.30%; and K2 0 generally less than 0.20% although in rare cases it 

may be as l arge as 1.20 weight percent (e.g. Bolivi~nsodalite; table 1-2 



analyses 4,5,6). The acceptability of values for the major oxides is 

determined on the basis of: ~l) their weight percent, and (2) the 

molecular ratio of (NazO + K2 0): (Al~03' + Fe 2 03 ):(Si02+ Ti02 ):(Cl + S) 

which is predicted to be 1.33: 1.0: 2.0:0.33 by the structural formula. 

Table 1-1,2: Partial analyses of sodalite and associated molecular 
ratios. 

wt.% 1. 
Ratio 

~ 2
wt.% · •Ratio wt.% 3• Ratio wt.% 4!\atio 

Si02 .36.72 1.97 37.25 2.0 37.46 2.01 38.09 2.04 

Na,o + K,O 25.66 1.319 24.80 1.29 24.84 1.29 23.88 1.24 

Al2 03 + Fez..03 .31.87 1.0 31.61 1.0 :31.64 1.0 31.69 1.0 

Cl + s 7.22 . 0.329 6.91 0.313 6.81 0.309 6.53 0.296 

(1) Sodalite from Bolivia (anal. #5. table 1-2) 

(2) Sodalite from Princess Quarry, sample 1-I, table 1-12. 

(3) Sodalite from Princess Quarry, sample 3-II, table 1~12. 

(4) Sodalite from Princess Quarry, sample 3-V, table 1-12. 

Table 1-13 gives four sodalite analyses and the corresponding 

molecular ratios. Column 1 gives a set of ratios which are almost 

identical to those predicted by the structural formula. The analyses 

which represent columns 2 and 3 are not in exact agreement with the 

theoretical ratios. These samples are known to contain 3.0 - 7.<J!, zeolite 

impurity. The f ourth column represents a sample with greater than 10% 

zeolite impurity. Its molecula_r ratios for Na 2 0 + K,O and Cl + S . are 

defin.itely different from those of the theoretical formula and the other 
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samples in the table. 

On the basis of this data the author would reject as unacceptable 

analyses of sodalite with molecular proportions of the major oxides and 

anions indicated in table 1-13 different from the the.oretical ratio by 

more than that indicated by sample 3-II. in table 1-13. In terms of a 

chemical analysis this correspo~ds to a minimum of approximately 6.80% 

Cl , and 24.50% Na,O + K~O; approximately 31.60% Al~03 + Fe 4 03 , and a 

maximum of 37 .45% Si02 + Ti02 • As a rule, the weight percent chlorine is 

the best indicator of a poor analysis. 

In table 1~14 a comparison is made between two analyses drawn from 

the data in table 1-12. Column (1) represents the averages calculated 

from acceptable analyses (i.e. sample 1-I, 1-III, 3-I, 3-II, 3-IV, and 

620708-6) in table 1-12. The observed maximum variation for these units 

is also given. Column (2) is the analysis of sample B¥,...l-63 in table 

1-12 which contains approximately 13.2% zeolite impurity. Column (3) 

is the analysis of a zeolite from the Princess Quarry. The writer 

assumes that the composition of the zeolite from the Princess Quarry 

given in column 3 is representative of all zeolitESwhich have formed from 

the alteration of sodalite. The discussion to follow supports this 

assumption for th9se oxides and anions considered. 

Table 1-14: Comparison of average sodalite analysis with impure 
analysis and zeolite analysis. 

Oxide or .Anion. (1) (2) (3) 

Si02 + Ti02. 37.39 ~ 0.29 38._50 39.28 
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Table 1-14 Continued: 

Oxide or Anion. (1) (2) (3) 

Al2 03 + Fe 2 03 31.86 ! 0.60 31.56 32.15 

Na,o + K,O 24.60 ! 0.57 23.68 13.55 

Cl 6.87 : 0.13 6.09 0.19 

It is obvious from a comparison of columns (1) and (2) that the 

impure sampleis slightly high in Si02 , possibly low in Fez03 + Al 2 0,, and 

defin~tely low in Na 2 0 + K2 0 and Cl • Since column (3) is considered to 

be an analysis of the impurity in sample BM-1-63, it is reasonable that 

chlorine shows the most change since it is almost absent in the zeolite. 

Na2 0 + K2 0 shows the next largest difference follewed by Si02 +Ti~ 

Al2 03 + Fe2 03 falls within the range acceptable for natural pure sodalite. 

From this data the author has concluded that the apparent variation in 

the oxides and anions of sodalite in table 1-12 is no~ real. It has 

arisen from the presence of a sodium rich zeolite admixed with sodalite 

in varying proportions. 

In table 1-12 chlorine exhibits quite a wide variation and the 

associated data on H2 0+ in a few analyses suggested a substitutional 

phenomenon between the two anions. The facts subsequently presented 

however i llustrate that if such a substituti.on does exist it is much 

more lir.Uted than is implied by the chemical analyses of table 1-12. The 

observed variation in chlorine for the acceptable analyses is ±o.13 weight 

percent. Since all the sodalite samples were heated before analysis with 
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the exception of sample 620708-6 water may have been driven out of the 

structure . Only 0.28 weight percent was reported for sample 620708-6. 

This may represent the approximate amount which could be expected in a 

sample of sodalite from the Princess Quarry. It is worth noting that if 

this amount of water were added to the weight percent Cl for each 

acceptable analysis in table 1-12, the molecular ratios calculated in 

table 1-13 would come very clpse to t~e predicted theoretical values . 

In summary: it is the author's opinion that most of the variation 

observed for Si02 , Al2 03 , Na 2 0 and Cl in the nine sodalite analys~s in 

table 1-12 is attributable to experimental error and variations in the 

amount of admiXed :sodium-bearing zeolite, with most emphasis on the 

latter factor. 

It is worthwhile to expand this discussion to include the analyses 

presented in table 1-2. The analyses represent both sodalite and -hackmanite. 

Si02 , (Al 2 0~ + Fe~03 ), (Na 2 0 + K2 0) and (Cl + S) all show a maximum 

variation ranging from ~ 1.0 to ! 2.0 weight percent. On the basis of 

the preceeding discussion of analyses made in this study, analyses were 

taken from table 1-2 which were considered repres~ntative of natural 

sodalite and hackmanite (i.e. relatively free of impurities). These 

analyses are presented in table 1-15. In table 1-16 average values for 

the main oxides and anions are presented for acceptable analyses of 

sodalite from the Bancroft and Bolivian occurrences. The maximum 

observed variation for each constituent is also given. Also averages 
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Table 1-15: Sodalite (and hackmanite) analyses ffom the literature. 

Si02 

Al2 03 

Fe2 03 

( a c ceptable 
1. 2. 

37.33 36.68 

31.87 
31.99 

analyses) 
3. 4. 
36.36 38.05 

32.09 31.30 

0.09 tr. 

5. 

36.70 

32.0l 

0.07 

6. 

36.99 

31.77 

o.17 

7. 

37.60 

31.63 

0.55 

8. 

FeO 

Y.ig O 

Cao tr. 0.28 

Na2 0 

K;tO 

H2 0­

H 0 +
2 

24.56 

0.10 

1.07 

25.63 

0.25 

24.73 

0.12 

0.12 

0.86 

24.77 24.79 

o.17 

o.oo 

0.36 

25.84 

0.16 

24.02 

0.46 

0.28 

Ti02 

J:lmO 0.06 

P2 Os 

C02 

Cl 6.83 7.21 6.79 7.18 7.00 6.44 5.56 . 

F 

s 

803 tr. tr. tr. 0.39 1.10 

CaC03 0.50 

Sum 101.76 101.75 101.70 101.39 101.81 101.62 

0:: Cl 1.54 1.63 1.53 1.62 1.58 1.64 ' 1.80 

Total 100.22 100.12 100.17 100.51 99.81 100.17 99.82 
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1) Blue sodalite, Litchfield, Y~. (U.S.G.S. Bull 220) Anal. F.W. Clarke. 

2) Average of three sodalite analyses, Cerro 
1934). 

sa,vo, Bolivia (Brendler, 

3) Blue sodalite, Ma gnet Cove, Arkansas (Miser and Glass, 1941) 

4) Blue sodalite, Rajputana, India (IVJ.iser and Glass, 1941) · 

5) Hackmanite, tinguaite, Magnet Cove, 
1941) Anal. J.J. Faley. 

Arkansas (Miser and Glass, 

6) Hackmanite; sodalite aegirine rock, Kola peninsula (Borgstrom, 
1901). Anal. H • . Borgstrom. (Deer, Howie and Zussman, 1961). 

7) Hac kwEnite, Luyavrurt, Kola peninsula (Vorobieva, 1946) 
Moleva. (Deer, Howie and Zussman, 1961). 

Anal. V.A. 
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Table 1-16: Comparison of averages of analyses on all sodalite 
analyses presented in table 1-2, 1-12, 1-14. 

Si02 + Ti02 Al2 03 + Fei!. 03 Na aO + Ki!.O Cl + S 

X Bancroft 37.39 31.86 24.60 6.87 

±o.29 ±o.60 ±o.57 !'o.13 

-X Bolivia 36.68 31.99 25.63 7.21 

±o.05 :!:0.15 ±0.08 ±0.01 . 

x. 37.09 31.85 24.91 6.98 

v, ±o.96 ±o.55 ±1.09 :I0.32 

X2 37 .84· 31.37 24.32 6.32 

Va ::t4.72 ±1.89 !4.20 !1.57 

-X Bancroft: Average of six acceptable analyses (table 1-12) 


X Bolivia: Ave ~age of three analyses (table 1-2) 


x, Means based on all acceptable analyses plus averages from 


Ba~croft and 	Bolivian samples. 

x, 	 Means based on all analyses plus averages from Bancroft 

and Bolivian samples . 

:V.iaximum observed variation for each group of oxides and anions. 



were calculated for two groups based upon: (1) all acceptable analyses 

from the literature in addition to those acceptable analyses made in 

this study (tables 1-12 and 1-15); and (2) all the analyses taken from 

the literature (table 1-2) plus' all the analyses made in this study 

(table 1-12). For each group of oxides and anions the maximum observed 

variation is i..~dicated for both (1) and (2) . These values are not 

particularly useful due to the positively skewed nature of the frequency 

distribution being studied. The group (2) averages are seriously biased 

by analyses which are not considered acceptable by the standards 

proposed earlier in this section. A comparison of the two sets of 

averages indicates that Si02 + Ti02 in group ( 1) is lower than tha't in 

group (2), and that Al2 03 + Fe2 03 , NaaO + K2 0 and Cl + S. are all 

higher in group (1). In figure 1-2 the differences between a pure 

sodalite analysis, an impure sodalite analysis and a zeolite analys·iS 

for the oxides and anions considered above are illustrated diagrammatically. 

The results of this study lead to conclusions which are identical to those 

arrived at from a smaller but more detailed study on samples given in 

table 1-12. 

This study tends to indicate that at least some of the analyses 

in the literature are not representative of pure sodalite. The variation 

indicated by analyses 3,7,10 and possibly 11, in table 1-2 is not due 

so much to variation in composition of the sodalite as it is to the 

varying amou..~ts of impurity. Water in the form of the hydroxyl ion 
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Fig.1-2 Oxide and. anion content of pure and impure sodalite and 

zeolite A. 

Wt. %Si02 

1 
n '30 37 

Wt. %Al 203 + Fe2 03 

l 

'3Z 31 30 

l 
ZS' il't 23 13 12 

Wt . %Cl + S 

l 
1•0 O·O 

111 Acceptable analyses of sodalite. 

x Unacceptable analyses of sodalite. 

0 Zeolite analyses. 

! Ideal sodalite analyses (Stoichiometric proportions). 



appears to substitute for chlorine up to approximately 0.30%. Additional 

water recorded in some analyses is probably due to the presence of 

hydrated impurities. Si02 , Al2 03 and Na 2 0 content also reflect the 

effect of impurities but the differences for each of these oxides is 

much smaller and is liable to be largely masked by errorsinvolved in 

the methods used to determine the amounts of each oxide present, as 

well as by natural variation. The problem of poor analyses of sodalite 

has largely arisen out of the difficulty of separating the pure mineral 

from the fine grained zeolite alteration product due to their similar 

physical properties. 
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C. Trace Elements. 

Samples 1-I and 3-I from the Princess Quarry were analysed 

in duplicate for fourteen trace elements . The examination was only 

qualitative. Zr, V, Ni, Co, S G Mn, Ba, Mo and Sn were not found in 

these samples. Cr, Ti and Sr, were found in trace amounts to concentrations 

between 10 - 100 ppm. Ga and Cu occurred in amounisbetween 10 - 100 ppm 

but the results for Cu are possibly spurious due to contamination. 

Medved (1954) reports traces of Be, Ba and Sr; 0.01% Li and Ga; 0.0015% 

MnO; and 0.005% Pb .in a sample of hack:manite. None of these elements were 

found in sodalite. 

12,. Statistics. 

The chemical, physical and optical data that have been 

presented in the previous sections were studied for evidence of 

correlations between any two properties. As a general rule if .correlations 

are not evident from a study of the data using graphical techniques then 

statistical methods will seldom reveal any significant relationships. 

In most studies the correlations are fairly obvious by inspection and 

statistical methods are used to quantify the relationshipsG The author 

has attempted to establish correlations using the data presented in tables 

1-2, 1-12 and 1-15 

The data was treated in two ways. The chemical analyses 

of samples 1-I, 1-III, 3-I, 3-II, 3-IV and 620708-6 in table 1-12 and 

t hose samples 1,4,5,6,8,9 and 13 in table 1-2 were studied for evidence 

of correlations between the main chemical parameters of sodalite. Note 

that for analyses of hack:-nranite Cl and S are combined. The inverse 

relationship between these two anions is obvious from the analyses in 45. 



the literature but is not studied in this paper. Graphical methods 

failed to reveal a relationship between any two parameters or any two 

ratios. Each analysis was then divided into five units: Si0 2 + Ti02 , 

Al2 03 + Fe2 03,Na 20 ' K20, and Cl + • A program for the Bendix n-15 

digital computer prepared by Dr. G.V. Middleton was used to compute a 

correlation matrix. The resulting matrix is presented in table 1-17-A. 

Each number represents a correlation coifficient (r) which can range from 

+l.O to -1.0. A high absolute value of r may indicate a significant 

correlation between the two parameters involved. Low absolute values 

indicate no correlation exists. At the 95% and 99% confidence level the 

only significant correlation is between K20 and Cl. This relationship is 

possibly overemphasized due to the data used to calculate the matrix. 

Three samples from Bolivia all contain. high Cl and KaO while the 

majority of the remaining analyses used were much lower in KaO and Cl. 

~~ny more analyses would be necessary to establish whether this correlation 

indicates a real trend or whether it is significant only due to insufficient 

data. 

The chemical analyses from table 1-12 used in calculating the 

above matrix were then combined with the physical and optical data 

determined for each of these samples. An attempt to correlate, by 

graphical or statistical methods, the physical and optical data with the 

chemical properties was unsuccessful. Table 1-17-B illustrates the 

correlation matrix which was calculated using thea:l data. The percent 
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Ta ble 1-17-A: Correlation matrix on chemical data . 


Si02 + Ti02 + Fe,03 Na 2 0 K 0 Cl
Al 2 03 z. 

Si02 + Ti02 1.0 -0.466 -0.099 -.555 -.147 

Al203 +Fe4 03 1.0 -.309 .286 -.330 

Na2 0 1.0 -.152 0.285 

K2 0 . 1.0 o.635 

Cl 1.0 

at 95% confidence level: significant if r >0.476* 

at 99% confidence level: significant if r >o.634* 

at 99.95% confidence level: significant if r>0.801* 

Table 1-17-B: Correlation matrix on chemical, physical and optical data. 

Si02 + Ti02 

1.0 .421 .044 .544 -.264 -.018 .008 .119 

1.0 -.539 .925 -.566 -.308 .016 .595 

1.0 -.676 .726 .052 .356 -.668 

1.0 -.747 -.046 .ooo .742 

Cl 1.0 -.256 -.290 -.586 

S G 1.0 .497 .434 

RI 1.0 .020 

%Imp. 1.0 

at 95% confidence level: significant if r > O.729* 

at 99% confidence level: significant if r > 0.882* 

at 99.95%. confidence level: significant if r > 0.. 974* 

* Confidence level taken from table A-30-a; Dixon and ~sssey 
(1957) 
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impurity of each sample was also included. At the 99% confidence level 

the only significant correlation is between K,O and Al 2 03 + Fe 2 03 • It 

is regarded as a spurious correlation possibly due to the closed array 

nature of the chemical data (Cb.ayes, 1962). The cell .dimension Bo for 

the ana lyses used is regarded as approximately constant and therefore 

was not included in the analysis. The density and refractive index 

sh~w no significant correlations with any of the chemical parameters . 

48 . 




y. Conclusions. 

The following points have been c.oncluded from the data presented 

in the previous sections. 

1) The cell dimension a 0 for samples of sodalite from the Princess 

Quarry does not vary more widely than the experimental error. The 

variation is considered suffioiently small to indicate that the cell 

dimension for samples from this deposit are constant. For samples from 

other occurrences there is a wider but still quite narrow variation. Its 

significance is not evident. 

2) A measureable variation in the specific gravity occurs , but its 

significance is not clear. The author still regards the wide variation 

with suspicion since the alteration to a zeolite can proceed on a very 

fine scale without being clearly visible, yet cause an apparent variation 

in the density of the mineral. 

3) The refractive index varies measurably but the variation is not 

correlated with any chemical variation. 

4) A significant number of analyses in the literature are not representative 

of pure natural sodalite. The variation in the important chemical oxides 

and anions is narrower for samples from one deposit than for samples 

from a number of wide-spread occurrences. When red-..iced to molecular 

ratios the oxides and anions for the acceptable analyses of table 1-12 and 

all of the analyses in table 1-1.? exhibit ratios to each other which 

agree quite closely with those predicted by the structural formula. It 
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should be kept in mind that high Na 20 and high Ql are difficult to 

determine using rapid silicate or classical silicate methods of analysis. 

This factor, in part, may explain some of the remaining variations in the 

analyses. 

5) This study has been restricted by the lack of samples from regions 

other than in Canada in sufficient quantities for chemical analysis. A 

possibility still remains that the narrow range in variation for all the 

properties determined, and the lack of correlation between any of them, is 

due to the lack of sufficient data. 

VI. Reconu~endations for further study. 

Ha ckmanite is a variety of sodalite with the sulphide ion 

substitutine for chlorine. It has bsen mentioned only sparingly in this 

study, and analyses of this mineral have been treated as analyses of sodalite 

by combining the S and Cl • This study has established that the O:Fr ion 

does not substitute for Cl- in sodalite to any large extent. It definitely 

appears however that the s= and c1- ions are interchangeable to a much 

greater degree. A study of the extent of solid solution between a 

hypothetical sulphide sodalite (hackmanite) and natural sodalite may 

reveal the only solid solution series to which sodalite belongs. 
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Part II. 


The Genesis of Sodalit e at the Princess Quarry, Bancroft, Ontario. 
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l• Introductioni Previous studies of sodalite occurrences. 

Sodalite is not a common silicate mineral, and for this reason it 

is probably instructive to review the types of environments in which it 

is found as ~eported in the literature. The occurrence at Bancroft, 

Ontario is omitted from the present discussion. 

In table 2-1 twenty-one occurrences of sodalite are listed. They 

are classified according to their environment of formation. Sodalite is 

found to occur in volcanic, plutonic and hydrothermal rocks. The term 

hydrothermal is used to designate an environment in which minerals are 

formed by replacement and precipitation processes due to reactions between 

hot ~queous fluids and pre-existing mi neral phases. To separate hydro­

thermal minerals from those which form as primary phases, the term 

magmatic is used. It signifies crystallization from a silicate melt 

containing a variable amount of volatile substance. Of the three 

physical states of matter which constitute the magmatic environment (i.e. 

solid, liquid and gas), sodalite probably forms from replacement reactions 

between the solid and gas phases. Strictly speaking therefore, there is 

probably little difference between the processes of formation of sodalite 

in magmatic and hydrothermal environmentse 

The problem whi ch has arisen from attempting to separate magmatic 

and hydrothermal sodalites is illustrated in the study by Allan (1902) 

of the Ice River complex in south west British Columbia. Sodalite 

syenite (ditroite) occurs as the last member of a differentiated alkaline 
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_j.'a ble 2-1: SoClalite Occurrences. 

LOCALl 'l'Y. 

Bancroft, Ontario 

Blue Mountain, 
Ontario. 

Ice River, British 
Columbia 

F\lkushinzan, Korea. 

Mogok District, Burma 

French Guinea 

Kola Peninsula 

Cerro Sapo, Bolivia 

MINERAL ASSOCIATION . 

As veins in joint planes in nepheline 
syenite associated with nepheline, 
microcline, perthite, oligoclase 
lepidomelane , calcite, magnetite and 
zeolite. 

As veins in joint planes in nepheline 
syenite associated with cancrinite, neph. 
oligoclase 

As anhedral crystals in nepheline 
syenite and in veins with 
cancrinite and pyrite. 

In veins in nepheline syenite 
associated with cancrinite, 
melanite, fluorite. 

In pegmat ite veins in nepheline 
syenite associated with nepheline and 
calcite. 

In pegmatite in nepheline syenite as 
large crystals associated with plates 
of mic roe 1ine. 

Sodalite in pegma tites associated with 
sodalite syenite and nepheline syenite. 

Sodalite dyke associated with nepheline 
syenite. 

ENVIRONMENT . 


Hydrothermal 


Hydrothermal 

Hydrothermal 
Magmatic 

Hydrothermal 

Hydrothermal 

Hydrothermal 

Hydrothermal 

Hydrothermal 

REFERENCE. 

this work. 

studied by writer. 

Allan (1902) 

Haraguchi (1928) 

Lacroix (1931) 

Lacroix (1931) 

Gerasimovsky (1937) 

Brendler (1932) 

U'I 
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Table 2-1 Continued. 

LOCALITY 

Red Hill, New 
Hampshire. 

Pilansberg, 
Transva l. 

Beemersville, 
New Jersey 

Ditro Complex 
East Carpathians. 

Solwezi, N. Rhodesia. 

~~ssum, Igneous complex 
S.W. Africa. 

Rocky Boy stock, 
Bearpaw mts. Montana 

Trapian Law phonolite 
Scotland. 

MINERAL ASSOCIATION 

Grey sodalite in grey nepheline 
syenite. 

Poikilitic soda lite syenite 

Fluorescent sodalite in nepheljne 
syenite. 

Blue sodalite in nepheline syenite 

Sodalite nepheline syenite: al.bite 
replacing microcline; sodalite 
replacing nepheline , microcline and 
al.bite. 

Sodalite in dyke rock in sodalite 
tinguaite 

Sodalite with sanidine and nepheline 
syenite 

Sodalite in dyke rock in sodalite 
tinguaite 

Ahaggar, centr~l Sahara, Sodalite in phonolites 
Portuguese, E. Africa. 

ENVIRONMENT 

Magmatic 

l'iagmatic 

Magmatic 

Magmatic 

Magmatic (?) 
Hydrothermal (?) 

Magmatic (?) 
Hydrothermal (?) 

Magmatic 

Volcanic 

Volcanic 

REFERENCE. 

Quinn (1935) 

Partridge (1938 ) 

Wilkarson (1946) 

Streckeisen (1960) 

Adams and Osborne 
(1932) 

M9thias (1956) 

Pecora (1942) 


?'.IBcGregor (1922) 


Teale and Smith (1923) 




Table 2-1 Continued. 

LOCALITY 

Naples, Italy 

La~cher See 

Rhineland 

Monte Somme, Vesuvius 

.MINERAL ASSOCIATION 

Sodalite trachyte : 

Sodalite in trachytes and sanidinites 

Sodalite in drusy cavities of ejected 
volcanic blocks. 

Sodalite in volcanic bombs 

ENVIRONMENT 

Volcanic 

Volcanic 

Volcanic 

Volcanic 

REFERENCE. 

Deer, Howie and 
Zussman (1963) 

Deer, Howie and 
Zussman (1963) 

Kalb (1939) 

Deer, Howie and 
Zussman (1963) 

\.11 
\.11
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intrusive series. It contains perthite, orthoclase, nepheline, hornblende 

and sodalite. Sodalite occurs in part as independent anhedral crystals, 

and as irregular veins interstitial to the other minerals. The veins 

extend into metasediments and there consist of sodalite, cancrinite and 

pyrite. Allan states that the crystals of sodalite represent primary 

crystallization under late stage magmatic conditions, whereas the veins 

formed in a hydrothermal environment. Bonney (1902) argues that all the 

sodalite formed under hydrothermal conditions. In table 2-1 where both 

mBgmatic and hydrothermal are listed as the environment of formation, an 

occurrence such as the Ice River complex is implied. 

In volcanic rocks, sodalite may occur as small phenocrysts 

assoi::iated with leucite, nosean and hauyne. In such cases sodalite 

occassionally forms as small modified cubic crystals. Positive 

identificat i on of these phases is often difficult due to the small size 

of the crystals and similar optical properties of these isometric minerals. 

The pertinent facts concerning the occurrences of sodalite are . 

briefly summarized below. 

1) Sodalite is restricted to per-alkaline u.~dersaturated rocks in 

particular nephe line syenites and associated pegmatites. 

2) Minerals commonly associated with sodalite are nephel:i.ne, ol:\£oclase 

or albite, microcl:i.ne, orthoclase, sanidine, perthite, lepidomelane, iron 

rich pyroxene or hornblende, cancrinite, calcite, ma~etite, natrolite and 
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other zeolites. 

3) Sodalite may form in: 

a) pegmatites of the type nepheline-microcline-lepidomelane-calcite­

sodalite. 

b) 	 in nepheline syenite host rock replacing nepheline and possibly 

sodic plagioclase feldspar due to chlorine metasomatism from veins 

of the type in a. 

c) in per-alkaline plutonic rocks as a primary accessory phase of the 

last rock type of a differentiated series. 

d) in volcanic rocks such as trachytes and phonolites as a primary 

phase associated with other feldspathoids. 

II. 	Regiona l Geology. 

The area most pertinent to this thesis is that portion of the 

Hastings Highlands gneiss complex extending a few miles east and west of 

Bancroft, Ont ario. Map 1-A outlines in detail the geology of this 

region in the immediate vicinity of the Princess Quarry. Numerous 

detailed accounts of the geology of this region have been published. 

Among the most significant papers are those by Adams and Barlow (1910), 

Gummer and Burr, (1946), Moyd (1949), Barrager (1952), Hewitt ·and James 

(1955), Tilley (1957), Hewitt (1960), Tilley and Gittins (1961) and 

Gittins (1961). 

57. 




SYMBOLS 

;;:;oi MOTOR ROAD 

~ 

BRIDGE 

TRAIL 

SMALL ROCK 
OUTCROP 

BOUNDARY OF 

ROCK OUTCROP 

GEOLOGLC 

BOUNDARY CEFINED 

GEOLOGIC SOUN ­
ARY, APPROXIMATE 

GEOLOGIC 801,W­

OARy, ASSUMED 

DIP OF BEOOJNG 

STRIKE 8 DIP OF 

BEDDING 

STRIKE 8 DIP OF 
GNEISSOSITY 

=i STRIKE OF \ffiTICAL 

::::_j GNEISSOSITY 

J FAULT, INDICATED 

OR ASSUMED 

J QUARRY 

JMINERAL 

OCCURRENCE 

PART 

/ I \ 

iii' I
I'\ /] 

\ 'f" "' I 
"1! . • .• • ..•• . . • ', -A~:·· I 

" ."If' I 

\ 

-

(:.:::~·(.:)~.: 
~~::. 

SCALE I IN. = 50 Ml. 

LE GEND 

PRECAMBRIAN 
PLUTONIC ROCKS 

GRANITE GROUP 

NEPHELINE SYEN ITE 

GROUP 

INTRUSIVE CONTACT 

MET AS ED IMENTS 

IJ MARBLE, LIME SILICATE 

ROCK 

IJ AMPHIBOLITE, 

FELOSPATIHC Fl\RAGNEISS 

GEO LOGICAL MAP OF 

OF THE NEPHELINE SYEN ITE AREA EAST OF BANCROFT 

(COPIED FROM MAP PREPARED BY HEWITT OF· ANO JAMES W; MAP No- 1955-B) 

SCALE IN MILES 

0 

MAP No· I -A 

,_ 



The southern portion of the Grenville Province which crops out 

in southeastern Ontario consists of a series of metamorphosed and 

metasomatised volcanic, and sedimentary rocks intruded by numerous plutonic 

bodies. The region is subdivided into the Hastings Basin, a series of 

altered volcanic and sedimentary rocks and the Hastings Highlands, a region 

of predominantly plutonic intrusive rock complexes. The two regions are 

separated by the McArthur Vdlls fault which runs in a sporadic manner 

from the Albion lake area in Faraday township, east through Dungannon and 

most of Y~yo township where it vanishes near the town of McArthur Mills. 

The table of formations (table 2-2) outlines the major lithologic 

units and their equivalents in the Highlands and Basin. Lumbers (1964) 

has pointed out that the term basin should not carry any connotation of 

a structural basin. Here it is simply used to distinguish a region of 

distinct lithologic character. 

The Hastings Highland gneiss complex is a terrane of high-grade 

metamorphic gneisses characterized by rocks of the amphibolite and lower 

granulite facies. Metavolcanic rocks now represented by amphibolite, 

hornblende schist, and pillow lavas (Rowland volcanics), and metasediments 

comprise t he oldest rock units in the gneiss complex. 

The metasediments are represented by (1) a paragneiss - amphibolite 

group of rocks which include amphibolite, garnet amphibolite, garnet­

sillimanite paragneiss, quartzite and quartzo-feldspathic paragneiss and 

schist; and (2) a marble group consisting of interbedded marble and 

paragneiss, silicated marble, skarn and lime silicate rock. 
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TABLE OF FORJ.YiATIONS. l. 
DUNGANNON AND VlAYO TOWNSHIPS. Table 2-2 

HASTINGS HIGHLANDS HASTINGS BASIN. 

Pleistocene Boulder clay, Sand 
Gravel . 
UNCONFORMITY 

Boulder Clay, Sand, 
Gravel. 
UNCONFORMITY 

Precambrian 

Plutonic 
Rocks 

Hybrid Gneiss 
Great Bend Granite 
Bronson Granite 
Faraday Granite 

McArthur Mills Granita 
---­ Intrusive Contact 

Not Represented 

~ Intrusive Contact 
Nepheline syenite gneiss 
~ Intrusive Contact 
Boulter Granite 

Not represented 
Weslemkoon Granite 
Bessemer Granite 

--­ Intrusive Contact 
Mallard Lake and 
Raglan Hills Meta -
Gabbro 

Intrusive Contact 

~ Intrusive Contact 
Umfraville Gabbro 
Gabbro and Amphibolite 

Grenville 
meta­
sediments 
and meta­
volcanics 

Marble GP : marble 
and paragneiss or 
amphibolite inter­
bedded: Silicated 
marble 

Mayo 
Paragneiss and 
Amohibolite . GP. 

GP. 

Amphibolite garnet 
amphibolite, quartzo­
feldspathic gneiss 

.Metavolca:;iic Rocks 
Amphibolite, hornblende 
schist, pillow 
lava. 

North - Central 
Dungannon Township 

Hermon 
FM 

Pelitic schist and 
paragneiss, meta 
greywacke, meta­
arkose 

Dungannon ~~ rble, Detlor 
FM feather emphibolite 

end marble • 

l.After Hewitt and James, 1955: Geology of Dungannon and Mayo Townships, 
O.D. M. Report Vol. LXIV , part 8. 
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The remaining history of this region was dominated by igneous 

int.=usive and metasomatic processes. The oldest intrusives are the Mallard 

Lake and Raglan Hills metagabbro found in northern Dungannon and Raglan 

townships respectively. The first intrusion of granitic composition was 

the Boulter granite. Following the intrusion of these igneous bodies a 

second phase of activity involved the emplacement of nepheline syenites, 

syenites and potash granites. Both magmatic and lit-par-lit injection 

and replacement appear to have played significant roles during this 

latter period of activity. The nepheline bearing rocks appear to have 

formed by replacemGnt very early in the plutonic cycle. They are intruded 

and replaced by syenites which are in turn eut and replaced by younger 

pink granite and pegmatites. 

Metasomat i sm and large scale assimilation have altered and 


reduced in volume the original sediments considerably, and have produced 


an abundance of hybrid rocks. For the most part the intrusives exhibit 


concordant relationships. Since the grade of metamorphism is quite high 


remanent sedimentary structures are seldom observed. Later periods of 


folding have produced a foliated to gneissic texture in most of the rock 


units describede 


III. Petrology of t he Nepheline Syenite Gneiss in the Bancroft Region. 


!• Structure and Petrography. 


For the purposes 0! this study the most important rock unit is 


the Bancroft band of nepheline syenite gneiss. It occurs as lenses 
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rarely greater than one to two miles in length and less than a mile in 

width. Commonly a zone of syenite gneiss separates the undersaturated 

rocks from granites. Pink - to - buff coloured syenite gneiss is often 

mixed with nepheline gneiss whence comes the term "mixed gneisses". 

Contacts between nepheline syenite and amphibolite andmarble are not common 

and are of ten faulted. Skarns occur along the rare nepheline gneiss ­

marble contacts. 

The major mineral phases of the nepheline gneiss ~re nepheline, 

oligoclase , biotite and magnetite and occassional small amounts of 

green hornblende. Calcite commonly occurs interstitially and sodalite, 

cancrinite, hydronepheline and zeolites are abundant as joint fillings. 

Corundum-nepheline gneiss is found on the Lily Robertson property one­

half mile southwest of the Princess Quarry. On a scale of a few feet the 

texture of the rock varies from gneissic to hypidiomorpb:icgranular and 

poikilitic. The gneiss exhibits varying degrees of banding due to the 

segregation of the ma£ic minerals. Anhedral nepheline crystals are 

often elongated parallel to the foliation as are the laths of twinned . 

oligoclase. All variations exist between this and a granitic texture. 

Also large anhedral nepheline crystals in a few places partially engulf 

the sl11Bller plagioclase and biotite producing a semi-poikilitic texture 

(see figure 2-2)5 

In cont r ast to the nepheline gneisses of the York River band 

this type of gneiss is commonly interbanded with syenite gn~iss. 
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Fi g. 2-1 Nepheline syenite illustrating textural relationship of 

nepheline (ne), albite (ab), biotite (bio), and magnetite (mt). 

0 . 2. 

Scale in mm.­



On map 1-A the lensing pattern of these units is apparent on a regional 

scale. Locally a similar distribution of rock types is observed but it 

is less obvious. Gummer.· and Burr (1946) have described nepl::leline - poor 

gneiss interbanded with nepheline rich gneiss. The nepheline deficient 

gneiss contains hornblende, albite, calcite and microcline. They also 

report potash feldspar in minor quantities as the latest formed mineral in 

nepheline gneiss. It is noticeably more abundant in certain bands 

than in others where it is frequently associated with the more intense 

alteration of nepheline, and has been observed more abundant adjacent to 

pink syenite dykes. 

In the vicinity of the Princess Quarry an untwinned potash 

feldspar identified as orthoclase was found in the nepheline gneiss. It 

forms anhedral and subhedral crystals very similar in appearance to those 

of nepheline and occurs concentrated in narrow bands in the nepheline 

gneiss. ··Oligoclase is noticeably less abundant in such bands. The 

orthoclase is easily distinguished from microcline and microcline perthite, 

which are the pred ominant feldspar phases in the veins and wall rock of 

the Princess Quarry • 

.!?.• Petrogenesis .. 

Adams and Barlow (1910) proposed a magmat ic origin for the 

nep!:e line gneisses. Thirty years later a meta somatic process called 

nephelinization was used to explain their numerous characteristics. 

Gummer and Burr (1946) and Moyd (1949) were the two rr~in proponents of 

this theory. Hewitt and James' (1955) report on the Bancroft and York 
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River nepheline rocks, and Tilley1 s (1957) study of the York River 

band support the earlier work of Gummer and Bu~r, and Moyd. 

The most recent studies on the nepheline rocks have been made in 

Glamorgan township (west of Bancroft) by Gitt~ns and Tilley (1961) and 

Git t i:1s (1961). Gitti.ns concluded that both igneous and nephelinized 

gneisses exist in this township. The problem with the nepheline rocks has 

become one of distinguishing metaigneous from nephelinized gneisses . 

Accordi ng to Gi ttins a nepheline syenite magma has crystallized to 

produce a varie~y of i gneous alka line rocks by differentiation, and 

fluids from the parent magma have caused nephelinization of the surrounding 

count ry rock. The variety in composition of the nephelinized r ock has 

resulted from t he original variation in the pre-existing sediments or 

metasediments and the variation in the nephelinizing ' fluids by differentiation 

of the par ent rnagrna . 

Git t i n 's (1961) theory depends upon the existance of a nepheline 

syenit e magma . Moyd (1949.) and other earlier investigators proposed that 

t he nephe l i nizing solutions were derived from a granitic source. This 

theory probabl y arose f rom c bservations of the intimate mixture of 

nepheline and grani tic rocks in the Bancroft region. Which of the two 

theori es is correct remains undecidede 

rl. Geology of t he Princess Quarry. 

!.· Location. 

The Princess Quarry is located immediately north of the east 
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road (highway 500) on lot 25, concessi on XIV, Dung '~on township, 

Hastings County, Ontario. The town of Bancroft is situated approximately 

three miles west of the quarry at the intersection of highways 500 and 
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]2. Description and Structure. 

The workings in the quarry have formed two major pits totalling 

500 feet in. length and 50-100 feet in width. The pits plunge into the 

south side and top of a hill app~oximately 50 feet high underlain by 

nepheline ·syenite. Veins 1-2 feet wide containing nepheline, microcline, 

perthite, soda lite, lepidomelane, magnetite, calcite and apatite run 

continuously for the entire length of the quarry. It has not been 

established whether the veins extend further in the north-south direction 

than has been indicated by quarrying operations. Map l-B illustrates the 

features of the quarry in detail, as of July, 1963. 

The wall rock and country rock immediately surrounding the quarry 

vary from non-foliated massive syenite to distinctly banded syenite gneiss. 

The foliation trends consistently N 15° E dipping to the east at 70°-90°. 

This trend agrees with the regional foliation of the area. A well 

developed joint pattern is present in the gneiss in the vicinity of the 

quarry. The two most prominent joint sets have trends of N 15° E 

dipping 70°-90° east and rarely steeply west, and N 85° E dipping 75°-90° 

to the north or south. A third less distinct joint set strikes N 15° E 

dipping at a very shallow angle to the east. Figure 2-2 illustrates the 

major trends of 70 joints measured in and about the quarry~ 

A shear zone striking N 15-20° E and dipping 45°-50° east runs 

t he entire length of the quarry. The major shear is raarked by a strongly 

myl onitized zone of dark micaceous material. Slickensides are common al~ng 
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Fig. 2-2 	 Poles of 70 joints, Princess Quarry, Bancroft, Ontario. 

Contours, 6.5%, 5.5%, 4.5%, 3.5%, 2.5%, 1.5%, 0.5%, per 

1% area. 

N 
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the sheared surfaces but an indication of the direction of movement was 

not o~tainable due to the broken nature of the material in the pits from 

quarrying operations. Evidence of shearing is most prominent in the upper 

pit but it also appears on the west side of the lower pit indicating that 

the mylonitization extends at least 20-30 feet in depth. Thinner, less 

significant subparallel shear zones or fractures are common in the wall 

rock for 20 to 30 feet on either side of the main zone of breakage. 

The veins in the quarry in most cases trend parallel to the joint 

pattern in the country :ock. Comparison of the main trends of the joints 

indicated in figure 2-2, and that of the veins in map 1-B illustrates 

the control that the joint pattern exhibits upon vein occurrence in the 

quarry. The shear zones were all formed after emplacement of the veins 

and cut them in places. 

Q. ~.ineralogy of vein minerals. 

The present discussion is intended t o summarise the characterizing 

features of each mineral which occurs in the -veins of the Princess Quarry. 

1) Nepheline: stubby prismatic subhedral to euhedral cry~tals with 

pinacoidal terminations; l.O - 5.0 ems. in length, dull grey weathered 

surface; no evident cleavages; assumes an anhedral form in mylonitized 

zones of veins .. 

2) Alkali feldspar: subhedral to anhedral pseudomonoclinic crystals; 

generally 1-5 ems. in length but rarely as large crystals up to 20cms. 

long; light p~k to grey colour; in mylonitic zones of the veins the 
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crystals are anhedral. 

The optiqal properties reveal that both microcline and microcline 

perthite are present in the veins. Microcline has 2v =85° (~); 

excellent albite and pericline twinning. Some of the microcline is 

perthitb containing rodsand irregular patches of twinned or untwinned 

albite. A partial anal ysis of one euhedralperthite crystal gave 9.30% 

K,O and 5.1~ · Na,O. The crystals contained approximately 80% microcline 

and 20% albite. 

3) Lepidomelane: (K z.os , Nao.oz., ) (Fe;.~ 1 , Fe;.~ , , Ti0.~gCa 0 . 07 9 Mg 2, ,1 · 

Mno.oe ) (Al.2·'1'0' SiS.,5"6 ) (OH l·H , Fo.yz. , Co.oz , Clo-01 ' So.01 ) oi?.1·5'7 ; 

f ormula calculated from analysis 1, table 2-4; occurs as pseudo-hexagonal 

platesup to 15cms. in length rarely extending more than 2-3cms. in the 
I 

direction of c axis; dark brown to black in hand specimen; medium 

brown to dark reddish brownpleochroism,,and often almost opaque; the 

mineral forms as intergrowths of crystals in irregularly shaped pods 

2-5 feet in diameter; the crystals are often bent and broken in mylonitized 

zones. 

4) Apatite: auhedra l prismatic crystals 2-3cms. in length terminated by a 

well developed basal pinacoid; good basal parting; apple green; No =15626; 

identified as fluora pat ite. 

5) Magnetite: (0.42 Fe2 03 , 0.02 Ti02 ) (0.42Fe0, 0.. 01 MnO,); fractions 

of oxide~were calculated from analysis 2, table _2-4; subhedral intergrown 

octahedra 2-3cm~ across restricted to small segregations less than a 
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foot in diameter. 

6) Calcite (0.97 Cao, 0.01 VmO, 0.01 FeO).(C02 ); subhedral 

crystals l-2cms. in length and width; weathered surface is tan to reddish 

brown; tends to fill the central position of the veins lining and/or 

cutting earlier formed minerals; also occurs as an abundant inclusion in 

sodalite. For chemical analysis see table 2-4, col. #3. 

7) Sodalite: 6Na AlSi012NaCl: for discussion of properties see section 

I of thesis; occurs as fine grained aggregates of anhedral crystals and 

as subhedral and rarely euhedral pseudomorphs after nepheline. 

8) Zeolite A: (Na 3.271 K0 .2.3 (Th 0 • 9 2.Mg 0 , 0 5') (Al/6 . 0 .,., Si16 .6s) 080 •lb ·5"+ 

H2.0: occurs most commonly as massive white to light pink ,anhedral crystalline 

aggregates; rarely fibrous prismatic and short tabular prismatic crystals 

are observed in small vugs within anhedral masses of the same mineral; 

G = 2.306; Ny= 1.507, Nx=l.504; biaxial negative and positive, 2v = 85~; 

elongation positive; 1st order yellow birefringence; microscopically it forms 

radiating fibrous aggregates; one good cleavage parallel to the elongation; 

parallel extinction. 

The results of x-ray diffraction analysis are given in table 2-3. 

In table 2-4 col~ #4 an analysis of this mineral is given. The m.iiieral 

is similar to natrolite in composition but its x-ray pattern does not 

agree with any of the commoner zeolites. This mineral also has a 

composition similar to material loosely called hydronepheline by some 

investigators (Barlow, 1902). In tabl e 2-4 cola #5 and #6, two analyses 
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Table 2-3: X-ray data for Zeolite A. 

26 (uncorrected) d (corrected
hk/ 

Cu K~, radiation using Si standard) 

12.98 6.811 

13.35 6.623 

14.37 6.151 

14.82 5.969 

18.47 4.792 

19.92 4.441 

20.74 4.267 

21.30 4.157 

24.41 3.636 

27.17 3.268 

27.38 3.242 

30.23 2.946 

30.55 2.913 

30.69 2.902 · 

31.12 2.862 

33.80 20644 

35.72 2.506 

40.02 20247 

41.40 2.227 

Relative Intensity. 

ms 

mw 

m 

mw 

VS 

mw 

w 

w 

w 

w 

w 

w 

w 

w 

vw 

vw 

vw 

vw 

vw 



of hydronepheline are given but no optical or physical data were reported. 

The author has chosen to call the white alteration mineral in the Princess 

Quarry Zeolite A, and not identify it with any of the phases mentioned 

in the literature to avoid undue confusion. 

9) Cancrinite: anhedral and subhedral prismatic crystals less than O.lmm. 

in length; only rarely found in vein zone. 

10) Pyrite, Pyrrhotite: occur together as anhedral aggregates in the vein 

zone. The atomic percent iron in pyrrhotite was estimated using the x-ray 

method of Arnold (1962). A sample was ground to below 200 mesh, heated to 

approximately 360°C in an evacuated tube for 10-15 minutes, and allowed to 

ecol. The heating process converted the symmetry from monoclinic to 

hexagonal. Hexagonal pyrrhotite has a strong 102 spacing at 43.50°-44.00° 

26. The sample used gave d10a= 2.0579 A0 (i.e. 43.99° 29 using CuK- radiation). 

The 	value corresponds to 46.70 atomic percent iron. 

Neither pyrite nor pyrrhotite are abundant in the veins. 
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J ITabl e 2-~: Chemical Analyses. 

1. 2. 3. 4. 5. 6. 7 • 

Si02 35.59 0.43 . ' 0.18 39.28 38.99 42.80 33.21 

Ti02 3.30 :,...34 2.21 

Ala0.3 13.19 o.oo 32.15 33.62 28.50 17.49 

Fea03 5.00 67.14 0.34 3.17 

:V.in.O o.66 0.37 0.91 0.51 

FeO 18.35 30.35 0.99 0.04 23.10 

1".gO 9.51 0.10 0.08 7.45 

Cao 0.38 0.09 54.53 1.79 0.07 1.90 0.06 

Na2 0 0.03 0.04 12.83 13.<Y/ 14.33 0.54 

K20 9.25 0.72 1.12 0.30 8.96 

P2 0s 0.03 0.11 

H o+
2 1.91 0.16 0.04 11.61 3.67 

12.98 10.81 
H20­ 0.42 0.08 1.31 

co2 0.07 43.37 

F 1.72 0.02 

Cl 0.10 0.06 0.19 

s 0.07 

Sum 99 .58 100.<Y/ 100.24 99.99 99.85 98.98 100~37 

F,Cl :::.O 0.74 o.oo 0.02 0.04 

Tota l 98 .84 100.07 100.22 99.95 

Total Fe25. 39 100.87 1.08 0.02 
as Fez. 03 
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Table 2-4 Continued. 

1) Lepidomelane: Princess Sodalite Quarry, Bancroft Ontario. 

2) ~~gnetite: Princess Sodalite Quarry, Bancroft Ontario. 

3) Calcite: Princess Sodalite Quarry, Bancroft Ontario. 

4) Zeolite A: Princess Sodalite Quarry, Bancroft Ontario. 

5) Hydronephelite: Litchfield Maine. Dana 1 s Mineralogy, · 1898, 2nd 

edition, John Wiley and Sons Inc., New York, P.609 

6) Hydronephelite, Ice River, British Columbia, Ann. Rep. Geol. Surv. 

Canada. Vol. XII, P. 13R. 

7) Biotite from nepheline - feldspar - biotite pegmatites. Mackay 

property, lot 14, Cone. VI, Monmouth Twp. (Gittins, 1961, p.306). 
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Q. Petrography. 

(1) Veins. 

The minerals which form the veins in the quarry have been 

listed in the previous sections. Shearing and subsequent myloni tiza~ion 

of some of the veins have produced textures which will be discussed 

separately from the details of the unsheared zones. 

a) Unsheared Veins. 

The main textural features and mineral associations in the 

unsheared veins are listed below. Continual reference to plates 1-17 

which are photographs of representative textural features will undoubtedly 

aid the reader in understanding the forthcoming descr~ptive data. 

a) Plate #2 shows subhedral to euhedral nepheline crystals growing 

perpendicular to the sides of the joint planes into open spaces between 

joint faces. Blue sodalite is commonly found pseudomorphically replacing 

the nepheline crystals. Nepheline may also be found as small anhedral 

and rarely euhedral crystals 0.1 to 2.0mm. in diameter enclosed in 

massive sodalite (plates 3,4,5). The nepheline crystals often show 

narrow granular transition zones into sodalite. The surfaces of nepheline 

crystals are not uncomrnonly patchy with hydronepheline and/or zeolite Ao 

b) Microcline and rarely microcline perthite occur as anhedral crystals 

up to 15cm. long and 7cm. wide (plate 6)0 Rarely there is a suggestion 

tr~t they have grown out from joint planes in a manner similar to 

nepb~ine. Both feldspar phases also occur as small anhedral crystals 

with emb~yed borders imbedded in aodalite (plates 4,7). In contrast 
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to nepheline the potash feldspar rarely shows strongl,filtered interfaces 

with sodalite. 

c) Within the veins lepidomelane occurs as pseudohexagonal books randomly 

distributed as patches in the veins. It may also occur as basal plates 

0.5 - l.5mm. in length enclosed in sodalite. · In such an environment it 

is invariably associated with anhedral magnetite, smaller in size than 

itself, which grows within and along the borders of the mica. .This 

association is most conspicuous in the veins and wall rock but is also 

present in unaltered nepheline syenite. 

d) A green fluorapatite is sparsely developed in the veins. It forms short 

euhedral prismatic crystals 2-Jcm. long with pyramidal and pinacoidal 

terminations. 	It is found associated only with calcite and sodalite. 

e) In many portions of the vein sodalite is the most abundant mineral. 

Reference to its relation with nepheline has already been described. Where 

it is most abundant it may often contain 11 eyes 11 and aggregata:i of nepheline, 

microcline, lepidomelane and small microscopic inclusions of calcite 

(plates 5,7). On both the macroscopic and microscopic scales, sodalite 

is usually severely cracked and a white alteration mineral, zeolite A, 

commonly forms along such cracks. Plate #8 illustrates a vein of sodalite 

altered to zeolite A, plate #9 illustrates the distribution of zeolite A 

in relatively fresh sodalite. The light-brown inclusions in this photograph 

are calcite. The narrow white lines and disseminated spots in the black 

background of sodalite in plate #4 illustrate the appearances of zeolite A 



on a ndcroscopic scale. 

f) Calcite occurs in coarsely crystalline masses in the central portion 

of the veins lining t he earlier formed silicates such as nepheline and 

microcline. The large vug opened in the lower centre part of plate #10 was 

lareely filled with ca l cite. The roof and sides of the vug contain 

euhedral nepheline crystals and massive zeolite A speckled with light blue 

patches of sodalite. Calcite is also a common m~croscopic inclusion in 

sodalite as massive irregular patches rarely as large as 0.5mm in diameter. 

It may also be found f i lling cracks in sodalite. 

g) Y~ gnetite occurs in the veins as aggregates of euhedral intergrown 

octahedra. It appears to form in patches much.like lepidomelane. 

Magnetite also occurs as euhedral inclusions in sodalite and less 

commonly as fillings in the cracks in this mineral. Its mode of occurrence" 
\ 

is texturally like that of calcite. 

h) In the veins zeolite A replaces sodalite an a microscopic and macroscopic 

scale. Plates # 4,8 and 9 illustrate the range in size of alteration. 

In rare cases the zeolite develops narrow long prismatic and short tabular 

crystals up to lcm. in length. Euhedral and subhedral crystals are formed 

within the fine-grained massive zeoli te and appear to have formed in 

solution cavities. Pl ate #11 best i l lustrates the appearance of the 

zeolite on a microscopic scale; such radiating aggregates are commone 

i) Pyrite •md Pyrrhotite are the only sulphide minerals which have been 

found in the quarry. They are both rare. In thin section they were 
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observed filling cracks in nepheline which had been rimmed by sodalite. 

They exhibit no crystal form but do exist in close proximity to each 

other. 

The data presented in the previous section on mineralogy 

established that p~rrhotite contained 46.70 atomic percent Fe. Using 

the geothermometer developed by Arnold (1962) this corresponds to a 

temperature of formation (i.e. last equilibrium temperature) of 

approximately 475cc . This figure however, can not be regarded as 

acceptable in the light of further studies. Kullerud et. al. (1963) 

studied four monoclinicpyrrhotit~ from four different deposits. All 

of these samples were associated with pyrite. The d,0 , values for the 

four sulphides varied from 2.056A to 2.059A. This restricted range 

corresponds to a variation of 46.45 - 46.70 atomic percent iron. These 

results suggested to Kullerud that monoclinic py:i;rhotites in equilibrium 

with pyrite have a nearly constant composition unlike hexagonal types in 

which the atomic percent iron is a function of temperature. Since the 

determination made in this study lies within the range quoted by Kullerud 

for, monoclinic pjrrhotites, the author would suggest that the temperature 

value is not particularly usefulo 
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(b) Viylonitic and Cataclastic textures. 

Superimposed upon the textur~ and mineral assemblages described 

aboYe are mylonitic and cataclastic textures, developed in the veins. 

Oligoclase, : which is most common in the nepheline gneiss and W'all rock, 

and perthite which is most common in the W'all rock, are locally abundant 

in the sheared veins. This suggests that shearing has caused the 

incorporation of much of the wall and countryrock into the vein zone. 

Plate #17 illustrates a sheared vein zone with blue sodalite and dark 

mi~ceotl$ sheared wall rock lying side by side. On a microscopic 

scale the sheared veins often contain alternating bands and lenses of: 

(1) sodalite full of angular to subhedral crystals of nepheline, 

microcline, perthite and oligoclase; (2) opaque fine grained zones with 
• 

rare well developed bent and strained crystals of lepidomelane: and (3) 

mylonitized nepheline syenite with large subangular to rounded crystals of 

oligoclase / nepheline, microcline and perthite. In places the vein rock 

appears to be a breccia of pegmatite fra gments while elsewhere it is a 

fine mylonite streaked with sodalite veins. Plates 3,5. and 17 illustrate 

some of the textures described aboveo Away from the sheared zones, the 

presence of mylonitic and cataclastic textures decrease sharplyo 

Flowage structures are very obvious in the sheared sodaliteo Fine 

inclusions of feldspar, nepheline, calcite and zeolite A define this 

structure (see plates 3 and 5). In the sheared zones the crystal size of 

sodalite is not visible due to the isotropic nature of this mineral ; 
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rarely anhedral augen of this mineral are observed and appear to be rel~ct 

porphyroclasts of unsheared vein sodalite•These crystals are distinguished 

from much finer grained sodalite by (1) the total lack of small birefringent 

inclusions common to most of the vein sodalite, or (2) the noticeable 

bulging or bending effect they produce on narrow mylonitic bands much like 

that displayed by garnet in a metamorphic rock. 

The textures described above have been produced by shearing- ·. 

subsequent to crystallization of the pegmatite and alteration to sodalite. 

Small shear zones offset sodalite veins as well as small zeolite veins which 

formed from the alteration of sodalite. Sodalitized nepheline syenite is 

observed against sodalite - free nepheline rock with a straight and abrupt 

boundary between the two. The breccia described above is also a conspicuous 

feature demonstrating shearing subsequent to sodalite formation. Sodalite 

in unsheared zones often shows cleavage,;surfaces up to l.Ocms. in length 

and width. Their absence in sheared sodalite probably indicates that the 

sheared material is very fine grained although the crystal size cannot be 

determined microscopically due to its isotropic nature. To verify this, 

two samples of sodalite were taken, one from a my~onitized zone and the 

other from a zone exhibiting no effects of shearing. Thin slivers from 

each sample were x-rayed using a medium size powdercamera ~ The sample 

from the shear zone gave a diffraction pattern consisting 0£ smooth 

cont~uQus Debeya - Scherer rings indicating that the material was a 

microcrystalline randomly oriented aggregate. The other sample gave a 
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spotty photograph suggesting coarser grain size than the sheared specimen. 

This is confirmed by noting the size of the cleavage faces on the unsheared 

material. This study suggests that shearing occurred after the ·formation 

of the sodalite in the quarry. 

(2) The Wall Rock Zone. 

The wall rock is a zone 1-3 feet in width comprised of an 

assemblage of minerals displaying distinctive textural features ~ot found 

in either the veins or the county rock. In this zone potash feldspar, sodalite 

and zeolite A form three mineralogical fronts. The potash feldspar front 

delineates the outer limit of the wall rock zone. Plate #8 and #10 

illustrate the sodalite and zeolite fronts respectively. Figure 2-3 

illustrates all three fronts but it is sonewhat schematic in that not all 

three fronts :.have been recognized together at a single location in the 

wall rock. The term front is used a.s a genetic term to describe the outer. 

boundaries of the zones surrounding the veins. A front is defined as "any 

surface in the crust of the earth forming the boundary (sharp to diffuse) 

between any twoarbitrary mineral assemblages." In addition to the above 

mentioned characterizing minerals, oligoclase, biotite, magnetite, calcite 

and cancrinite occur in the wall rock zone. 

The potash feldspar front delineates the maximum penetration of 

the wall rock zone into the unaltered nepheline syenite country rock. 

This front is diffuse (e.g. rarely recognizeable in rock outcrops), and 

is defined by the appearance of more than 2.5 percent potpsh feldspar. 
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Fig. 2-.3 Schematic diagr am of minerals i n veins and commonest assemblages in wall rock. 


Note the extent of the potash feldspa r, sodalite and zeolite fronts. 
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Fi g. 2-4 Relative dist ribution of characterizing minerals in wall 

rock zone, Princess Quarry. 
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Unaltered nepheline syenite from outside this front contains 1-2 


percent microcline. 


Figure 2-4, part (a) . indicates the distribution of the alkali 


and plagioclase feldspars in the wall rock. Note the reciprocal 


relationships between the abundance of microcline and rnicrocline 


perthite, and oligoclase. 


The sodali te front varies in character from place to place within 

the quarry. In one inst..ance it is very sharp and distinct but more 

commonly it is quite diffuse and difficult to observe, not unlike the 

feldspar front. Such a sharp front is rarely present so far from the 

vein zone. More comrr.only the soda lite front is quite diffuse and not 

more th&n a few inches from the vein. In figure 2-4, part (b) the 

distribution cf sodalite in the wall rock is shown for both types of 

fronts . Note the reciprocal relationship between sodalite and nepheline. 

In one instance a narrow band of biotite rich rock was noticed on the 

country rock side of the sodalite front less than an inch from the band 

of sodalite (see figure 2-J). This may represent a basic front which 

formed concurrently with the sodalization process. 

The zeo~ite front occurs closer to the vein than the other two 

fronts. In plate #10 it appears as a sharp white line. On the vein side 

of this front nepheline and sodalite are replaced by radiating clusters 

of Zeolite A. Also ~ he feldspars are strong"W sericitized and are locally 

represented by kaolini zed masses with remanent cleavages of the pre­
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existing feldspars. 

In figure 2-4, part(c) the distribution of zeolite A is illustrated 

diagrammatically. Its abundance is inversely proportional . to the 

fe l dspathoidal content of the rock. Like the sodalite front, the zeolite 

front may extend some distance into the wall rock or only a few inches. 

However, alteration of t he rock between the vein and the front is always 

severe attacking as it does both nepheline and feldspar unlike the process 

of sodalitization which alters nepheline alone. 

All three fronts have never been identified in one small section 

of t he wall rock, consequently figure 2-J is only a diagrammatic 

representation of the di stribution of the fronts. Also distinct sharp 

fronts a re only rarely observed for sodalite and zeolite A, and never for 

the potassium feldspars. In general the fronts are diffuse surfaces 

arbitrari~chosen by the investigator. 

Microcli ne perthite and canorinite are the only new minerals not 

described in the vein or country rock. Using the nomenclature of Alling 

(1934), two t ypes of per thit es occur in the wall rock: a) rod perthite 

in which rod shaped lamallae of albite, usually ori ented approximately 

pa rallel to t he 001 cleavage, a re embedded in a t artan twinned microcline 

ground mass (see pl ates 12,13), and (b) patch perthite in which the albite 

pha se is commonly twinned,block:y or irregular in shape, with j agged borders 

imbedded in a microcline ground mass (see plates 14). Commonly the perthite 

may have a comple~e or part i al rim of albite which is invariably in optical 
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continuity with the albite lamellae (plate #12). It is not always clear 

however whether the rims are associated genetically with the albite 

lamellae. Judging from the similarity in refractive indices, where this 

could be measured, the composition of the two phases are approximately 

identical. It was often noticed thot one portion of a perthite crystal 

might be predominantly microcline while another part was comprised of 

albite lamellae. Plate #12 illustrates quite an even distribution of the 

lamellae but plate //13 shows a perthi1B with the albite lamellae concentrated 

towards one part of the crystal. Albite twinning in the sodic larnallae of 

the perthite was most common in the patch perthites (plate #14). The 

exsolvedphase is oriented in a constant crystallographic direction as 

indicated by the parallelism of the twins from lamella to lamella. 

P..arely the albite ri:ns are also twinned according to the albite 1 aw and 

in such instances the twin planes parallel those of the twinned lamellae. 

Figure 2-5 illustrates twinned sodic rims and their relationship to the 

exsolved sodic lamellae in the central portion of the perthite. 

The volume percent of albite in the perthite crystals varies 

significantly between thin sections. Comparison of the perthite crystals 

in plates #12 and #13 indicates this feature. This property is discussed 

in detail in a subsequent sectio~. 

The wall rock probably represents a transition zone between the 

veins and. nepheline gneiss in terms of the amounts of chemical axi.des and 

minerals present. Since it is .;the zone which is most unlikely to attain 
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Perthite with twinned sodic rims in microcline groundmass (mic) and adjacent 

· albite {ab) and nepheline (ne): note continuity of albite twin orientation. 
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complete chemical equilibrum, it probably best exhibits textures which 

indicate the major reactions which have taken place between the thermal 

fluids which have formed the vein and the unaltered country rock. The 

following paragraphs describe the textures common to only the wall rock 

zone. 

The initial alteration of the country rock (just within the potash 

feldspar front) is observed 3 to 5 feet from the veins where microcline and 

microcline perthite are found in amounts greater than 1-2 volume percent, 

as small anhedral crystals. Small interstitial zones of microcline, perthite, 

oligoclase, biotite, calcite and rarely cancrinite are found between anhedral 

and subhedral crystals of nepheline and oligoclase (see plates #12 and #13). 

Sodalite is rarely present in this zone and cancrinite may be common, always 

associated with nepheline and calcite. The modal analysis of such a rock 

would be similar to samples 2-1 or 2-2, table 2-5. 

Closer to t he veins, within the sodalite front shown in plate 8, 

rare large crystals of microcline perthite up to l.Omm. in diameter are 

found. Microcline and microcline perthite are more abundant than in the 

previous sample described and oligoclase is noticeably less abundanto In 

the recrystallized z9ne t here ~s occassionally a suggestion that microcline 

and/or perthite has replaced oligoclase (plate #15)o Biotite is present as 

subhedral laths 0.5 to l .Omm. in length and is invariably associated with 

smaller anhed ral magnet i te. Nepheline remains present in roughly the same 

amount as in the unaltered nepheline gneiss. 
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Table 2-5: Modal analyses of samples of wall rock and country rock. 

1-1 1-2 1-.3 1-4 1-5 1-6 1-7 1-8 2-1 2-2 .3-1 .3-2 3-4 

Nepheline 62.9 59.3 68.9 62.9 64.8 59.8 7.3.8 65.2 58.1 57•.3 50.0 6.3.2 66.5 . 

Plagioclase 7.9 17.2 .3.1 11.9 5.4 11.l 15.2 7.1 25.6 2.3.4 32.2 24.3 16 • .3 

Perthite 19.3 16.5 17.4 15.7 24.0 16.6 7.5 21.5 5~6 4.7 0.4 7.7 7.6 

Biotite 4.2 3 • .3 5.7 3.8 2.4 2.6 1 • .3 0.2 8.4 2 • .3 4.5 o.6 2.5 

*Accessory 5.8 .3.7 .4.8 5~· 5 .3 •.3 10.0 2.1 · 6.1 2.2 12 • .3 12.9 4.2 7.1 

*Include magnetite, calcite and microcline: except in slide .3-1 which represents 

an unaltered sample of wall rock; total acc~ssory when greater than 4.CJ!, 

probably includes signiticant amounts of microcline since studies were made to 

establish distribution of perthite rat her than total potash feldspar. 



Sodalite may or may not be a common interstitial phase. It may be very 

abundfu"l.t especially at the · sod_alite front (plate #8) . Where sodalite is 

not present cancrinite may form prismatic crystals approximately O.lmm. 

in length, occassionally in fan-like clusters associated with nepheline and 

calcite. In one instance calcite was observed to occur along the boundary 

between nepheline and oligoc-lase·. , The boundary with nepheline was 

smooth whereas that with oligoclas.e· Yas quite jagged much like pressure 

solution boundaries in limestones. The modal analyses of samples 1-2 and 

1-4 in table 2-5 are typical of the wall rock in this zone. 

Adjacent to the vein, the feldspar in the wall rock is largely 

microcline _:. perthite and microcline . Less than 5.O percent oligoclase is 

present . The abundance of sodalite and nepheline are inversely related. 

Farther from the vein sodalite appears as an interstitial mineral much 

like quartz in a grani t e or as small veins and rims about nepheline. Here, 

however it 11 floats" t he other mineral phases of the rock (see plate #16). 

The texture of biotite and magnetite remain unchanged. In a few instances 

the mica exhi bits darker than usual shades of bro\Til pleochroism transitional 

in appearance to the deep reddish bro\Tn to opaque pleochroism typical of 

lepidomelane in the veins. Calcite remains as an important interstitial 

mineral (2.0 to 5.0%) and as in the vein, is a inajor inclusion in 

sodalite. In this zone the feldspat hoids and much of the feldspar may be 

severly alte red to zeol i t es and sericite. Sample 1-1 and 1-J, table 

2-5, indicate t he approximate mod~l compostion of rocks in this zone 
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except for those samples rich in soda1ite. 

The effects .. of shearing noted in the quarry are also evident in the 

wall rock. Grain boundaries become poorly defined and granular. In 

extreme cases mylonitized rock surrounds remanent crystals which are 

commonly bent and strained. Most of the primary textures are destroyed 

due to mylonitization and recrystallizatio~. 

Table 2-5 contains mod~l analyses of samples taken from the wall 

rock zone. ~he samples were chosen randomly from all parts of the quarry. 

Sample 3-1 represents the country rock. The samples were studied 

specifically to investigate the relative proportions of oligoclase, 

microcline perthite and nepheline. In most of the sections sodalite is 

not present or only in very small amounts. Points worth noting are: 

(1) nepheline is the most prominent mineral in all the sections studied; 

(2) the total feldspar content both in the wall rock and unaltered 

nepheline gneiss is approximately 30 volume percent; (3) there is a 

reciprocal relation between perthite plus microcline and oligoclase 

(4) a fairly complete gradation exists between nepheline gneiss in which 

oligoclase : is the major and often only feldspar, to the altered wall 

rock which in the extreme case contains less than 5 volume percent 

oligoclase and 20-25 percent microcline and perthite~ 

~· Resume of petrographic study. 

Table 2-6 and 2-7 summarize the main differences between the 

veins, wall rock and country rock in the Princess Quarry. Only a visual 
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Table 2-6: Estimates of mod~l compostions of vein, ~all rock, and country rock. 

VEIN. WALI. ROCK. COUNTRY ROCK. 

Minerals. 1. 2. 3. 4. 5. 

Oligoolase 1% 7.9% 15.2% 50.2% 32.2 

Nepheline 35% 62.9% 73.8% 39.1 50.0 

Alka li Feldspar 25% 19.3% 7.5% 2.7 0.4 

Lepidomelane - 5% 4.2% 1.3% 6.1 4.5 
Biotite. 

Y:agnetite l.2% 21.5% 1.5 3.4% 
·2% 

Apatite 

Sodalite 25% 

Cancrinite 1.0% 
trace 

Pyrite - Pyrrhotite 

ZeoliteA 3% 

Calcite 5% 1-2% 1.5% 0.4 7-8% 

1) Visual estimate of amounts of each mineral present in veins; 

Princess Quarry. 

2) Modal analysis of sample of wall rock close to vein; Princess Quarry. 

3) Mod al analysis of sample of wall rock some distance from vein; 

Princess Quarry. 

4) Modal analysis of nepheline gneiss, Esson Creek Sill, {Hewitt 1 1960 p.40) 

5) Modal analysis of nepheline gneiss, Princess Quarrye 
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Table 2-7: 	 Mineral assemblages in veins, wall rock, and nepheline 
syenite, Princess Quarry; also minerals in. sodalite­
free nepheline pegmatites. 

Mineral 1. 2. 3. 4. 5. 
Vein Zone A Zone B Neph. Gneiss Sodalite-free 

neph. pegmatite 

Oligoclase x x x x 

Nepheline x x x x x 

*Alkali Feldspar x x x - * * 

Lepidomelane 
Biotite. 

-
x x x x x 

Magnetite x x x x x 

Apatite x x 

Sodalite x x ' * 

Cancrinite * * * 

Calcite x x x x ­ * x ­ * 

Pyrite-Pyrrhotite * * 

Zeolite A x x 

X Significant abundance. 

* ~..:inor amounts or occa sionally present. 

1) Veins in Princess Quarry. 

2) Zone adjacent to veins in country rock. 

3) Zones 1-3 feet from veins in country rock. 

4) Unaltered nepheline syenite gneiss, Princess Quarry. 

5) Nepheline pegmatite such as those at York River. 

* Includes microcline and microcline perthite. 
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estimate has been made to determine the amounts of the minerals present in 

t he veins. Table 2-7 contains a list of the minerals found in nepheline 

pegmatites. It is worthwhi~e to compare this assemblage of minerals with 

those found in the Princess Quarry. 
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V. Petrology of the Nepheline Pegmatites. 

The writer believes that the first stage in the development of 

the veins in the Princess Quarry was the formation of a mineral 

assemblage similar to those found in soda~ite - free nepheline pegmatites 

in the Bancroft region. Therefore, before proceeding with a discussion 

of the petrogenesis of the veins in the Princess Quarry, it is instructive 

to briefly describe nepheline pegmatites and review the theories concerning 

their origin . Evidence leading to the belief in a pegmatitic origin of 

the Princess Quarry deposit will be discussed subsequently. 

!· Distribution and Structure. 

The nepheline pegmatites occur as elliptical pods 1-3 feet in 

diameter and as dyke-like bodies or sills often 50-100 feet wide and 

several hundred fee t in length both conformable and unconformable to the 

gneissic foliation of the country rock. Rarely they are found intrusive 

into neightouring marble units, but they are most often completely 

contained in nepheline syenite gneiss. This writer has classified them 

into four groups listed below in order of decreasing frequency of 

occurrence. 

1. Elliptically shaped pods 1-3 feet in diameter; rarely show remanent 

textures of nepheline syenite host rock and vug-like strudtures are not 

uncommon suggest:L.~g that they formed by recrystallization of nepheline 

syenite host rock; called xenoblastic patch pegmatites by Hewitt and 

James (1955). 
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2) Concordant sills in nepheline gneiss; gradational borders; conformable 


to gneissic foliation of country rock; they are often more than 100 feet 


wide and several hundred feet in length. 


3) Dyke-like bodies cutting the nepheline gneiss transverse to its 


foliation; may exhibit metasomatic borders; similar to concordant type 


in size and shape. 


4) Pegmatites in rock other than nepheline syenite, commonly marble, 


structurally similar to type (3). 


~· 11uneralogy. 


The principal minerals in these pegmatites are, in ·order of 

decreasing abundance, nepheline, albite or sodic oligoclase, lepidomelane 

and magnetite plus accessory calcite, apatite, zircon, sodalite, hackmanite, 

cancrinite, gieseckite, hydronepheline and zeolites. 

Nepheline and albite generally form more than 85 modal percent of 

each nepheline pegmatite. In the large pegmatites the crystal outline of 

either of these two minerals are rarely obvious. The crystals in such 

pegmatites average about 1 foot across but are not uncommonly 1-5 feet in 

length. 

Nepheline from the Davis Quarry has been studied using the x-ray 

diffraction method of Smith and Sahama (1954). The results are presented 

in table 2-8-A and indicate that 24.09% of the total alkali sites are 

occupied by potassium. In table 2-8-B, similar data is presented for 

nepheline from t he Princess Quarry. It indicates that 23.45% of the 
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alkali sites are occupied by potassium. Note the similarity in composition 

of the two nephelines. 

The composition of plagioclase feldspar from nepheline pegmatites 

ranges from albite to oligoclase (Gittins(l961); see also table 2-9). 

In the nepheline pegmatites biotite occurs as segregated masses 

of subhedral to euhedral pseudohexagonal plates up to lOcm. in length but 
I 

rarely more than a few ems. thick in the direction of the C axis. A 

chemical analysis of biotite from a nepheline pegmatite on the Mackay 

property, Monmouth township is presented in table 2-4, col.#7. It 

closely resembles an analysis of lepidomelane from the Princess Quarry 

(table 2-4, col.l). 

Calcite and magnetite are commonly present in nepheline pegmatites 

making up 5 to 10 per cent each of the rock. Both usually exhibit 

subhedral to euhedral crystal form. Apatite and zircon occur as accessory 

minerals andgenerally fcrm euhedral crystals. The remaining accessory 

minerals rarely exhibit any distinctive crystalline morphology. 
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Ta ble 2-8-A: X-ray data for analysis of nepheline, Davis Quarry. 

Run#l( 0 2e) Run#2( 0 26) Average %Ks . 

Nepheline reflection 27.198 27.218 27.208 24.57 
21.0 

Nepheline reflection 29.628 29.638 29.633 23.6o 
20.2 

Average = 24.09 

Table 2-8-B: X-ray data for analysis of nepheline, Princess Quarry. 

Run#l( 0 ?e) Run#2( 0 2a) Average %Ks . 

Nepheline reflection 27.208 27.213 27.211 24.04 
21.0 

Nepheline reflection 29.638 29.638 29.638 22.86 
20.2 

Average = 23.45 

Table 2-9~~: 	 Partial Analyses of plagioclase feldspars from nepheline 
pegmatites. 

1. 2. 3. 

Naz.0 11.20 10.95 10.36 

K20 0.13 1.18 0.73 

Or 0.8 7.0 4.3 

Ab 94.8 92.5 84.4 

An 4.4 0.5 11.3 

*Analyst: J. Gittins. 

1) Feldspar from nepheline pegmatite. Lot 31, ConaIV, Glamorgan Twpe 

2) Feldspar from Goulding-Keene Quarry, York River. 

3) Feldspar from nepheline pegmatite in Glamorgan Twp., locality unkno'Wil. 
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Q. Textures. 

A visual estimate of the mojal composition of a nepheline 

pegmatite is 40-55 %nepheline, 30-40% albite, 5-10% lepidomelane plus 

magnetite, and a maximum of 5% accessory mineral. 

The large sill-like bodies of nepheline pegmatite consist of 

subhedral to euhedral nepheline and albite with patches of biotite 1-3 

feet in diameter scattered throug~out the deposit. Calcite occurs as 

small blebs l-3cms. in diameter in nepheline and albite. Magnetite forms 

small masses of poorly formed intergrown octahedra in nepheline and 

albite. Of the accessory minerals only zircon and apatite occur 

consistently as euhedral crystals. Sodalite, hackmanite, cancrinite, 

hydronepheline, gieseckite and zeolites are confined to narrow zones 

adjacent to cracks and fissures in nepheline and albite. 

The small patch pegmatites in the nepheline gneiss consist of 

nepheline, albite, biotite and less commonly magnetite and calcite. 

Texturally they are identical to the larger pegmatites. Rarely 

remanent textures of nepheline gneiss are present in these smaller 

pegmatites suggesting that they were formed by replacement of the country 

rock. 

The two types of pegmatites mentioned above are generally 

concordant to the gneissic foliation of the nepheline syenite. Contacts 

with the country rock are abrupt. Chilled border zones have never been 

observed. For those large pegmatites which exhibit an intrusive 



relationship to the nepheline gneiss, narrow contact metasomatic borders 

may be present (Satterly, 1943) as at the Gill and Fra.ser quarries, 

Glamorgan township. 

Glimmer and Burr (1946) have reported occurrences in the nepheline 

gneiss of vugs lined with coarse euhedral magn3 tite and nepheline 

crystals. They interpret this to indicate a paragenetic relationship 

between 11 regenerated11 nepheline and late magnetite . Also calcite cavity­

fillings or replacements, and the existance of several pegmatites with 

extremely coarse grained calcite matrices suggested to them that there 

was a period of formation of large amounts of calcite late in the 

history of formation of the pegmatites. It is noteworthy that magnetite, · 

calcite, and nepheline in the Princess Quarry have modes of occurrence 

very similar to those just described in sodalite-free nepheline pegmatites. 

The large nepheline pegmatites and the majority of the small 

xenoblastic patch pegmatites do not exhibit zonal structures. In the 

previous paragraph calcite has been described as sometimes occurring as 

a cavity filling or replacement mineral in the core of a pegmatite zone 

into which euhedral nepheline and magnetite have grownG In such 

pegmatites zonation may be said to exist. In general however, the 

nepheline pegmatites do not exhibit distinctive zonal features. 

With reference to the genesis of the sodalite deposit at the 

Princess Quarry, the following features should be noted. These are 

largely based on observations by the author of many of the nepheline 

quarries in the Bancroft-York River area. 
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1) Nepheline, albite, lepidomelane (biotite), calcite, magnetite and apatite 

have the. same textural and structural distribution in many nepheline 

pegmatites as in the veins of the Princess Quarry. 

2) Microcline or any related type of potassium feldspar is never present 

in nepheline pegmatites. 

3) Sodalite, and cancrinite are found only in very small quantities, 

usually less than 1 per cent, in nepheline pegmatites. 

4) Within any one area containing nepheline pegmatites in nepheline gneiss 

more sodalite and cancrinite is found along joint planes in the nepheline 

gneiss than is found in the nepheline pegmatites. 

5) The distribution of the pegmatite minerals in the Princess Quarry is 

controlled by the fracture pattern of the nepheline gneiss . No evidence 

of such control is observed for the same minerals in the sodalite-free 

nepheline pegmatites • 

.Q. Origin of Nepheline Pegmatites. 

Adams and Barlow (1910) considered the nepheline pegma~ites to be 

coarse grained phases of the igneous nepheline· syenite gneiss. They 

likened ;the patch pegmatites to similar pegmatites in granite gneisso 

GuIIL~er and Burr (1946) considered the pegmatites to be formed by 

replacement of nepheline gneiss. Those which truncate the foliation of 

the nepheline gneiss were thought by them to be formed from liquids 

produced by the nephelinization process. Like Gummer and Burr, Moyd 

(1949) associated pegmatization with nephelinization. For those pegmatites 
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which fill joints in the nepheline gneiss (e.g. at the Princess Quarry), 

he stated that emanations from syenitic material may have acted as fluxing 

agents causing partial solution and recrystallization of the wall rock. 

Hewitt (195'6) called the nepheline patch pegmatites 11 xenoblastic11 

and attributed them to recrystallization and replacement of nepheline and 

albite of the gneiss. Gittins (1961) stated that those pegmatites found 

in rock (e.g. marble) some distance from nepheline gneiss formed from a 

residual magmatic liquid. He emphasised that the nephelinization 

process is a continuous passage outwards of fluids from a magmatic source 

which was constantly changing composition through differentiation. The 

nepheline gneisses taken as a whole show a wide range in composition, and 

it is not abnormal according to Gittins (p.307) to find 11 metasomatic zones" 

between the gneiss and some pegmatites as Satterly (1943) reported. 

In conclusion, probably the nepheline pegmatites have a complex 

history of formation involving both magmatic and metasomatic processes . 

Those nepheline pegmatites reported by Gittins in Glamorgan township which 

exhibit metasomatic borders with the nepheline gneiss host rock possibly 

are magmatic in origi~. This conclusion is based on Satterly's observations 

and work by Gittins (1961) and Gittins and Tilley (1961) on metaigneous 

nepheline syenite gneiss in the immediate area. The remaining types of 

nepheline pegmatites are for the most part found in nepheline gneiss. In 

places they exhibit cross-cutting relationships with the gneissosity of 

the nepheline gneiss, but they have never been observed cutting granite 
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or syenite.Their lack of any gneissic structures indicates that no stress 

field was present during their formation. Also chilled contacts or 

aplitic phases, common to rr~gmatic pegmatites are not observed. Ramberg 

(1952, p.246) stated that often, pegmatites in metamorphic-metasomatic 

complexes appea r to have formed as a result of the metamorp~ism and/or 

metasorr~tism instead of the metamorphism being the result of igneous 

intrusion. Pegmatization in such a case is regarded as a phase of a 

regional metasomat ic process such as granitization or nephelinization. 

The peg~~tites produced from such processes exhibit many of the characteristics 

described above for the nepheline pegmatites. Also it is noteworthy that 

very few of the nepheline pegrnatites exhibit any degree of zonation. 

Jahns (1955 p.1043) has stated that modern structural studies of pegmatite 

bodies commonly have led to emphasis of the role pl~yed by magmatic 

processes if the pegmatite was zoned. Structural studies then, would also 

probably favour a metasomatic origin for the nepheline pegmatites. It is 

the writer's opinion that the majority of the nepheline pegmatites in the 

Bancroft area were formed by the same metamorphic and metasomatic 

process which formed much of the nepheline syenite gneiss. In this sense 

he ag rees with many of the earlier investigations. 
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VI Petrogenesis of the Veins and Wall Rock, Princess Quarry. 

J::.: Stage I : Formation of Primary Mineral Assemblage • 

In the veins of the Princess Quarry nepheline, lepidomelane, 

magnetite , apatite and calcite are prominent mineral phases. In terms 

of chemical composition, crystalline form , and mode of occurrences, they 

are quite similar to the same minerals in the sodalite-free nepheline 

pegmatites . In the Princess Quarry these minerals occur in structlH'ally 

controlled veins (e.g. tension fractures) in the nepheline ' gneiss. No 

equivalent structurally controlled nepheline pegmatites have been observed 

by the writer in the Bancroft area. 

In the previous section it was concluded that the sodalite-free 

nepheline peginatites developed during a metamorphic episode, probably 

associated with the nephelinization process which formed the nepheline 

gneisses. The uniformity in composition of these pegmatites supports the 

theory that they formed at one time. In the Princess Quarry unlike any 

nepheline pegmatite,nepheline grows out from the nepheline gneiss wall 

rock as euhedral crystals into open tension fractures. This fact suggests 

that the nepheline-rich mineral assemblage in the veins of the quarry 

formed later than the nepheline gneiss and was not associated with the 

nephelinization process which formed the sodalite-free nepheline pegmatiteso 

Nepheline, lepidomelane, apatite, calcite and magnetite in the veins appear 

to have formed during a later metamorphic episode, but earlier than the 

formation of microcline, sodalite, pyrite, pyrrhotite and zeolite A. It 
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is assumed by the writer that albite or oligoclase also formed at this 

time as a ~2jor phase of the pegmatite assemblage. Moyd (1949) 

suggested thnt fluids from adjacent syenitic and granitic material 

possibly acted as fluxing agents causing partial solution and recrystallization 

of the nepheline syenite wall rock. This theory, in the writer's opinion, 

best explains the origin of the above-mentioned mineral assemblage in the 

Princess Quarry. 

This stage in the development of the presently existing veins was 

marked by the recrystallization of nepheline gneiss. The NaiO/KaO ratio 

of the system forming this mineral assemblage must have been greater than 

unity and undersaturated with respect to silica. Minerals such as 

lepidomelane and fluorapatite attest to the existence of significant 

amounts of fluorine in the system as well. Possibly a high concentration 

of an aqueous fluid phase along the fracture zones in the nepheline gneiss 

depressed the melting point of the host rock sufficiently for 

recrystallization to occur. The grade of metamorphism in this region lies 

in the amphibolite and granulite facies (Hewitt and James, 1955,p.6) 

indicating that the temperatures were sufficiently high to promote such a 

process. The vug-like structures in parts of the veins could most easily 

be explained by recrystallization. 

For reasons which will be made evident in a subsequent section, 

it remains unclear whether magnetite or calcite formed at this time. 

Certainly potash feldspa r, sodalite, pyrite, pyrrhotite and zeolite A 
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formed later than nepheline , lepidomelane and apatite from reactions 

involving fluids enriched in potassium and chlorine. 
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~- Stage II : Hydrotherma l Alteration . 


1) Formation ()f Hicrocline 1 Microcline Perthite and Sodalite 


!!_) Potash Fe ldspars. 


Both rod and patch perthites have been described from the veins 

and wall rock. The rod perthites possibly formed by exsolution of an 

originally homogeneous alY...ali feldspar. Alling (1938) interpreted rod 

perthites to have formed in this manner. A review of the literature on 

' feldspars i ndicates that much uncertainty exists concerning the origin 

of patch perthites. The alternative ways in which perthitea may form are; 

(a) unmixing of an originally homogeneous phase; (b) simultaneous 

magmatic crystallization which would probably form homogeneous 

microperthites ; (c) replacement of sodium feldspar by potassium or vice 

versa . Tuttle (1952a) studied the textures of perthites and correlated 

degree of exsolution with decreasing temperature of formation and 

increasing time subsequent to the crystallization of a homogeneous 

feldspar. In the laboratory when rod perthites have been homogenized 

and subsequently cooled, the rod-like perthitic intergrowths have been 

observed to reform in most cases. An exsolution origin for rod perthites 

is genera lly accepted, but it remains unclear whether patch perthites form 

from the same process and whether a replacement process for rod perthites 

is possible. 

Robertson (1959) described the development of perthites from 

plagioclase by late deuteric potassium metaaomatism. The transformation 
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began with the development of sodic rims about a more calcic core of 

plagioclase. The rims were subsequently replaced by orthoclase. Some 

of the albite was taken into solid solution in orthoclase while some 

remained as rel.:icts which 'W'ere later reorganized into stringers and blebs. 

His descriptions suggest that both types of perthite could be formed by 

replacement processes. The patch perthites represent an intermediate 

stage in the replacement mechanism which ultimately will form uniformly 

oriented rod-like blebs of albite in a matrix of orthoclase. 

In the Princess Quarry examination of thin sections of samples 

from various parts of the wall rock zone showed that there was a variation 

in the proportion of albite and microcline in the rod perthites. Twelve 

thin sections were chosen to study this variation. The samples from 

which the sections were cut were initially chosen to study the character 

of the wall rock surrounding the veins. It was not established nor 

suspected at the time of sampling that an alteration zone existed. As a 

result the samples were quite randomly chosen. Two to four crystals of rod 

perthite were chosen from each thin section. A medium power lens with a 

grid occular was used; the phases under the grid intersections wer~ counted. 

Albite rims which often formed about the perthite crystals were not counted. 

A total of forty-one crystals were point counted. The crystals were chosen 

so that the grid covered the entire crystal. The results of the study are 

shown in f~gures 2-6 and 2-7. The percent microcline was calculated for 

each crystal and histograms were prepared using divisions of 10 per cent 
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Fig. 2-6 Distribution of pot8ssium feldspa r in perthites of the wall rock, Pri~cess Quarry 

(Based on analysis of 41 crystals) 
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Fig. 2-7 Distribution of potassium feldspar in ·pe rthHes of the wall rock, Prince ss Quarry. 

(based on analysis of 35 crystals ) 
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Table 2-10: Modal estimates of potash and plagioclase feldspar in 
wall rock, Princess Quarry. 

Slide # %Potash Feldspar %Plagioclase Feldspar 

3-3 6.2 (-) 

1-3 28 . 2 (17 .4) 3.1 

1-5 25 . 8 (24.0) 5.4 

1-8 28.8 (21.5) 7.1 

1-1 23.0 (-) 9.4 

1-6 24.4 (16.6) 11.1 

1-4 20.2 (15.7) 11.9 

1-7 10.4 (7.5) 15.2 

1-2 18.6 (16.5) 17.2 

2-2 12.2 (4.7) 23.4 

3-2 9.4 (7.7) 24.3 

2-1 8.0 (5.6) 25.6 

.3-1 1.4 (0.3) 32.2 

*Values in brackets are estimates of perthite content of total rock. 

The unbracketed number represents the total amount of potassium feldspar, 

perthite being treated as one phase. 
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and 5 per cent microcline (figs . 2-6,2-7 respectively). In addition modal 

analyses were made for each section using 500 counts per section. 

The histograms indicate that quite a wide spread in the percent 

microcline in the rod perthites exists . An approximately normal 

distribution is indicated with the mean at 49.9 volume per cent microcline, 

and 50.l volume per cent albite. 

The results of the modal analyses for feldspar given in table 2-10 

indicate that a complete gradation exists between potash-deficient and 

potash-rich nepheline gneiss. In a preceeding section, it was made clear 

that the predominant feldspar in the veins was microcline and perthite and 

that in the nepheline gneiss was oligoclase . Combining this information, 

the author would suggest that contact potassium metasomatism has produced 

the variation that has been measured. The distance that each sample 

was taken from a vein was not measured, therefore isopleths defining zones 

of equal amounts of potash feldspar can not be determined with the data 

available. It does appear however that the sections studied covered in a 

random manner the entire variation of potash feldspar in the wall rock. 

The histogram in figure 2-6 illustrates the variation in the 

volume percent microcline for all forty-one rod '. perthites studied. 

Using statistical formulas from Dixon and Mas_sey (1957, p.102) the 

standard deviation (s) of this distribution was calculated to be ]4.1 

per cent. To determine whether the variance within thin sections was 

different from the variance of the entire sample population, the 

105. 




variance for each thin section was calculated and a pooled variance 

determined. The pooled variance (Sp : Dixon and Massey, p.109) equals 

61.08 giving a p~oled standard deviation Sp= 7.8 per cent. These results 

indicate that the variance within thin sections is much less than between 

thin sections. To estimate the maximum value of the standard. deviation 

attributable to experimental error the binomial distribution variance <JA~ 

was calculated for all forty-one determinations, and from thi.s value CJA~ 

was determined to be 7.7. It is evident that since Sp and Oii. are almost 

equal, then the variance of the volume per cent microcline in perthites 

from one thin section is attributable to experimental error and therefore 

the amount of microcline in perthite crystals within one thin section, 

statistically speaking, is uniform. Between thin sections however, there 

are probably real differences in the proportion of microcline in the rod 

perthites. In terms of the bulk compositions of the perthite crystals; 

within one thin section all of the perthites have the same composition, 

but different thin sections contain perthites of different bulk compositions. 

The variation in the bulk composition determined here suggests strongly 

that a distinct concentration gradient for potassium existed in the wall 

rock at the time of formation of the perthites. This supports the 

conclusions arrived at in the previous section on modal analysese 

The migration of potassium into the wall rock appears to have 

been promoted by both a temperature and concentration gradient. Orville 

(1963) has demonstrated that potassium will migrate down a temperature 
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gradient (e.g. into the wall rock zone). Sodium migrates in the 

opposite direction. Also it is theoretically well established that ions 

will move in response to strong concentration gradient.s . The hot 

aqueous hydrothermal solutions in the veins were apparently quite rich in 

potassium relative to the cool nepheline gneiss country rock. It 

appears that both temperature and concentration of the pertinent cations 

played significant roles during the migration of potassium into the wall 

rock. It remains to be established whether replacement or exsolution 

formed the rod, and patch perthites, and what is the role that temperature 

and bulk composition played in determining the final proportions of albite 

and microcline in each perthite crystal. 

The simplest explanation for variation in the proportions of 

microcline and albite in the perthite crystals is variation in the extent 

of replacement of a parent plagioclase phase. Potassium was incorporated 

into oligoclase in the wall rock to varying degrees, hence the variation 

in the present crystals of potash feldspar. Almost total replacement of 

of sodium by potassium in oligoclase resulted in the formation of separate 

microcline crystals. Within and adjacent to the vein zones microcline 

would be expected to be most abundant, and this is what is observed e 

We may also inquire whether the rod and patch perthites were 

formed during the replacement process per se, or rather during subsequent 

exsolution. If exsolution is the mechanism by which they formed, then the 

system must have been at quite a high temperature. Experimental work in 

the alkali feldspar s:,r stem (Bowen and Tuttle, 1950) indicates that at 
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1000 bars PH~O the top of the solvus occurs at around 660°C. At 5000 

bars PH,O the liquidus-solidus curves intersect the solvus at approximately 

715°C (Yoder, Stewart and Smith, 1957). Since the bulk composjtion of 

many of the perthite crystals average near the composition corresponding 

to the top of the solvus it would be impossible for .perthites to form by 

exsolution without first forming a liquid phase if the system were at 

5000 bars PH20. Also for pressures of 5000 and 1000 bars PH 20, the 

temperature necessary to form homogeneous feldspars is between 660°C 
' 

and 720°C. Most investigators would agree that the temperature of 

hydrothermal or even most pegmatitic fluids never rise that high. If 

replacement is the mechanism which formed the perthites then much lower 

temperatures could be involved to explain the same phenomena. The 

presence of patch perthites possibly supports the replacement theory. 

Also, Robertson (1959) has presented strong evidence that rod perthites 

can be formed by replacement processes. 

The evidence presented above is largely indirect but in the 

author's opinion it supports the replacement theory for the origin of 

the perthites. 

Temperature alone: plays an important role in the formation of 

the perthites. It is at least one factor which promotes the migration 

of potassium into the wall rock. Also along any one isopleth of constant 

potassium content temperature variations in the wall rock may be 

considered to have caused some variation in the proportions of albite and 
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microcline which form ·individual perthite crystals. To illustrate this 

idea two bulk compositions (Or25 Ab75 and Or 50 Ab 50 ) were chosen in the 

alkali feldspar system. Using Barth's (1951) solvus, the proportion of 

albite and microcline which would form at four temperatures were calculated. 

The results are given in table 2-11. Thus in order to generate variations 

in the modal percent of exsolved albite from once homogeneous feldspars 

of the suggested compositions it would have been necessary for exsolutiop 

to have been stopped at temperatures ranging from 700°C to 400°0 within 

a zone not more than 1 foot wide. It is not believed possible that such 

steep temperature gradient could have existed within this zone. Also 

since potassium feldspar formation is associated only with subsolidus 

. reactions forming sodalite, it is not likely that a very highdT/dX gradient 

existed. There is in fact no reason why the final exsolution temperature 

should not· be approximately uniform throughout the wall rock despite the 

initial temperature gradient that may have been imposed by injection of a 

pegmatitic magma or hot hydrothermal solutions. 

Table 2-11: Volume percent of Or and Ab exsolved from crystals of 
given bulk composition according to Barth's (1951) solvus 

for the alkali feldsparse 


Temperature (OC) 
 Or2;Ab75' 	 Ors0Abs-o 

700° 	 Ab=76.5 11.8 

Or=23.5 88.2 


600 Ab =72.2 28.6 

·or= 27.8 71.4 


500 	 Ab = 74.5 38.5 

Or = 25.5 61.5 


400 	 Ab= 76.4 43.6 

Or = 23.6 56.4 
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The writer's proposed mechanism for the formation of microcline 

and perthite follows. Potassium rich solutions have migrated from the 

veins into the wall rock. The diffusion into the wall rock has proceeded 

to varying degrees along cracks, fissures and grain boundaries promoted 

by temperature and concentration gradients. Isopleths of equal potassium 

content in the wall rock are probably very irregular due to the mechanisms 

of movement of the solutions. Reactions between these solutions and 

oligoclase in the veins and wall rock resulted in the formation of 

microcline and microcline perthite accoriing to the ~quation below. 

Na Al Si3 08 + K + ::: ( K, Na) A1Si 3 08 +Na+ 
Al bite Microcline 

Experimental evidence and the presence of patch perthitE?flsuggest that 

replacement rather than exsolution formed microcline perthite and microcline. 
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b) Sodalite. 

Van Peteghem (1961) synthesized sod.alite of natural compositions 

at temperatures and pressures ranging from 150°C - 750°C and 10,000 ­

30,000 p.s.i. Anderson (1963) studied the stability of hydroxyl sodalite 

(6Ne ·2NaOH) at 1 kilobar and determined its maximum temperature of 

formation to be approximately 520°C - 540°C. Current experimental work 

by Anderson (pars. commu.) indicatesthat sodalite of natural composition 

can be formed at 800°C and . l kilobar PH20, and 700°C and 2 kilobar PH20 

in the system Na Al Si O't- NaCl - H20 without any signs of liquid . in the 

system. The information above suggests that natural sodalite can form 

over a very wide range of temperatures and pressures. 

The equation below represents the· type of reaction envisaged to 

occur for the formation of sod.elite. 

6(Na.75 1L25) AlSiO'T + (3.5 Na+ + 2Cl) = 6NaA1Si04 ·2NaCl + l.5K+ 
Nepheline Sod.elite 

There is no evidence that the reaction is pressure dependent. As yet 

there is no experimental evidence of a correlation between a physical 

or chemical parameter, ·and the temperature or pressure of foI'illB.tion. 

In the Princess Quarry petrographic evidence strongly suggests 

that sodalite replaces nepheline on a volume for volume basise The 

reaction envisaged has been given in the previous paragraph. Note that 

in addition to chlorine, exdess sodium must be present in the system to 

form sodalite. Also potassium is liberated from nepheline in the reactione 

The sodalite front described earlier presumably represents the maximum · 

depth of penetration of chlorine-bearing solutions into the country 
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rock. Rarely the zone bounded by this front swells from its normal 

thickness of 1-2 inches to more th.an 6 inches (e.g. plate 8) . This 

may result merely from a locally lower abundance of nepheline in the 

country rock permitting the c1- ions to penetrate farther before being 

consumed by reaction with nepheline. 

In the veins and wall rock of the Princess Quarry there is no 

petrographic evidence suggesting that sodalite replaces microcline or 

vice versa. The reaction suggested for the formation of microcline and 

perthite indicates that excess sodium is released to the fluid phase as 

potassium feldspar is formed. When chlorine-rich solutions react with 

nepheline, potassium is released to the fluid phase as sodalite is formed. 

There appears to be a connection between the formation of potassium 

feldspars and sodalite from oligoclase and nepheline respectively. 

Combining the two equations given previously for the formation of sodalite 

and potash feldspar we have: 

NaA1Si3 08 + 3(Na.7s-K·is-)AlSiO,_ + (NaCl)
0 
'f = (Na.~sK.7,) AlSi3 08 +3NaA1SiO+ .NaCl 

Albite Nepheline Microcline Sodalite 

We see · that sodium released to the fluid phase in the formation of 

microcline may be used along with chlorine to form sodalite from nepheline. 

Also potassium released from nepheline may be used to form microcline. The 

equation indicates that excess potassium in the fluid phase over that 

liberated by sodalitization is not required to form microcline (Or7, Ab2 s) 

from albite• . In portions of the wall rock this situation may in fact 
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have existed. Note however that microcline and microcline perthite 

are abundant phases of the wall rock outside of the sodalite zone. 

The absolute proportions of the four minerals in the above equation in 

the veins of the quarry are not known, therefore it is impossible to 

state with reasonable accuracy whether sufficient ·potassium was released 

from nepheline to form all the microcline and microcline perthite in 

the veins and wall rock. Certainly this mechanism probably contributed 

significant. amounts of potassium to the system. The writer believes 

however that at least part of thepotassi.um which went to form potash 

feldspar was derived from solutions from an extra~ous source. · 
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(£) Character of the Hydrothermal Solutions. 

From the information presented in the previous paragraphs it is 

possible to enumerate some of the properties of the fluid phase which 

caused the formation of sodalite and potassium feldspar . K~O and Cl 

were at least two of the most abundant components in the hydrothermal 

solutions. Na~O was also abundant but relative to the Na 20/Ka0 ratio 

in the system which formed the primary nepheline pegmatite assemblage, 

it was probably lower during this period of alteration . Also water 

undoubtedly formed a significant portion of the fluid phase. · 

The study of fluid inclusions in pegmatite and hydrothermal 

minerals may help to indicate the composition of the solutions. This 

study has been actively pursued most recently by Roedder (1960,1963) 

and Balitskii and Lyubafeyev (1962) among others. The results of these 

studies indicate that Na, K, Ca and Mg and Cl,SO..f , C02 and ,HCo; are the 

most abundant cations and anions respectively in these inclusions . 

The studies have established that a very wide range in concentration 

of salts such as NaCl and KCl can be expected in inclusions from minerals 

from different deposits. In some studies there has been some correlation 

between low-temperature origin and ve-r-y high salinities, up to 50% NaCl 

concentration i..~ a few cases, suggesting that the concentration of salts 

in the fluid inclusions reaches a maximum at low temperaturee Very strong 

brine:; however have been found in fluid inclusions from presumably high­

temperature pegmatite minerals. 



The relevant point pertinent to this study is that concentrated 

brine solutions rich in halides such as NaCl and KCl commonly occur as 

fluid inclu·sions. In some instances at least, this 'enrichment is present 

in the pegrnatite .. stage but it is most frequent in hydrothermal minerals. 

It is probable then that many hydrothermal fluids are weak to concentrated 

brine solutions. Such solutions would satisfy the requirement for a 

solution enriched in K and Cl capable of replacing a nepheline-albite 

assemblage with a sodalite-microcline assemblage. As yet, the minimum 

concentration of NaCl in an aqueous solution necessary to form sodalite 

fro~ nepheline has not been determined. Anderson (per commu.) however 

suspects that only very low concentrations (e.g. less that 1.0 mole per 

cent NaCl) would be adquate at hydrothermal temperatures and pressures. 

Recent experimental investigations concerning the formation of 

sodalite from nepheline (Van Peteghem, Anderson), and potassium feldspar 

from albite or oligoclase (Orville, 1963) indicate that an aqueous fluid 

of suitable composition will react at sub-solidus temperatures with the 

solid phases to form new minerals. Also, Orville (1963) illustrated in 

his work involving reactions between sodium and potassium feldspars and 

a fluid phase, that far below solidus temperatures the fluid phase is 

(1) capable of acting as the medium through which ions may pass in 

response to temperature or concentration gradients; and (2) capable of 

acting as the transporting medium for ionic species. These facts indicate 

that a fluid phase of the correct composition is capable of producing sodalite 
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and microcline from nepheline and albite. 

The temperature and pressure of formation of sodalite and potash 

feldspar is unknovm . The indirect evidence listed below possibly suggests 

that their temperature of formation was betwee~ 300°C and 450°C . 

1) a replacement Ofigin for microcline and microcline perthite . 

2) sodalite can form at such temperatures with relative ease . 

3) fluid .L~clusion studies possibly suggest that the most concentrated 

brine solutions are formed at temperatures equivalent to hydrothermal and 

lower temperatures. 

Estimates of pressure during the period of hydrothermal alteration 

are much less definite than those of temperature. Sodalite is known to be 

stable at pressures up to two kilobars. The alkali feldspars can be formed 

at water vapour pressures of at least 5000 bars. Assuming that the fluid 

phase was supercritical and at a temperature near 450°C, then work by 

Souri~an and Kennedy (1962) on the system NaCl - HtO indicates that an 

a~ueous solution containing 10 weight per cent NaCl has a critical pressure 

of 550 bars. Since the fluid is undoubtedly more complex chemically than 

that discussed above, this value for the critical pressure is obviously 

only an estimate. The critical pressure of the fluid does however place 

a lower limit on the total pressure of the system (assuming Pfluid =Ptotal). 
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2) Formation of Additional Hydrothermal Minerals . 

a) Magnetite and Calcite. 

In the veins of the quarry both of these minerals occur as 

inclusions and as small veins in cracks in sodalite. They also occur as 

segregated masses of various sizes. These textures would suggest that 

both minerals formed throughout the sodalite forming process. However 

both minerals are common in nepheline pegmatites. Much of both the 

calcite and magnetite of the Princess Quarry texturally resemblesthat 

in sodalite-free nepheline pegmatites. Therefore it is possible that both 

phases were members of the primary pegmatite assemblage in the Princess 

Quarry and have simply been recrystallized during the phase of hydrothermal 

alteration. 

In the wall rock, magnetite is invariably associated with lepidomelane. 

Textures suggest that at least some magnetite has formed from the oxidation 

of an iron rich biotite according to the type of reaction given below. 

K Fe 3 +
2
A1Si3010 (OH)2 = Fe3 0"T + KALSi3 00 + Ha 

It is possible that some microcline in the wall rock has formed by this 

reaction. It is not evident whether this reaction occurred during the 

formation of the primary pegmatite assemblage or later during the hydrothermal 

alteration. Quantitatively however, the amount of lepidomelane converted 

to magnetite could not account for all the microcline in the wall rock. 

Calcite is an abundant interstitial mineral in the wall rock. 

Comparison of modal analyses for . calcite for samplesfrom the wall rock 
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and country rock are appro~imately identical. This indicates that the 

calcite in the wall rock cannot be attributed to C02 metaspmatism of the 

nepheline gneiss . 

(b) 	Cancrinite. 

In t he wall rock cancrinite is found associated with calcite and 

nepheline. The reaction envisaged to form cancrinite is given below. 

3NaA1Si01 + CaC0 = J NaAlSiO • CaC03
nepheline 1 cancrinite 

It is noteworthy that when sodalite is abundant .cancrinite is 

present in only small amounts or absent . This situation is realised at 

the Princess Quarry. In contrast, at Cancrinite Hill , one half mile 

south of the Princess Quarry, cancrinite is aburidant but sodalite forms 

approxirr~tely ;} of the total amount of carbonate and chloride enriched 

feldspathoids . At the Princess Quarry calcite is present in large 

amounts, and presumably the system was saturated with respect to CO~, 

nevertheless sodalite forms. The equation below represents the possible 

situation being concidered. 

Cancrinite + Cl- =Sodalite + C02 

Note that since sodalite often occurs with cancrinite but not vice 

versa, low Pct displaces this reaction to the right. In the Princess 
~ 

Quarry cancrinite undoubtedly formed at the same time as sodalite but 

in much smaller amounts due to the factors indicated above. 

(c) 	Pyrite and Pyrrhotit.e. 

Pyrite and pyrrhotite are scarce in the Princess Quarry. On the 
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basis of t heir textural relations it is concluded that they formed later 

than potash feldspar and sodalite. 

In a previous section Arnold's (1962) pyrite-pyrrhotite 

geothermoireter was described and used to determine a temperature of 

formation for these minerals. The temperature determined was approximately 

475°C. However the discussion made clear that this value was probably 

unreliable since pyrrhotite in this deposit is monoclinic rather than 

hexagonal. 

(d) Zeolite A. 

Zeolite A has formed both in the veins and wall rock from the 

decomposition of nepheline and sodalite by reaction with hot aqueous 

solutions. The equations below indicate the types of reactions 

envisaged to have occurred. 

4i'laA1Si04 + 2Si02 + 4H 20 = 2NaaSi 3 Al2.0ID. 4H20 
nepheline natrolite 

And 


6NaA1Si04 .2NaCl + .3Si02 + 6H20 =.3Na2.Si3 Al,0 10 ·6H20 + (2NaC1)0~ 

sodalite natrolite 

Burley (1956) studied the physical stability of natrolite in the system 

temperatures of formation of synthetic natrolite were 270°C and 100°0 

respectively, at pressures from o.67 to 2.0 kilobars PH 20. Above 270°0 

natrolite decomposed to analcite, nepheline hydrate, and a vapour phase. 

Hey'~ (1930,1932a,b,1933) investigation of many of the common zeolites 

indicates that dehydration occurs most commonly bet ween 300-400°C at 
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1 atmosphere. These facts indicate that zeolite A probably formed below 

300°C. It is concluded that zeolite A was the last mineral to form in 

the veins and wall rock of the quarry. 
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2.) Origin of the Hydrothermal Solutions. 

The source of the hydrothermal solution which has formed among 

other minerals, microcline and sodalite, remains to be determined. This 

solution was probably a late-stage fluid remaining after the crystallization 

of an igneous rock. A possible source may have been the granite-syenite 

complex intruded less than one-half mile north of the quarry (see map 1-A). 

F\lrther study of this and other intrusive igneous rocks of the Bancroft 

area may shed mo re light on this problem. 

The presence of large amounts of sodalite in the quarry suggests 

that the fluids, whatever their origin, muet have been strongly enriched 

in chlorine. Correns (1956) illustrated that Cl is widely distributed in 

igneous and sedimentary rocks in amounts not exceeding 0.1 per cent. Shaw 

(1960), in a discussion of the origin of Cl-rich scapolite stated that one 

possible source of chlorine in the Grenville was from halite in metasedimentary 

evaporite sequences. Brown and Engel (1956) have found such evaporite 

deposits containing halite, gypsum and anhydrite in the Grenville rocks 

of the Adirondacks . Anatectic and metasomatic processes acting on such 

metasediments mBy have caused t ~ e incorporation of large amounts of Cl 

in plutonic granites and syenites such as those adjacent to the nepheline 

gneiss lenses in the Bancroft area. 

Another alternative is worth considering however. Roedder (1960, 

1963) has adequately illustrated that primary fluid inclusions in hydro­

thermal minerals are not uncommonly very concentrated brine solutions. Of the 

anions 

Ul 



in these solutions chlorine is more often than not the most abundant. 

This study is only in its L~fancy but the possibility exists that 

hydrothermal solutions from most igneous granites (e.g. the one adjacent 

to the Princess Quarry) contain sufficient chlorine to form sodalite from 

nepheline. Sodalite is not a com.~on mineral possibly because only rarely 

do chlorine-rich solutions infiltrate undersaturated nepheline-bearing 

alkaline rocks. It is suspected by the writer that most late- magmatic 

fluids contain sufficient chlorine dissolved in their vapour or liquid 

phases to form sodalite from nepheline. For sodalite to form, the mineralogy 

of the host rock rather than the composition of the foreign fluids appears 

to be the critical factor. 
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VII Conclusions. 


~) History of the Princess Quarry. 


The events which are considered signigicant to the development 

of the sodalite deposit are listed iri chronological order below in an 

atterapt to relate the regional geology with the formation of the veins 

in the quarry. 

1) Formation of nepheline syenite gneiss by nephelinization and/or 

magmatic processes. 

2) Pegmatization of the nepheline gneiss resulting in formation of 

sodalite-free nepheline pegmatites. This process is directly connected 

with the nephelinization and/or magmatic processes which formed the 

nepheline-rich host rock. 

3) Assimilation and intrusion by granitic and syenitic plutonic material 

resulting in recrystallization of portions of the nepheline gneiss along 

tension fractures to form nepheline pegraatite assemblages similar in 

mineralogy to those formed in part (2). 

4) Infiltration alcng tension fractures in the nepheline gneiss by hot , 

aqueous fluids charged with potassium,sodium and chlorine in particular, 

and partial replacement of the pegrnatite assemblagE> formed in part (3) to form 
sodalite and microcline. 

5) With falling temperature, the precipitation of calcite, magnetite 

and sulphides and the alteration of earlier formed feldspathoids to 

zeolites by hot aqueous solutions. 

6) After the complete formation of the vein minerals, a period of shearing 
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which produced the mylonitic and cataclastic textures presently observed 

in a few of the veins in the Princess Quarry. 

It remains unclear whether calcite and magnetite formed during 

the period of f ormation of the primary pegmatite minerals or during the 

later hydrother~Bl alteration of this primary assemblage. It is also 

unknown, what length of time elapsed 'between the two stages of formation 

of the veins in the Princess Quarry. The distinct differences in 

mineralogy between stages I and II does indicate that the solutions which 

caused the hydrothermal alteration came from a source other than the 

nepheline syenite host rock. If this were not the case one would expect 

to find microcline and sodalite quite abundant in many of the sodalite­

free nepheline pegm.atites. The writer would suggest that the fluids 

responsible for the formation of sodalite and microcline from nepheline · 

and albite respectively came from adjacent granitic and syenitic material. 

The chlorine i.~ these fluids possibly was incorporated into the parent 

granitic material by anatectic or metosomatic processes acting upon 

evaporite sequences. Also , possibly the enrichment is only an apparent 

one; most late-stage magmatic granitic liquids probably contain certain 

amounts of chlorine which would form sodalite if they contacted nepheline­

bearing rocks. In this latter situation, the controlling factor is the 

mineralogy of the host rock. The writer favours . the second alternative. 



VIII Recommendations for further study. 

A more complete study of the effects of potassium metasomatism 

would undoubtedly be of value . The determination in one section through 

the wall rock zone perpendicular to a vein, of the modal percentages of 

potash and plagioclase feldspars, modal determinations of the amounts of 

albite and microcline forming individual perthite crystals as a function 

of distance from the vein zone , and the determination of the compositions 

of the sodic and potassic feldspars would be profitable . A similar study 

on the distribUtion of sodalite and nepheline would also be worthwhile . 

Aside from this particular sodalite deposit , a detailed examination 

of the occurrence of sodalite in an alkaline igneous intrusive (e . g. Ice 

River or Y~gnet Cove) would be particularly worthwhile in view of the 

confusion which has arisen concerning the classification of magmatic and 

hydrothermal sodalite. One might look for textures and structures which 

indicate a hydrothermal origin for sodalite such as those described in 

this thesis. 

It would also be interesting to extend Roedder1 s studies of 

fluid inclusions to include data on t he concentration of anions and cations 

in inclusions in pegmatite and hydrothermal minerals associated with 

undersaturated alkaline intrusives, and to compare this data with similar 

data from lmown granitic sources. This study would be yet another attempt 

to establish the exact differences between the residual liquids of per­

alkaline and granitic magmas. Such a study holds particular significance 
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for an anion such as Cl which, even though it may be present in significant 

concentrations possibly largely bound up in vari ous soluble complex 

metallic anions, is incorporated into only a very few mineral structures. 
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Appendix I Plates 1 - 17 



Plate #1. Nepheline pegmatite, Goulding Keene Quarry, York River. 

N ~ Nepheline; P = ·Plagioc~ase (An5 ); Bi= Biotite 

Plate #2. Sodalite rimming and replacing euhedral nepheline crystals 

growing perpendicular to joint faces into open cavit ies. 
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Plate #3. 	Bylonitized vein sodalite with large inclusion of nepheline 

adjacent to mylonitic material. Note reaction rim of zeolite (?) 

about large nepbe.line crystal. S =Sod.alite. 

Plate #4. 	Non-mylonitized vein sodalite enclosing microcline and euhedral 

nepheline. Note small· white inclusions of zeolite. Mic= microcline. 
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Plate #5. lv';ylonitized vein material illustrating distinctive linear 

trend: the minerals are sodalite, nepheline and microcline. 

Plate #6 Small euhedral crystals of nepheline and microcline associated 

with a large crystal of microcline. 
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Plate #7. 	Vein sodalite with microcline inclusions. Textural evidence 

does not suggest .which mineral formed first. 
~~~~~~~~~~~---.., 

Plate #8. 	Zeolite alteration of sodalite vein. Note blue sodalite front 

in adjoining wall rock and kaolinized potash feldspar in lower 

right portion of vein. Z =zeolite; k =kaolinized feldspar 

W.R. = wall rock. 
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Plate #9. 	Sodalite vein in nepheline gneiss; sodalite contains pods of 

calcite, linear zones of microcline, and pink to white veins of 

zeolite A. Calcite =Ct. 

Plate #10. 	Vug type structure in parts of veins; note zeolite front in 

wall rock on left side of photograph. 

132. 



I"''" 

Plate #11 Fan-shaped aggregates of prismatic crystals of zeolite A. 

Plate #12. 	Rod perthite: albite rods and rims in microcline ground mass 

associated with nepheline and twinned oligoclase . Ab = albite; 

Olig = oligoclase. 
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Plate #13. Interstitial recrystallized zone: microcline perthite, 

magnetite, biotite, oligoclase and calcite e:qclosed by large 

Plate #14. 	Patch perthite: twinned albite (Ans) in ~ar-t;an wJ.nne~ 

microcline ground mass. 
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Plate #15. Microcline perthite with albite rods intruding (?) a more 

____,.calcic twinned plagioclase (An6 _
10 

) 

Plate #16. Sodalite veins surrounding altered nepheline,biotite, 

magnetite, calcite and microcline. 
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Plate #17. Sheared vein in upper pit of Princess Quarry; note dark 

mylonite material adjacent to blue sodalite. 

136. 




BIBLIOGRAPHY 

Adams, F.D., and Barlow, A.E., 1910. The geology of the Haliburton and 
Bancroft areas, Province of Ontario. Can. Dept. Mines, Mem. 6, 
p.324. 

and Osborne, F.F., 1932. On two nepheline sodalite syenites from 
new localities in Northern Rhodesia . Canad. Journ. aes., vol. 6, 
p.571. 

Allan, J.A., 1902. Geology of the field-map area, British Columbia and 
Alberta. Geol. Soc. Can., Mem. 55, no.46. 

Alling , H.L., 1934. Plutonic perthites . J. Gaol., 46, p.142. 

Anderson, P.A. M., 1963. The system NaA1Si04 - Na OH - H2 0 at 1 kilobar and 
440°c to 540°c. M.Sc . Thesis, Mc.Master University. 

Arnold, R.G., Coleman , R.G., and Fryklund, V.C., 1962. Temperature of 
crystallization of pyrrhotite and sphalerite f rom the Highland­
Surprise Mine, Coeur d'Alene District, Idaho• . Econ. Geel., 
57, pp.1163-1174. 

Balitskii, 	V.S ., and Lyubofeyev, V.N., 1962. Physicochemical characteristics 
of mineralizing solutions as illustrated by polymetallic 
mineralization in the Northwest Caucasus. Geochemistry, 9, 
pp.926-933. 

Barlow, A.E., 1902. On the nepheline rocks of Ice River, British Columbia. 
Ottawa. Nat ., vol.xvi, pp.70-76. 

Barrager, W.R., 1952. Nepheline gneisses of the York River , Ontario. M.Sc. 
thesis, Queens University Library. 

Barth, T.F.W., 1932 ~ . The structure of the minerals of the sodalite group. 
Zeit. Krist., 83, pp.405-416. 

~~- 1951. The feldspar geologic thermometers. Neu. Jb. Miner. Abh., 
82, pp.143-154. 

Bonney, T.G., 1902. On the sodalite syenite from the Ice River valley, 
Canadian Rocky Mountains . Geol. Mag., vol.ix, p.199. 

Borchert, W. and Keidal, J., 1946. Beitragen zur Reaktions fahigkeit der 
Silikate bei niedrigen temperaturen. Heid. Beitr. zur Min. und 
Pet., 1, pp.2-17. 

137. 




Borgstrom, L. H., 1901. Hackmanit ett nytt mineral i sodalitgruppen. 
Geol. For. Stockholm, 23, p.563. 

Bouen, N .L., and Tuttle O.F., 1950·. The system NaA1Si3 08 - KA1Si~08-
H20. J. Geol., 58, pp.489-511. 

Brandler, W., 1934. Sodalite from Bolivia. Am. Miner., 19, pp.28-31. 

Brown, J.S., and Engel, A.E.J., 1956. Revision of Grenville Stratigraphy 
and structure in the Balmat-Edwards district, north-uest Adirondacks, 
New York. Bull. geol. Soc. Amer. 67, pp.1599-1622. 

Burley B.J., 1956. The physical stability of natrolite. Ph.D. thesis, 
McGill University Library. 

Chayes, F., and Fairbairn, H.W., 1951. A test of the precision of thin 
section analysis by point counter. Am. Miner., 36, pp.704-712. 

1962. Numerical correlation and petrographic variation. J. Geol., 
70, pp.440-452. 

Correns, C.W., 1956. The geochemistry of the halogens, in Physics and 
chemistry of the earth, vol.2. Pergamon Press: London. 

Dana, J.D., 1954. A textbook of mineralogy (revised by W.E. Ford), 4th 
edition. J. Wiley and Sons, New York. 85lpp. 

Deer, W.A., Howie R.A., and Zussman J., 1963. Rock forming minerisls, vol. 
4. Longmans, Green and Co. Ltd., London. 435 PP• 

Dixon, W .J., and Ma ssey, F.J .Jr., 1957. Introduction to statistical analysis. 
~~Graw-Hill Book Co., New York. 488pp. 

!ersman, A.E., and Bonshtedt, E.M., 1937. Minerals of the Khibina and 
Lovozero tundras. Lomonossov Inst • . Acad. Sci., U.S.S.R. 

Gerasimovsky, V. I., 1937. Ussingite of Lavozersky tundras. Trans. 
Lomonossov Inst. Acad. Sci. u.s.s.R., Ser. Min., no.10, p.5. 

Gittins, J., 1961. Nephelinization in the Haliburton - Bancroft district, 
Ontario, Canada. J. Geol., 69, pp.291-308. 

Gummer, W.K., and Burr, S.V., 1946. Nephelinized paragneiss in the 
Bancroft area. J. Geol., 54, pp.137-168. 

138. 




HaMaguchi, K., 1928. Sodalite in nepheline syenite of FUkushinzen, Korea 
Chikyu, vol.lo, p.262. 

Hewitt, D.F., 1960. Nepheline syenite deposits of southern Ontario. Ont. 
Dept. Y:.in . Rept., vol.Lxix, pt.8. 

___ and James, W., 1955. Geology of Dungannon and 11.ayo townships. 
Ont. Dept. Min . Rept., vol.Lxiv, pt.8. 

Hey, M.H., 1930. Studies on the zeolites. Part I. General review. Min. 
V.ag., 22, pp.422-438. 

1932(a). Studies on the zeolites. Part II. Thomsonite and 
gonnardite. Min . Mag., 23, pp.51-125. 

1932(b). Studies on the zeolites. Part III. Natrolite and 
metanatrolite. Min. Mag., 23, pp.243-289. 

1933. Studies on the zeolites. Part V. Mesolite . Min. ~~g ., 
23, pp.421-447. 

Jaeger, F.M., 1926. Structure of artificial ultra marines; a relation 
between these and the minerals hauynite, noselite, sodalite, 
lazurite and nephelite. Verslag. Akad. Wetenschappen, 
Amsterdam, 36, pp.29-47. (Chem. Abst ., 21, p.2110.) 

Jahns, R.H., 1955. The study of pegmatite deposits. Ee. Geol., 50th 
Anniversary vol., pp.1025-1130. 

Kalb , G., 1939. Uber Mineralien and Vesteine der niederrheinischen 
Vulkangebiete. Deckeniana , Verh. Nat. Ver. Rheinlande v. 
Westfalens, vol. 98a, p.173. 

Kolaczkowska, M., 1935. La structure de la sodalite. Arch. Min . Tow. 
Nauk. Warsaw., 11, pp.150-169. (Min. Abst., 6, p.178). 

Kullerud, G., Doe, B.R., Buseck, P.R., and Troften, P.F., 1962. Heating 
experiments on monoclinic pyrrhotites. Carnegie Inst. Wash. 
year book, 62, pp.210-213. 

Lacroix, A., 1931. Les pegnatites de la syenite sodalitique de l'ile 
Rouma (archipel de Las, Guinee francaise). Description d 1 un 
nouveau mineral (serandite) au 1 elles renferment. Compt. 
Rend. Acad . Sci. Paris, vol.l92, p.189. 

139. 




Lehhimijarvi, H., 1960. The alka line deposits of Tovaara, Kuusamo, 
Finland . Bull. comm. geol . Finland, no.185, p.46. 

Lumbers, S. B., 1964. Preliminary report on the relationship of minera l 
deposits t o intrusive rocks and metamorphism in part of the 
Grenville province of southeastern Ontario. Ont~ Dept. VJ.in.es, 
P.R.1964-4. 

MacGregor, A.G., 1922. The Traprain Law phonolite. Pa rt I. Nepheline, 
ana lcite, sodalite, and oiivine in the Traprain Law phonolite 
Geol. Mag ., vol.59, p.514. 

Mathias, G., 1956. The petrology of the Hes.s:in11.. igneous complex, South­
west Africa . Trans. Geol. Soc. So~th Africa, vol.59, p.23 • 

. I 

Medved, D.B., 1954. Hackmanite and its tenebrescent properties. Amer. 
Min., 39, p.615. 

Miser H.D., and Glass, J .J., 1941. Fluorescent sodalite and hackmanite 
from Vmgnet Cove, Arkansas. Amer. Viln., 26, p.437. 

Morey, G.W., 1957. The solubility of solids in gases. Ec on. Geol., 52, 
pp.225-251. 

Moyd, L., 1949. Petrology of the nepheline and corundum bearing rocks of 
southeastern Ontario. Amer. Min., 34, pp.736-751. 

Orville, P. M., 1963. Alkali ion exchange between vapour and feldspar phases. 
Amer. J. Sc., 261, no.3, p.201. 

Parrish W., Ekstein, M.G., and Irwin, B. W., 1953. Data for x-ray analysis 
(Tables for computing the lattice constant of cubic crystals), 
vol. 2. Philips Lab. Inc. , Irvington-on-Hudson, New York. 

and Irwin, B.W., 1953. Data for x-ray analysis (Cha rts for 
solution of Bragg' s equation), vol.l. Philips Lab. Inc., 
Irvington-on-Hudson, New York. 

Partridge, 	F.C., 1938 . A poikilitic sodalite syenite from Pilansberg. 
Trans. Geol. Soc. South Africa , vol.4lp.173. 

Pauling, L., 1930 •.. The structure of sodalite and relvite. Zeit. Krist., 
74, pp. 213-225. 

Pecora, W.T., 1942. Nepheline syenite pegma tites, Rocky Boy stock, 
Bearpaw Mountains , Montana. Amer. Min., 27, p .397. 

Quinn, A. 1935. A petrographic use of fluorescence. Ame r. Min., 20, p.466. 

P~mberg, H. , 1952. The origin of met amorphic and metasornatic rocks. 
University of Chicago Press, Chicago. 317pp. 

140. 

http:VJ.in.es


RobeTtson, 	 F., 1959. Perthite formed by reorganization of albite from 
plagioclase during potash feldspar metasorr£tism. Amer. V..in ., 
44, p.603 . 

Roedder,E., 1958. Technique for the extraction and partial chemical 
analysis of fluid-filled inclusions from minerals. Econ. 
Geol., 53, pp .235-269. 

1963. Studies of fluid inclusions II: Freezing data and their 
interpretation. Econ. Geol.; 58, pp.167-213. 

Satterly, J., 1943. Mineral occurrencesin the Haliburton area. Ontario 
Dept. Mines 52d. Ann. Rept ., vol.52, pt.2. 

Shaw, D.M., 1960. The geochemistry of scapolite, II. J. Petr., 1, 
pp.261-285. 

Smith, J.V., and Sahama, Th. G~, 1954. Determination of the composition 
of natural nephelines by an x-ray method4 Vil.n . ~fug ., 30, 
pp.439-449. 

S¢rensen, H., 1962. On the occurrence of stienstrupine in the Ilimaussaa 
massif, southwest Greenland . Meddel. Om Gronland. 

Sourirajan, S., and Kennedy, G.C., 1962. The system H~O - NaCl at elevated 
temperatures and pressures . Am. J. Sci., 260, pp.115-141. 

Streckeisen, A., 1960. On the structure and origin of the nepheline syenite 
of Ditro (Transylvania, Roumania) . Dept . 21st Intern. Geol. 
Congr., Norden, Part 13, p.228. 

Teale , E.O., and Smith, W.C ., 1923. Nepheline- bearing lavas, and intrusive 
rocks f rom south of the Zambesi River, with a note on an outcrop 
of Ka.- roo lavas in the Buzi Valley, Portuguese East Africa. Geol. 
Mag., 60, p.226. 

Tilley, C.E., 1957. Problems of alkali rock genesis . Q.J. Geol. Soc. 
London, 113, pp . 323-357. 

~~~-and Gittins, J., 1961. Igneous nepheline-bearing rocks of the 
Haliburton- Bancroft province of Ontario. J. Petr., 2, pp.39-49. 

141. 




Turner, F.J., and Verhoogen, J., 1960. Igneous and metamorphic 
petrology, 2nd edition. McGraw-Hill Book Co., New York, 694 pp . 

Tuttle, O.F., 1952. Origin of the contrasting mineralogy of extrusive 
and plutonic salic rocks. J. Geol. , 60, p.107. 

Van Peteghem , J. K., 1961. Studies pertaining to the mineral chemistry of 
sodalite, nosean and hauyne. M.Sc. thesis, Mcl'ia ster University 
Lib.rary. 

~~~~~-and Burley, B.J ., 1962. Studies on the sodalite group of 
minerals. Tr. Roy. Soc. Canada , vol.Lvi, ser III, pp . 37-53. 

Vorobieva, O.A., 1946. Thermocolouration of hackmanite from Luyavrurt . 
D.S. Belyankin jub. vol. (Acad.Sci.U.S.S.R.), p.122 . 

Vredenburg, E., 1904. Elaeolite and soda syenites in Kishenga rh State, 
Rajputana , India. Rec. Geol. Surv. India, vol.3, p.43 . 

Wilkerson, A.S., 1946. Nepheline syenite from BeemervilJe, Sussex County 
N.J. Amer. Min., 31, p.284. 

Winchell, A.N., 1956. Elements of optical mineralogy, 4th edition. J. 
Wiley & Sons, New York, 55lpp. 

Yoder, H.S., Smith D.B., and Stewart, J.R., 1957. Ternary feldspars. 
Carnegie Inst. Wash. year book, 56, pp.206-214. 

142. 




• • 

• 


PRINCESS SODALITE QUARRY

--

BANCROF T , ONTAR IO 

SCALE l ·O I N· = I 6-0 FT· 

16 0 16 32 48 
r T r - _=-:_:::--· r:r=- .., • 

LEGEND 

SOOALITE- BEAR ING VEIN 


ALKALI FELDSPAR VEINS 


SO DALI TE- FREE NEPH ELI NE PEGM ATITE 


NEPHEL INE SYEN I TE GNEISS 


SYMBOLS 

• 


St<AR ZONE (inclined) 


SHEAR ZONE (assumed) "V\. vv,• 

BOUNDARY OF ROCK OUTCROP _J.., 
GEOLOGIC B()U1'()ARY / ..J 

• ' t "J 
QUARRY ' - _J. -, 

I 

JOINT (1richned) J..., 
JOINT (vert1caO • --.-I 

GNE: ISSOS I TY (onchned) ­1 
GNEISSOS ITY (verti cal) 


LINEATION (plunge unknown) ! 
- ·1CONTOUR L INES 
A· 

B· M· EL EVAT ION ZERO l 

• 

INDEX MAP T O GEOLOGICAL MAP 


OF PRINCESS QUARRY 


AREA OF 
MAP t -8 

I 
10111 A'i 500 

MAP No· I - B 


55 

• 

• 

• 
• 

• 
• 
• 

• 
• 

• 
• 

' 

, • 
• 

' 

• 

• 

• 

• 

• 

• 

• 
• 

• 

• 

' • 

• 

-

• 

• 

• 

• 

• 

• 

5 . 

' ' /"- . 
• 

• 
• 

• 

• 
• 

• 
• •• 

• 

• 

• 

• 
• 

• 

• 

•• 
• 

• 

• 

• 

• 

• • 
• 

• 

~ • 
• 

•
• • 

• 
• 

• • 
• 

• • 
• 

• 
• 

• 
•• 

• 

• 
• 

• 
• 

• 

. .. • 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 

651 

60~ 

. "'--­
• 

• • 
• 

I 
( 

' ..... .,. 

• 
• 

• 

• 
• 

• 

• 
• 

• 

A • 

• 

• 

• 
• • 

• • 

• 

• 

~..' 

. 

• 
• 

• 15 

• 10 
• s 

• 

• 

• 

. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
• 

• 
• 

• 
• 

. . 

• 
• 

• 
• 

, 
,.. . 

• 

• 

• 

• • • 

• 
• 

• 

• 

• • 
• 

... 
• 

• 

• 

• 

' . ' 

\ . 

• 

• 
• • • 

' 

• 

• 

•­/-' . 
I ' 
I 
I , 

I ' 
I 
I 

• 

• 
• 

•• 

' 

• 

• 
• 

• 
• 

• 

• 

• 
• 
• 

• 

• 

• 

• 

• 

• 

• 




