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normative plagioclase.

Finally, the altered rocks show a decrease in normative
magnetite and ilmenite, corresponding to the observed decrease
in oxides in thin section and to the decrease in iron and

titanium in the chemical analyses.

Metasomatism - Nature of the Problem

In the previous discussion the evidence has been shown
to indicate that metamorphism of part of the Kamiskotia mafic
pluton coincides with an area of significantly different
chemical composition. Both the mineralogical and the chemical
changes have been shown to be gradational and to parallel each
other, which strongly suggests that the chemicél changes are
genetically related to the metamorphism. The remaining objective
is to describe these chemical changes in a more guantitative
manner.

Direct comparison of chemical analyses given in terms
of weight per cent oxides cannot result in an accurate descrip-
tion of metasomatic changes, because material added to or lost
from the system is not taken into account. The problem may be

stated mathematically as (Chidester, 1962):

Wp = Wy +X -y

where WO is a given weight of the original rock, x is the

weight of material gained, vy is the weight of material lost and

Wp is the final weight of the given rock. Because x and y are
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both unknowns, a direct solution is not stsible. Various
indirect methods have been proposed to calculate the chemical
changes accompanying metamorphism. One approach is to assume
constant volume and therefore to compare egqual volumes of rock,
while another approach is to assume that some constituent of
the rock, such as silica or alumina, is inert to metasomatic

processes.

Modified Standard Cell

Barth (1948) has proposed a method to calculate meta-
somatic changes based upon the fact that oxvgen constitutes
about 94% of the volume of most rocks. Therefore comparing rock
volumes of equal oxygen content is nearly equivalent to com-
paring equal volunes of rock. A cell of 160 oxygen ions was
chosen because it contains about 100 cations and gains or losses
can be regarded as percentage changes, to a good approximation.
Chidester (1962) has proposed a modification to Barth's standard
cell because many rocks differ appreciably in cell size if
they contain minerals of very different equivalent volumes.
Precise definition, instructions for calculation, and sample
calculations are given by Chidester and are summarized in the
Appendix of this paper. Modified standard cells have been
calculated for al. samples presented in TABLE 5 and are compared
as groups in FIGURE 3. These groups are:

1. Fresh nor.te-gabbros (33, 38, 97, 171, 172, 330)

2. Amphibole metagabbros (133, 143, 150, 163, 213)
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3. Leucocratic metagabbros (65, 117, 119, 167, 176, 177).
The modified oxygen standard cell model shows that meta-
morphism of thesz Kamiskotia complex rocks has been accompanied
by:
1. Removal of Na, Si, Fe(II) and Ti.
2. Addition of K to the amphibole metagabbro but removal
from the leucocratic metagabbro.
3. Addition of Al and to a lesser extent Mg.
The trends for Fe(III) and Ca are not conclusive, some
Fe (III) may have been lost, whereas minor amounts of Ca may

have been added.

Immobile Aluminum

The concept of constant alumina has become more popular
in the consideration of metasomatic processes than Barth's
oxygen standard cell approach. Carmichael (1969) on a thin
section scale and Korzhinsky (1968) on a crustal scale, find
that alumina is always the least mobile component and therefore
the one most nearly held constant. Bryant (1966) in a. study of
phyllonites in North Carolina, considered alternately that
alumina or silica remained constant during metamorphism, and
found that better agreement with other lines of evidence was
obtained using constant alumina. But he concluded that no
matter which of the two he considered constant, Na, Ca, Fe and
Mg must have been removed during metamorohism. Assuming

constant alumina, Burwash and Krupicka (1970) found significant
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removal of Ca, Mc and Na and addition of K in the metasomatism

of Precambrian schists and gneisses of the western Canadian
Shield. They corclude that "immobile alumina (and Tioz) and only
slightly mobile silica seem to have been a kind of chemical

pivot around which changes in other chemical constituents were
taking place."

Clearly, the results of the modified standard cell
calculation do nct agree with the findings of the authors
listed above. Consequently the analyses have been recalculated
assuming a constant alumina content (equal to the average of
the alumina content of samples 33, 38, 97, 171, 172 and 330).
This average is biased somewhat by the high Al-content of
sample 171 and it could be argued that this sample should not
be included. However, since samples were collected on a random
basis there is no justification in omitting it because its
alumina content is greater than that of the other fresh rocks.
The metagabbroic rocks are compared to the norite-gabbros in
FIGURE 4. The graphical representation shows that:

1. There has been a removal of Na, K, Fe(II) and Si
from the leucocratic metagabbros.
2. There has been an addition of K to the amphibole meta-
gabbros.
3. The trends for Ca, Mg, Fe(III) and Ti are not
conclusivea.
Mg has probably rcemained constant while some Ca may have been

removed. The trend for Fe(III) is uncertain, the samples
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analyzed in this study indicate little change in ferric iron,
but the analyses reported by Wolfe (1970) indicate significant
loss of ferric iron. Because ferric iron commonly substitutes
for aluminum in crystal lattices, it seems more reasonable that
ferric iron has also been immobile. Also, it is more likely
that chemical processes in which water is involved would be
associated with oxidation rather than reduction. The higher
ferric to ferrous iron ratio of the author's analyses agree
with this hypothesis better than those of the Ontario Department
of Mines published by Wolfe. The trend for Ti is difficult to
interpret also. Although the graphical presentation of both
models point to a significant loss of Ti, the fresh rocks show
such a range in Ti-content that this apparent trend may not be
real. Consequently no final conclusions will be made with
respect to the behaviour of Ti under these metasomatic

conditions.

Conclusions

A comparison of the results for the models of metasoma-
tism shows them to be quite similar; both point to the removal
of Na, K, Si and Fe from the leucocratic metagabbros and to the
addition of K to the amphibole metagabbros. This is undoubtedly
due to the fact that the changes are large enough that the
general pattern of the metasomatic processes can be modified
but not greatly changed by the two different approaches. It

may also be due to the partial validity of either approach;



35

that is, both volume and alumina content are constant to a
first approximation.

Using the constant alumina model, a relative mobility
series has been deduced (on the basis of percentage change of
the oxide). In decreasing order the series is:

COZ’ HZO’ Na, K, Fe(II), Si, Ca, Fe(III), Mg, Al.

This agrees fairly well with Korzhinsky's (1964) low temperature
mobility series:

Hy0, CO5, S, K, Na, O, Si, Ca, Mg, Fe, P, Al, Ti,
except for the pcsition of iron. There are two possible reasons
for the anomalously high mobility of iron suggested by these
conclusions.

First, it was pointed out that the iron content of the
fresh norite-gabbros was quite variable. It could be that the
low-iron fresh rccks, such as 97 or 171, provide a more accurate
estimate of the criginal iron content of the metagabbroic rocks.
If this were the case then a considerably smaller amount of
iron would need to have been removed from the metagabbros to
fit the observed pattern.

Secondly, the unusually high mobilityv of iron may be a
real effect, and have been facilitated by the role of sulphur
acting as a transporting agent. Wolfe (1970) found that the
altered rocks were very low in iron and sulphur compared to the
unaltered rocks, despite the presence of high Ni concentrations.
Combining data from three selective acid leaches he concluded

that nickel in the leucocratic metagabbro facies is present
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largely in secondary carbonate or silicate minerals. Because
there is a "generral coincidence of metal sulphur patterns ... in
all areas of clinopyroxene norite and hornblende lithology"
Wolfe suggests the association of high Ni with low S and low Fe
in the metagabbroic rocks, together with the occurrence of
Ni-poor pyrite-pvrrhotite deposits bordering the metagabbroic
rocks, may be due to "large-scale metasomatic transfer" of Fe
and S. In support of this mechanism of iron transfer, Turner
and Verhoogen (1960) consider it possible that sulphur may act
as a carrier of iron.

For three reasons the author favours the constant alumina
approach o&er the modified standard cell (constant volume)
approach to metasomatism in the Kamiskotia complex:

1. It defines a mobility order that agrees more
closely with Korzhinsky's (1964).

2. There is no strong field evidence to suppose
that the volume has remained constant, because
of the pcor outcrop control in the area.

3. The bulk of the recent research as well as

general success of the constant alumina approach

support the immobile aluminum hypothesis.

However, in areas where field mapping gives good reason to
believe that volume changes have been minimal, then the modified
standard cell may still be a very worthwhile calculational tool
to use in studies of metasomatism. In such an area it would be

especially interesting to compare it with the constant alumina
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approach.

The metasomatic alteration of the Kamiskotia mafic
complex is visualized as a process in which water and carbon
dioxide have been added and alkalis, silica and iron have been
removed. Immobile aluminum, magnesium and nearly immobile
calcium have remained in the rock as the stable mineral assem-
blage clinozoisite-ripidolite chlorite-calcite-quartz. Deduced
from the observed petrographic relationships and the calculated
chemical changes, the following metasomatic reactions are

proposed:

1. 3(Mg,Fe)SiO +2Ca(Mg,Fe) (Si,Al),0¢ + 2H'

hypersthene augite
e s Caz(Mg,Fe)s(Si3AlOll)2(OH)2

tremolite

Ca, (Mg4Fe) (5i3A1077) 5 (OH) 5, + 6H'
tremolite

. . 2+ 2+
Mq5A12513010(OH)8 + 38102 + Fe + 2Ca
ripidolite
2 1,51 i .0 S
. CaAl,SizOg + (Na,K)AlSijO4 + 2Ca + H + CO,

Plagioclase, Angj

——  Ca,Al3(Si0,)4(OH) + 25i0, + CacO3 + (Na',K")

clinozoisite
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By these reacﬁions the pyroxene-plagioclase assemblage of the
fresh rock is converted to the clinozoisite-chlorite-quartz-
calcite assemblage of the altered rock. Albite in the altered
rocks is believed to represent either incomplete reaction or
an excess of that reactant. In any event its presence is not
surprising since albite is a stable mineral in the greenschist
facies. Some silica is removed in solution, along with ferrous
iron, soda and potash ions, and some silica is left behind,
precipitating as quartz. Some calcium is transferred from the
mafic minerals in order to form clinozoisite, and interchange
of other ions probably occurs, but the mafic minerals and the
felsic minerals may still be considered as two sub-systems,
that can react somewhat independently of each other.

The question of where added material has come from, and
where removed material has gone to is at least as difficult
and important a problem to solve as a description of the meta-
somatism itself. Very little attention has been paid to this
problem, partly because it is beyond the scope of this thesis
and partly because the conclusions are largely speculative.
Addition of material has been limited to water and carbon
dioxide and there are at least three possible sources of these
fluids.

First, they could have been drawn into the hot gabbroic
magma during and shortly after its intrusion from the surround-
ing basic volcanic rocks. Secondly, water and carbon dioxide

could represent the residual volatiles of the gabbroic magma
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itself and hence an autometamorphic phenomenon, or thirdly, they
could be the res:dual volatiles of a younqér intrusive event,
injected into the mafic pluton from below. If the country rocks,
the volcanics, had acted as a source for the metasomatic fluids
then the alteration should be most intense closest to the
volcanic rocks. But, the field relationships suggest that the
most intensely altered rocks lie within the mafic pluton and
that relatively unaltered rocks border the volcanics. Consequently
the first alternative can be rejected as an unlikely solution

to the problem. Since there is no definite external source of
the volatiles, the autometamorphic hypothesis cannot be com-
plately rejected but there is a possible external source of the
fluids. As mentioned in the general geologyv, there are a
number of small granitic stocks that intrude the eastern margin
of the Kamiskotia complex, as well as a large younger granitic
batholith to the west. Although appeal to a hidden granite at
depth is a somewhat less than satisfactory answer, it does seem
to be the most plausible alternative. One objection to it is
that no indications of metasomatic alteration were noted around
any of the small granitic stocks; contact effects appeared
minimal. However, there is some evidence for the development
of a spotted texture, due to the formation of clusters of
amphiboles, in the gabbroic rocks adjacent to the granitic
batholith, which is rather similar to that described for the
amphibole metagebbros.

The seccnd half of the metasomatism problem is concerned
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with where the K, Na, SiO2 and Fe have gone. Evidence has
already been cited that the amphibole metagabbros are relatively
enriched in potash. Petrographic evidence supports this as one
thin section was observed to contain amphiboles with biotite
mantles. Clearly, the suggestion is that potash, leached from
the most altered rocks has been relocated in the surrounding less
altered zone. With respect to iron, it has been mentioned

that Wolfe (1970) considers it possible that the iron and sulphur
in the pyrite-pyrrhotite occurrences of central and western
Whitesides townships could have been derived from the altered
rocks. The author supports this suggestion and points out that
the anomalously high mobility of iron, compared to Korzhinsky's
mobility series may be due to the increased mobility of iron as
ferrous sulphide complexes. No areas of relative enrichment in
Na or Sioz, spatially related to the zone of metasomatic
alteration, were recognized during field mapping or in the
chemical analyses. It is possible, however, that such zones of
enrichment could be present, either within the amphibole meta-
gabbro facies, along the contact with the volcanic rocks, or

within other rock lithologies.
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RECOMMENDATIONS FOR FUTURE WORK

Iig A greater number of analyses of both the fresh and
altered rocks would provide a better characterization of their
average compositions and thereby a more quantitative under-
standing of the m2tasomatic processes. Also a zone of enrich-

ment in Na and S$iJ, might be discerned by such a program.

2. According to Korzhinsky's (1964) definition of metaso-
matic zoning, the number of mobile components should gradually
increase from the unaltered rocks to the zone of areatest
alteration. This should correspond to a gradual decrease in
the number of minzral phases since,
¢ = c-cy = ¢

where ¢ is the numnber of phases, ¢ the number of components in
the fresh rock, Cq the number of mobile components and cy the
number of independent components.

More detailed investigation of the mineralogy of the
metagabbroic facizs in the Kamiskotia complex might define other

zones which could be correlated with a decreasing number of

phases and an increasing number of mobile components.

e The speculation of a felsic intrusive pluton beneath
the metasomatized rocks could be investigated by a gravity

survey of the area.
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4 If the pyrite-pyrrhotite deposits of central and

western Whitesides township are of metasomatic origin they
should show evidence of a low temperature of formation (i.e.
temperatures no greater than greenschist facies). This could
'be determined by sulphur isotope partitioning between coexisting

sulphide minerals (Grootenboer and Schwarcz, 1969).
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APPENDIX: THE MODIFIFD STANDARD CELL

DEFINITIONS (FROM CHIDESTER)

Equivalent mineral unit is defined so that the sum of electro-

positive ions or atoms in a mineral formula equals one.
For example one equivalent mineral unit of quartz is

1 510 of albite is 1/5 NaAlSi.O

378"

Equivalent molecular numbers are determined by dividing the

2'

weight per cent of an oxide in a chemical analysis by
its equivalent molecular weight.

Equivalent volume is the volume of one equivalent mineral unit

and is equal to the equivalent weight divided by the
density of the mineral.

Oxygen equivalenti: (Oeq) is an amount of an ion or atom that

occupies a volume approximately equal to that of an

oxygen ion.

The Modified Standard Cell

Because shale is the most abundant sedimentary rock
Chidester used Leith and Mead's calculated mode of an average
shale as the standard by which the size of the modified
standard cell was calculated.

The total number of equivalent mineral units in the

shale, represented by the mode in volume per cent was obtained
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by dividing the volume per cent of each mineral by its ecuivalent
volume, and summing the guotients. The volume of the modified
standard cell was then obtained by dividing the sum of the
volume percentages in the mode (100.00) by the sum of the
equivalent mineral units (4.8432) giving the volume per equiva-
lent mineral unit or per cation. The volume of 100 cations was
obtained by multiplying by 100, giving V100 = 2064.8.

The modified standard cell of the standard shale is

defined as 2064.8xN-1cc where N is Avogadro's Number.

CALCULATION OF THI CELL CONTENTS
The contents of the modified standard cell can be cal-
culated directly from the chemical analysis if the densitv of
the rock is known. The procedure is as follows and may be
followied in‘the sample calculation:
1. The chem:ical analysis in weight per cent, is
converted to equivalent molecular numbers by
dividing each oxide by its eguivalent weight.
2. The equivalent molecular numbers are converted
to ecuivalent molecular per cent bv dividing
each term by the sum of the equivalent molecular
numbers, less the value for HOl/Z and any other
electronegative ions.
3. The oxygen equivalents are obtained by multi-

plying the equivalent molecular percentage of
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each constituent by the number of oxygen
ions in the equivalent weight symbol.
Summation gives the total number of oxygen
equivalents.

4. The weight of 100 equivalent molecules of
rock, Wypg, is determined by diQiding the
total weight per cent of the analysis by
the total number of equivalent molecular
numbers corrected for H01/2° This qguotient
is multiplied by 100.

5 « VlOO’ the volume of 100 equivalent molecules
of rock s obtained by dividing the weight
by the density, D. That is, V = M100 .

100 D
6. The cell factor, P ot # is the ratio of the

volume o the standard cell to VlOO'

2064.8

Frk = ——
V100

F ke is the number by which the volume of 100

equivalent molecules must be multiplied to

convert it to the volume of the modified

standard cell. Therefore F,y multiplied by

the equivalent molecular percentages gives

the contents of the modified standard cell (7).

Chideste:r has retained Barth's concept of a rock formula

and the contents of the modified standard cell are expressed as
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a rock formula in the example. Net chemical changes may be

determined by direct comparison of the modified standard cells.



Sample Calculation of the Modified Standard Cell for Sample 33

(1) (2) (3) (7)

Weight Fg. Mol. Eqg. Mol. No. of Cell
Pe¥ cent Nos. Per Cent Oeq Contents

SiO2 51.4 0.8671 48.81 97.62 54.13
A103/2 13+6 0.2704 15.22 22.83 16.89
FeO3 /5 1.06 0.0135 0.75 1.13 0.83
FeO 10.0 0.1411 7.94 7.94 8.81
MgO 6.59 0.1657 9:32 9,32 10.34
Ca0o 12.6 0:2277 12.81 12.81 14.21
NaOy /o 2.28 0.0746 4519 2:20 4,65
Kol/2 0.15 0.0032 0.18 0.09 0.20
HO1 /2 1.17 0.1300 7.30 3.66 8.11
TiO, 092 0.,03117 0.65 1.30 0.72
CO, 0.06 0.0014 0.07 0.14 0.08
TOTAL 99.8 1.9064 107.24 159.04 118.97
LESS Hol/2 0.1300 7:30 3.66 8.11
TOTAL 1.7764 100.00 155,38 110.86
LESS (H01/2+C02 3.80

Oxygen 151,58

4. W100 - izl x 100 = 5619

1.7764
W
5. v - 100 _ 5619 _ 1861
100 D 3.02
2064.8 _
6. Pup W Hp—ew 1.109

1861



Rock Formula is

2+
[Ky 50%%4 65214.21M910.34F%5, 81

(OH)S.ll(COZ)O.OS] cations = 110.9 0

Al

50

3+ .
16.897°0.837%0.725%54.13%168.0

eq = 176.3





