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ABSTRACT

The Precambriaﬁ Tallan Lake Sill is an elongate,
stratiform amphibolite body, belonging to a group of differ-
entiated gabbros emplaced around 1250%25 m.y., ago in the
Bancroft area of Ontario.

Although metamorphism has obliterated all but a
few primary igneous textures, it is clear from major element
chemistry that the sill is a differentiated ferrogabbro of
tholeiitic affinity. Some critical field observations
combined with model calculations make it highly probable that
the syenite underlying the metagabbros is a differeétiate
of the latter, indicating that the stratigraphic succession
in this part of the Grenville Group is overturned.

Alkali values can not be relied upon in these model
calculations, and it is shown that the chemistry of many
rocks in the Bancroft area shows the effects of spilitisation
and other chemical alteration, presumably due to an early
episode of burial metamorphism. Metamorphism in the area is
of the low-pressure intermediate type and is reflected in

]

the coexistence of garnet, cummingtonite and hornblende in

many Tallan Lake samples.

A qualitative petrogenetic grid based on the rules
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of Schreinemakers' has been derived for the hornblende-
cummingtonite-garnet paragenesis and the importance of the
coexistence of cummingtonite and garnet as a possible geo-
barometer 1is pointed out.

Assemblages in marbles surrounding the Tallan‘Lake
Sill point to a metamorphic maximum P and T of around 4.0-6,5
kb and 625-650°C, respectively, but retrograde reactions and
extensive exsolution of coexisting amphiboles suggest a
gradual decline in temperature, possibly reflecting the slow
cooling and unroofing of neighbouring mantled gneiss domes.

The differentiation mechanism envisaged for the
Tallan Lake Sill, involving mechanical separation of a
residual, interstitial syenite liquid may have wider applica-
tion, and it is suggested that the chemical discontinuity

known as the Daly Gap might be so explained.
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CHAPTER 1

INTRODUCTION

1.1 Statement of Problem

In the course of fieldwork, carried out for the
Ontario Department of Mines, an extensive stratiform body of
amphibolite, apparently of idgneous derivation, was mapped in
Chandos Township, Peterborough Coun:}" byz Shaw (1962). This
body, named the Tallan Lake Sill by Shaw is underlain by
syenite gneiss, with apparent continuous gradation into the
overlying amphibolite.

The occurrence of this syenite below the amphibolite
was puzzling, because, although it was tempting to interpret
the syenite mass as the product of differentiation of a
gabbroic sill, no evidence was available to indicate the
tectonic inversion of strata as seemed required by such a
hypothesis.

The present work has been undertaken to examine the
differentiation hypothesis on its merits and to provide a

general description of the rocks comprising the Tallan Lake

Sill and underlying syenites.
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' 1.2 Previous Work

Probably the first reference to the occurrence of
A amphibolites, representina the metamorphosed product of
igneous rocks, in Chandos Township, has been made in the
classic work by Adams and Barlow (1910) dealing with the
geology of the Haliburton and Bancroft areas. These aﬁthQ£§~\\\\\
further noted the presence of amphibolite in a quaquaversally
dipping dome around Duck Lake (since renamed Clydesdale Lake),
] which they thought to be due to the intrusion of an
: (invisible) underlying granite batholith. The similarity
% of this Duck Lake Sill to the Tallan Lake Sill has since
{ been noted by Shaw (1962) and particularly impressive is
g the fact that the former is underlain by a syenite aneiss
} similar to the one in the vicinity of Tallan Lake.

Shaw pointed to the fact that the Duck Lake Sill

formed the logical extension of the Tallan Lake Sill on an

anticlinal crest (the Rose Island Dome), southeast of the

T A

Chandos Syncline of which the Tallan Lake Sill forms the
northwest limb (Figure 1.2).

<> The chemistry of some Tallan Lake amphibolites

formed part of a study by Shaw and Kudo (1965), designed to
discriminate between amphibolites of igneous derivation and
para-amphibolites in the region. It was concluded there

that the Tallan Lake rocks had by far the most igneous

-
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chemistry of all samples investigated.

Jennings (1969) mapped the southwest termination of
the Tallan Lake Sill in Anstruther Township and also outlined
the existence of several lenticular gabbro bodies northeast
of Tallan Lake, in Cardiff and Faraday Townships, which form
the logical extension of the Tallan Lake Sill to the northeast
(Fiqure 1.3). The bodies have not been subjected to the
complete recrystallization of their original igneous mineral-
ogy as is the case in the Tallan Lake Sill, but have in
common with the latter the occurrence of a syenite or
granophyre at the structural base of the bodies. No evidence
in favour of a tectonic ipversion of the succession was

uncovered by Jennings.
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CHAPTER 2

FIELD RELATIONS AND GLOLOGY O THE TALLAN LAKE SILL

The Tallan Lake Sill is situated on the northwestern
edge of what has been termed the Grenville Group Terrain of
the Grenville Province by Wynne-Edwards (1972) (Figure 2.1).

\J
As indicated in the Introduction the sill is exposed in two

separate outcrop areas. The Tallan Lake Sill proper is
exposed as a narrow elongate band, approximately 300 to 350
meters wide, which can be followed uninterruptedly for more
than 12 km (8 miles). Where foliation is well developed, it
can be seen to dip uniformly to the southeast, a common dip
being 60 to 70 degrees. The sfll thus conforms to the
northwest limb of a northeast-trending syncline, named the
Chandos Syncline by Shaw (1962). Along its entire length
the Tallan Lake Sill straddles a major fault in the area, the
Pratt's Creek Fault. As indicated by the absence of the
lower part of the section of the sill, and the occurrence of
a tectonic breccia composed of blocks of marble and amphibo-
lite in a marble matrix, this fault intersects the sill in

a roadcut along Highway 28 in Anstruther Township. Southwest

of its intersection with Highway 28 the sill can be followed
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for another 2 km, but outcrop in this area is very poor and
it is not known whether the sill extends much further beyond
this, into the granite gneiss body of the Anstruther Dome
for example, or if it terminates before reaching this body.

The second outcrop area of the sill is found around
Clydesdale Lake, Chandos Township, and was named the Duck
Lake Sill (Shaw, 1962), because its relationship with the
Tallan Lake Sill was not definitively established. The Duck
Lake Sill is exposed as a quaquaversally outward-dipping
dome, the origin of which has been the subject of discussion.
As mentioned previously, Adams and Barlow (1910) suggested
that a batholith underneath the sill might account for the
dome structure. Although this suggestion may have some merit,
it is contended here that the structure is primafily due to
a complex pattern of interfering folds, as will be shown in
the section on Structural Geology.

Although not incihded in this study, it should be
mentioned that a number of lenticular bodies in northeastern
Chandos Township and adjacent parts of Cardiff and Faraday
Townships form the logical extension of the Tal}an Lake Sill
to the northeast (Figure 1,3), and it is speculated here

that the sill could possibly be linked with the Faraday and

Mallard Lake gabbro bodies.



2.1 Lithology

The lithology of the sill can best be described as
consisting of three separable units. The upper 80 or 90
meters consist of a massive qreenish—bléck amphibole-plagioclase
gneiss, Foliation is usually poorly developed and not
easily distinguished in hand specimens, except for those cases
in which plagioclase is a major constituent. The rocks
within 1 meter of the contact are extremely fine-grained
(grain size less than O.S‘mm) and display no foliation what-
soever, The fining in grain size toward the contact is
conspicuous, and it is probable that it represents the
originally chilled margin of the sill.

The next 100 meters lower down in the sequence 1is
characterised by a gradual increase in feldspathic pods_and
laminae in the rocks, combined with the appearance of small
(usually not more than 1 mm across) dark red grains of garnet.
In thin section these rocks are seen to contain cummingtonite
as well, but this mineral is not easily recognised in hand
specimen. Mafic stringers, often very contorted, are found
interspersed with the feldspathic lenses, and on the whol?
the rocks retain a mafic character. An interesting feature
of these mafic bands is the concentration of fairly large,
up to 1 cm ?n length, apatite needles within them.

These upper 180 meters of amphibolites, which can

- B e«
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best be described as hornblende-plagioclase gneisses, are to
be found in all relatively well-exposed traverses made
across the sill and the different units are of uniform
thickness. This is in contrast to the syenite gneiss which
usually is found to underlie these units and which ranges

in thickness from 0 to 80 meters. The syenite gneiss is
distinguished from the overlyinag rocks by its abundance of

plagioclase feldspar. The texture of interlocking hornblende

grains, characteristic for the amphibole greisses, is replaced

by one wherein poikiloblasts of amphibole are suspended in a
feldspar matrix. The transition from amphibole gneiss into
syenite gneiss, where exposed, is always seen to be smooth
and gradational so that a boundary cannot be easily drawn.
Characteristic, though not always present, for the syenite is
the blue iridescence of its plagioclases, which is ascribed
to peristerite exsolution in the feldspars. Mention should
be made of the fact that the transition from hornblende
gneiss to syenite gneiss in the Clydesdale Lake area is often
marked by an abundance of marble and country rock amphibolite
screens., These screens are particularly well developed in

a newly (1971) blasted roadcut along Highway 620, south of
Clydesdale Lake, but are also found elsewhere. The marble
has in part reacted with the basic magma, as witnessed by

the development of coarse-grained andradite—diopﬁide skarn

selvedges surrounding the lumps of marble. Although these

PR B
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marble screens play a key role in the petrogenetic model to

be developed, it will suffice here to say that they occur only
at this particular stratiaraphic level, are up to 10 meters
thick and have obviously undergone the effects of contact
metamorphism by the sill,

Garnet persists in the upper 40 meters of syenite
gneiss and the syenite is best described as a mafic syenite
here, but lower down in the sequence gradually a more leucof\\\
cratic syenite gneiss appears with amphibole and biotite as
principal mafic constituents. The most leucocratic syenites
are found where the syenites are thickest, i.e. along a line
running west of Clydesdale Lake through Tallan Lake, and
here quartz-syenites form the lowest memper of the syenite
unit.

Going from west to east in the Tallan Lake Sill the
following situation is encountered with respect to the
syenites: At the intersection with Highway 28 (Anstruther
Township) no syenite is present, but some may have been cut
off by the Pratt's Creek Fault. The lowest member of the
sequence at Jeff Road (Ahstruther Township) is a mafic,
garnet-bearing syenite. Where the sill enters éhandos
Township a leucosyenite is observed at the bottom of the ;
succession, and north of Tallan Lake‘quartz—syenite is the
lowest member. Total thickness of the syenite unit increases

from 0 through 30 and 40 to 80 meters, respectively, at the
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different sites (Fiqure 4.1). “Thickness decreases toward
the east of Tallan Lake and no syenite was observed at the
eastern termination of the sill, Similar{syenites have been
found in the lenticular bodies to the northeast, also at the
presumed hottom of the sequence, by Jennings (1969) and
attention must be drawn to the association of sodic syenite
and granite with the Faraday and Mallard Lake metagabbro
bodies (e.g. Hewitt and James, 1956). It is thus apparent
that a certain channelling of the late differentiates has
taken place, provided of course that the hypothesis of an
inverted sequence 1i1s correct, T

The country rock in which the sill is inggcted is
in the main a quartzose, jmpure marble belonging to the
Dungannon Formation (Shaw, 1962). Foliation in the ma;gle
is stratiform, as witnessed by its parallelism with inter-
calations of amphibolite in the sedimentary sequence. The
marble consists mainly of calcite and diopside with minér
amounts of quartz, feldspar and scapolite in places, although
bands of pure calcite marble are frequently found. Inter-
calated with this calc-silicate sequence are bands of feather
amphibolite of variable thickness, characterised by the
occurrence of large amphibole aaggregates with a typical
feather shaped outline, lying in the plane of foliation.
Such a unit of feather amphibolite, approximately 20 meters

thick, is found adjacent to the sill at Highway 28, and a

~
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similar unit is exposed near the upper contact west of
Clydesdale Lake, It is possible that these two exposures
are part of the same stratigraphic unit, since the sill

is largely stratiform, as seen from the parallelism of the
contact with the stratiform foliation, Local contact meta-
morphic effects on the country rock attendant upon intrusion
of the sill were sought for, as they form the only means of
establishing the true intrusive nature of the sill. It
appears that regional metamorphic events have erased much

of the original contact effects and a further complicagion
is introduced by the uncertainty inherent in recognition of
such a metamorphism. Andradite-diopside skarns are taken

to be representative of such a contact metamorphism, since
they were never observed outside contact areas. Such skarns
are typically found in contact with the sill in the marble
screens previously discussed, and one such skarn was also
encountered at the lower contact of the sill, adjacent to
leucosyenite, south of Clydesdale Lake. This skarn (sample
69-29-2) contains relicts of forsterite, and fresh axinite,
besides diopside and andradite, a mineral paragenesis
generally acknowledged distinctive as a contact assemblage.
The lack of localities where the actual contact is exposed,

undoubtedly related to the great weathering contrast of the-

basic rocks and the marble, is a major impediment to ascertain-

ing the contact relations, however. The only place where the
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upper contact is sufficiently exposed is found in the

roadcut at Highway 28, where the possible existence af a
chilled \margin has already been mentioned. An extreme

fining in the grain size of the country.rock feather amphibo-
lites toward the contact was also observed here. Within a
distance of 5 meters the grain size of the rocks decreases
from 2.5 mm to 0.25 mm, coupled with a significant change in
the mineralogy of the rocks. A detailed account of the
petrographic significance of these changes is given in the
section onPetrography, where a further description of the
skarn assemblage is to b fSﬁQg as well, Althbugh the
evidence for the intrusive natu?é“iggfgg equately established,
the contrast with rocks of known or”;upposga extrusive

nature is more conclusive. The latter are always Qéry
schistose and markedly greeni;h in colour and newver attain
the 'same uninterrupted thickness found for the Tallan Lake
rocks. Moreover, where extrusive rocks are assgciated with
intrusive rocks, the latter are very similar to the rocks
under discussion here, without distinct foliation, black

in colour. We can tﬁus be reasonably assured that the

gabbroic rocks are intrusive, an assumption upon which the

whole discussion to be presented hinges.

J
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2.2 Structural Geology

The structural pattern as depicted in Figure 2.2 is
relatively simple. The gross structure can be represented
as a éeries of interfering crossfolds, one set trending
northwest and another northeast. The set of folds trending
N20E is represented by the Chandos syncline, the northwest
limb of which is formed by the outcrdp area of the Talfén Lake
Sill, and the Rose Island Dome, the crest of which is
occupied by the buck Lake Sill. urther to the southeast,
the northeast trending folds e obscﬂ;ed by the intrusion
of the Loon LakehPihton, which must have been emplaced after
the major episode~o§\Folding. Southeast of the Loon Lake
Pluton, the northeasterly trend of folding is found in the
Methuen granite gnd, more to the east, in the Rid%g Dome,
‘ * The northwesterly folds 5;g\mor§ erratically dispésed
thréughout Chandos Township. In the southwest corner of the
township the Wolfe Hill ant;cline (Shgw, 1962) forms a
\member of this groué, and east of tHg Loon Lake Pluton the
Owenbrook anticline and the Glen Alda syncline are constituent

'

members. A well defined syncline between the Wolfe Hill and
Owenbrook anticlines is not present. An anticlinal axis
running parallel to the northwest fold trend connects the dome

structure of the Duck Lake Sill with the northern lobe of the

Methuen granite. It is not clear whether this anticline is
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equivalent with the Owenbrook anticline, the latter being
displaced by intrusion of the Loon Lake Pluton, or if this
fold is independent, being representative of "the structures
in the basement (see Adams and Barlow's suggestion of a
batholith beneath the Duck Lake Sill).

It is clear that a thirdhfold system must be present
to allow for the postulated inversion of the Tallan Lake
$ill. The northwest and northeast trending folds are
relatively open, as shown by the low and intermediate dips
commonly present, and have steeply dipping axial planes.
Obviously an initial period of deformation must have produced
isoclinal folds of considerable amplitude with subhorizontal
or moderately dipping axial planes. In the absence of
structural fieldwork in critical areas by the author, infer-
ences must be made from existing geological maps and aerial
photographs and the evidence remains largely circumstantial,

- ' 3 \
Some observations of interest are:

(a) From aerial photographs it appears that the Chandos
Syncline just west of Chandos Township is a refolded fold
(see Figure 1.2). A distinct convergence and closing of
beds in the limbs of the fold results in the formation of a
crescent-shaped outcrop of Apsley paragneisses, The
counterpart of this structure can possibly be found as a

similar crescent of paragneiss found in the nose of the Rose
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Island anticline, These two structures would then define a
northwest trending isoclinal fold.

(b) Similar crescent and mushroom-shaped structures,
indicative of refolded folds (Ramsay, 1967), are fairly
common in Wollaston, Lake and Limerick Townships and lead
to the general deduction of a pre-existing northwesterly

trending set of isoclinal folds of large amplitude.

In view of the common occurrence of these yhter-
ference patterns it is somewhat surprising that ha;ﬁly any
reference has been made to these structures. Undoubtedly this
is to a large extent due to the complexity of the stratigraphy
and the gross structural pattern in the area. T é author has
come across only one reference (Carmichael, 1967) in which
allusion is made to a pre-existing episode of isoclinal
folding. Carmichael is, however, very emphatic about his
findings in Wollaston and Lake Townships: "Two important
structural episodes have been distinguished. During the first
structural episode, the rocks were folded isoclinally at a
relatively low temperature. Deformed pebbles indicate that
the rocks were greatly foreshortened perpendicular to the
axial planes of these folds, and elongated parallel to the
fold axes, but primary bedding is generally well preserved.

At a later time, a new set of folds developed on steeply

dipping; northeast-trending axial planes, and the temperature
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rose to a maximum. All of the plutonic rocks had been
emplaced by this time. The orientation of the early fold
axes was modified both by the later folding and by the
emplacement of the plutonic rocks, so that the initial
orientation of the early folds cannot be determined with
certainty. ... The metamorphic grade ranges from the garnet
zone in the southeast to sillimanite zone in the northwest.

The isograds are straight and they trend northeastward,

parallel to the axial traces of the late folds, and transverse

to the early folds".

»The early folds might trend northwesterly then. We
read further on: "The guestion of whether the two\?eometri-
cally distinct structural episodes represent two separdte
orogenies, or merely twé pulses of the same orogeny, cannot
be answered decisively. Certainly, all the rocks of the area
were involved in both structural episodes".

From the information provided above and the evidence
to be presented in favour of an inverted Tallan Lake Sill,
it seems evident that previous structural interpretations
of the Bancroft area are in need of pomplete revision to
allow for duplication of stratigraphic sections due to
isoclinal folding. A re-examination of the stratigraphy
would be most helpful in this respect, particularly because
it is becoming increas#®hgly clear that the volcanic component

of the sequence, especially that of acid tuffs, has been much
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underestimated before (e.g. Shaw, 1972; Van de Kamp, 1968;
Carmichael, 1967). These undertakings are clea;ly beyond
the scope of the present work, aAd all that can be concluded
from this brief review of the structure is that an inversion
of the successicn, if not probable, is at least a good

possibility.
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CHAPTER 3

PETROCHEMISTRY OF THE TALLAN LAKE SUITE v,

3.1 General Considerations

Two fundamental problems concerning the chemistry
~of the Tallan Lake Sill will be discussed with the aid of
the chemical analyses presented in Tables 3A and 3B:
(1) whether the rocks are indeed the metamorphosed equiva-
lent of an iagneous product as indicated by the field
relations; '
(2) if so, the question of their chemical affinity (tholeiitic,
alkalic or calc-alkaline) can be answered and the concept of
a differentiated, inverted sequence may be discussed,

A comparison of Tallan Lake rocks with analyses of
both sedimentary and igneous rocks is clearly in favour of
an igneous derivation of the Tallan Lake Sill. Certain
chemical sediments such as iron formation (Table 3C) may be
similar in Fe-content, but are characteristically low in
titania and alumina. Particularly if the close correspondence
with analyses of igneous rocks (Appendix 1) is considered,
the issue appears to be settled in favour of an igneous

parentage of the Tallan Lake Sill.
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Table 3A. Chemical analyses of Tallan Lake Suite* ;
!

120 605A 420 303 309 606 207 105 310 210 110 °
Sio2 48.48 42,05 46.34 43.72 51.95 56,37 53.76 62.13 68.31 64.30 69.73f
Tio2 2.84 4,12 3.52 4.08 1.84 1.20 1.31 0.85 0.45 0.41 0.36)
A1203 12.87 13.44 11.12 10.05 13.24 16.44 13.51 13.10 13.73 17.06 13.23.
Fe,O, 3.36 4.07 3.19 3.59 3.63 2.96 4.20 2.38 2.67 1.50 1.05.
FeO 10,45 14.87 14.66 19,25 13.86 8.13 12.99 7.59 3.56 4,05 4.00
Mno 0.23 0,41 0,33 0.61 0.37 0.26 0.4} 0.17 0,10 0.07 0.06
Méo 5.68 4.28 4.13 3.41 1.83 0.96 0.72 0.56 0.11 0.17 0.21}
Cao 9.36 9.61 8.41 8.15 5.99 3.91 5.87 3.05 2.00 1.66 1.855
Na20 4,55 2.94 3,61 2,49 4.54 6.37 4,09 5.01 5.95 8.01 5 66%
K,0 0.38 0.42 0.54 0.42 0.45 1,09 0.98 2.07 1.67 1.83 2.12;
P,0¢ 0.44 1.64 2.28 1,83 0.66 0.28 0,26 0.19 0,01 0.02 0.0Ii
H,0+ 1.32 1.30 1.07 1.20 0.85 0.83 0.75 0.97 0.30 0,32 0.543
H,0- 0.15 ©0.15 0.09 o0.11 0.06 0.08 0.12 0.09 0.08 0.10 0.05
Co, 0.42 0.27 0.15 0.59 ©0.37 1.49 0.30 1.73 0.20 0.13 0.80,
Sum 100.53 99.57 99.44 99.50 99.64100,3799.27 99.89 99.44 99,63 99.67;
Rb .4.8 - 7.5 4.2 - 30 - 54 - - - 3
{(ppm)
Distance from
top (m) 60 165 180 185 195 2190 225 235 260 265 270:
femg 0.575 .713 .708 .839 .843 .866 931 .308 .970 .948  ,930
K/Rb 660 - 600 830 - 300 - 320 - - -

i
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Table 3A/continued

T

TSE’“E) 120  605A 420 303 309 606 207 105 310 210 110
or 2,25 2.48 3.19 2.48 2.66 6.44 5.79 1l2.61 9.87 10.81 12.5
ab 34.08 24.88 3.55 21.07 38.42 53.90 34.61 43.65 50.35 67.78 47.8 -
an 13.57 22.24 12.54 15.01 14.42 13.05 15.61 7.35 5.83 5.19 4.4.
q - - - 0.93 3.33 2.09 7.20 15.1% 21.79 5.00 22.7..
ne 2.40 - - - - - - - - - -~ %
ol 10.36 11.72 0.32 - - - - - - - -
OopXx . - 6.54 22.77 29.28 19.72 11.34 15.31 9.40 2.72 4.72 4, °
ChX 24,71 12.49 12,19 11,67 9.55 3.93 10.40 6.20 3.56 2.57 4,
nt 4.87 5.90 4.63 5.21 5.26 4.29 6.09 3.55 3.87 2.17 1.53
13
il 5.39 7.82 6.69 7.75 3.49 2.28 2.49 1.66 0.85 0.78 0.6
ap 1.02 3,81 5,30 4,25 1,53 0,65 0,60 0,43 0,02 0,05 0.0?
*For chemical procedure see Appendix 6 E
femg - Fe+Mn/Fe+Mn+Mg A
120 Hornblende-plagioclase amphibolite., Assemblage 1 §
605A Hornblende-cummingtonite-garnet-apatite-oxide amphibolite. 1
Assemblage 2 - !
420 Hornblende-cummingtonite-garnet-apatite-oxide amphibolite. i
Assemblage 2
303 Hornblende-cummingtonite-garnet-apatite-oxide amphibolite.
Assemblage 2 i
309 Fe-hastingsite-cummingtonite-garnet mafic syenite. Assemblage 2 |
606 Fe-hastingsite-cummingtonite-garnet mafic syenite. Assemblage 2;
207 Fe-hastingsite-garnet mafjic syenite. Assemblage 3 E
105 Plagioclase-biotite syenite. Assemblage 4 !
310 Fe-hastingsite-plagioclase-K-feldspar quartz syenite. {
Assemblage 4
210 Fe-hastingsite-plagioclase-K-feldspar syenite. Assemblage 4
110 Fe-hastingsite-biotite-plagioclase-K-feldspar quartz syenite.

Assemblage 4
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Table 3B. Chemical analyses of Tallan Lake
Suite (Shaw and Kudo, 19065)

TL-61-65 TL-61-75 TL-61-45 TL-61-35 69-29-6 69-28-2 69-30-2
SiO2 47.50 46 .10 46.00 47.10 42.00 50.50 53.30
TiO2 5.04 5.21 4.36 2.75 4,88 3.03 1.92
A1203 13.60 14.20 13.00 13.00 13.00 14.50 13.80
Fe203 3.50 3.80 3.90 3.80 3.50 3.00 3.00
FeO 13.68 13.88 14.15 16.18 16.54 13.85 12.10
MnO 0.29 0.32 0.32 0,37 0.38 0.32 0,29
MgO 5.20 4,80 4,30 3.30 4,80 2,60 3.60
Ca0 7.80 7.90 8.60 6.40 8.60 6.30 6.60
Nazo 2.82 2.96 3.10 2.92 2.71 4,58 3.44
K20 0.71 0.51 0.50 1.43 0.52 0.44 0.40
P205 0.54 0.39 2.33 1.52 2.43 1.31 0.43
HZO 1.19 0.70 1.20 1.36 1.53 0.88 0.97
CO2 0.75 0.00 0.04 0.00 0.96 0.06 0.74
Sum 102.60 100.80 101.80 100.10 101.90 101.50 100.60
femg .809 .826 .843 .886 .843 .893 .844
(Fe+Mn/Fe+Mn+Mq)
Norms (wt.$%)
or 4,20 3.01 2.95 8.45 3.07 2.60 2.36
ab 23.86 25.05 26.23 24.71 22.93 38.7¢6 29.11
an 22.36 23.95 20.08 18.14 21.77 17.71 21.03
q 1.62 0.15 1.99 0.72 - 1.11 7.59
ne T - - - - - - -
ol - - - - 7.62 - -
opx 22,09 21,02 23,70 29.28 19.67 22.80 22.25
cpx 10.67 10.59 6.30 3.23 4.36 4.34 7.55
mt 5.07 5.51 5.65 5.51 5.07 4.34 4.35
il 9.57 9.90 8.28 5.22 9.27 5.75 3.65
ap 1.25 0.91 5.41 3.53 5.65 3.04 1.00
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Table 3C. Chemistry of sediments that micht be
mixed in order to obtain analyses
similar to Tallan Lake amphivolite

1 2 3 4 5
SiO2 °21.18 39.26 36.65 24,92 63.09
'I'io2 0.51 0.07 0.16 0.18 0.99
Al,0, 11.95 2.88 1.02 182 18.58
Fe, 0, 8.09 - 0.63 1.77 0.66 2.17
FeO 12,15 24.94 0.40 2.73
MnO 2,71 1.23 0.04 0.11 0.22
MgO 2.42 4.62 0.50 19.70 2.67
CaO 1.12 4.62 29.43 22.32 1.11
Nazo 2,12 0.00d 1.01 0.03 4.54
KZO 1.86 0.00 0.47 0.04 0.54
P,0c¢ 0.54 0.11 17.14 0.01 0.12
H,0+ 1.19 1.23 3.14 0.42 2 69
H,0- 0.07 0.11 0.36
co, 3.70 20.46 5.19 33.82 -
S n.d. 0.04 - - -
c n.d. 0.07 0.58 0.08 -
Sum 99.61 100.27 99.25 100.04 99.45
Less O 0.02

100.25

1l Chlorite-siderite-magnetite-quartz rock, Iron River

district, Michigan. Table 14, anals. D (James, 1966)

Banded chert-carbonate rock, Gogebic district, Wisconisn.
Table 17, anals. D (James, 1966)

Upper phosphorite stratum, Briansk, USSR. Total includes
0.05% FeSp; 1.48% S03; 2.08% F. Table 86, anals. C
(Pettijohn, 1957)

Cherty dolomite, Highland Co., Ohio. Total includes 0.15%
FeS,. Table 81, anals. E (Pettijohn, 1957)

Nonesuch shale (Keweenawan), Michigan. Table 70, anals, L
(Pettijohn, 1957)

. " . .
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In deciding the kinship of the Tallan Lake suite
we may as a first guide use the CIPW-norms. If the conven-
" tions outlined by Yoder and Tilley (1962) are employed, 15
éf the 19 analyses may be classed as quartz-tholeiite, 3 as
olivine tholeiite, and 1 as alkali-gabbro. Since continuous
fractionation of a nepheline-normative liquid into a silica
saturated one appears impossible at pressures lower than
7 kb (Yoder and Tilley, 1962), a considerable depth of
emplacement of the sill would be impiied.

The nepheline-normative character of sample 120 :
(Table 3A) is largely due to its high soda content, however,
and the analysis is otherwise comparable to modern tholeiites
(Appendix 1). 1In this connection we may mention the observa-

tions made by Van de Xamp (1968) who, comparing some sodic,

- q“aum.r._hm.v-*-u.-.

nepheline-normative metavolcanics from the Bancroft area
with bonafide alkalic volcanics, concludes that the former

are of probable tholeiitic origin and have acquired their

S X

alkalic character through post-depositional alteration.

This hypothesis will be closely examined in a further section
of this chapter, where it is also concluded that alteration

is the cause of the sodic nature of many rocks in the Bancroft

area, including our sample 120,

P

Accepting silica saturation of the entire Tallan Lake

suite as a fact, it is still to be decided whether the suite

Rt S T S S

is tholeiitic or calc-alkaline,




Figure 3.1 (a)

T

MgO vs. Feotot for, some differentiated
volcanic suites.

Thingmuli (thoieiitic; Tilley et al.,
1968) , crosses

Snake River (tholeiitic; Tilley and
Thompson, 1970), open circles

Paricutin {(calc-alkaline; Tilley et

al., 1968), dots

Figures refer to the liquidus temperatures

of the different rocks at atmospheric

pressure

g ROAB s ok e il DAL OB T o B o iy A P 5 _ K e ot o s dw




25

3
M e S e T

et Sttt

€0234 6-0 + 033
S| Ql S
L8 ¥ o ) j 1 ) i B
L0 no:“ -7
e
-~
o
. hm:\
0601 0 :
021 *
-\ ) @
/
o611,
/
; NI vd
/ ]
{
LITie
-y

Y3AY INWNS

oLzl

FINMONTHL

0l

A

OOW

014




Figure 3.1 (b)

MgO vs. FeOtot for Tallan Lake rocks,
compared with Skaergaard liquids.
Open circles - Wager and Brown, 1967

Crosses - Tallan Lake analyses (Tables 3A

and 3B)
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The tholeiitic nature of the rocks is perhaps best
brought gut in Fiqgure 3.1 in which total iron is plotted
against magnesia. The strong iron-enrichment is in clear
contrast to calc-alkaline suites, in which magnetite is an
early precipitate, leading to a gradual depletion in iron
with differentiation (Osborn, 1959; Schairer and co-workers
at the Carnegie Institution, 1963-1966).

Although comparison of the Tallan Lake trend with
the tholeiitic differentiation series of Thingmuli and the
Snake River Plateau (Figures 3.la and 3.1lb) offers the
suggestion of a single, differentiated suite, it would be
unwise to accept this without careful consideration, for

it is clear that, as soon as differentiation in situ of the

sill is firmly established, the concept of an inverted
sequence will be virtually unassailable.

Conseqﬁently the differentiation of similar rock
suites must be closely examined, and a brief summary of the
main aspects of such differentiated sequences is given in

the following section,

3.2 Differentiation

3.2,1 Mineralogical and chemical effects of

differentiation -

In order to compare the differentiation trends

=2l
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observed in someé tholeiitic rock series with analyses from
the Tallan Lake Sill, the following procedure was used:
Analyses showinag less than 50% SiO2 and in major element
chemistry closely comparable to the basic members of the
Tallan Lake Sill were initially looked for. If a similar
satisfactory correspondence between intermediate and acid
members of the same differentiation series, on the one hand,
and Tallan Lake rocks, on the other, is found, a reasonable
case for continuous differentiation of the sill can then be
made. The rock suites which emerge as suitabléiéhemical
analogues of the Tallan Lake series are all of typically
anorogenic environment (e.g. Iceland, East Pacific Rise,
Snake River Plateau), with the possible exception of rocks
associated with anorthosites (Adirondack Massif, Michikamau
Anorthosite), which are partly of disputed origin and envir-
onment (Kranck, 1966; Michot, 1966).

It is noteworthy that the Tallan Lake analyses do
not compare exclusively with either intrusive (cumulate) or
extrusive (essentially liquid) compositions. As can be seen

in Appendix 1, most ‘analyses resemble lavas and dyke rocks,

although some (e.g. samples 303, 309, 207) have a distinctively

"intrusive" (i.e. cumulate) chemical character.
The intrusive tholeiitic differentiation series is

exemplified by large layered intrusions, of which the

Skaergaard Intrusion and the Michikamau Intrusion are examples,

A
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and by the rocks associated with the anorthosite massifs

of Lastern Canada and adjoining parts of the U.S.A., It

is to be noted that, whereas silicic differentiates are
virtually absent in the layered intrusives, such rocks are
conspicuous members of the anorthosite suite (e.g. mangerite,
charnockite). A fairly typical differentiation pattern is
displayed by the Skaergaard Intrusion in L. Greenland. The

layered ,gabbros can be divided in three parts (Wager and

Brown, 1967): a lower zone in which magnesian olivine,

" clinopyroxene and plagioclase are the main constituents; a

middle zone in which olivine is absent and clinopyroxene

and plagioclase predominate; and an upper zone characterised
by the coexistence of (iron-rich) olivine and guartz, again
with plagioclase and clinopyroxene., Differentiation of the
Michikamau Intrusion is completely analogous to that of

the Skaergaard, although plagioclase is the predominant
cumulate mineral here, Extremely iron-rich rocks are only
found as dykes (Emslie, 1966) and not in the layered zones
as with the Skaergaard.

Early magnesian differentiates belonging to the
anorthosite suite are unknown, and -the least evolved members
of the suite afe the vast accumulations of plagioclase,
which form the bulk of the massifs. Norites and other, more
iron-rich rocks containing orthopyroxene in addition to

clinopyroxene and plagioclase, grade into silicic mangerite
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and charnockite, where fayalite again is present, at the
periphery of the anorthosite massifs (e.g. de Waard, 1970). '
The extrusive tholeiitic differentiation series
is complementary to the intrusive series, with respect to
the fact that liquid compositions are better studied here.
One of the best documented sequences 1s that of the Galapagos
Archipelago {(McBirney and Williams, 1969), where a central
volcanic complex developed upon a basement of oceanic
tﬁoleiites, possibly due to mantle plume activity at a
triple junction of oceanic plates (e.g. Morgan, 1971).
Feldspar-phyric lavas attest to the importance of
plagioclase precipitation in the early development of the {
central volcanoes and these are followed by iron-rich
titaniferous lavas, the ferrobasalts, which carry plagioclase
and clinopyroxene as phenocrysts. Fayalite appear§ in
tholeiitic andesites (Icelandites) which are locally present, *

Even more silicic rocks are present in small parasitic . f

cindercones and spattercones, but these are separated from i
the Icelandites by a chemical discontinuity, the Daly Gap, ;
whicﬁ spans a range from 53-57% SiO2 (see also Chayes, 1963),
for which no volcanic compositions are known from the
Galapagos Islands. Interesting is also the presence of

many inclusions of plutonic rock fragments, presumably from 3

subvolcanic magma chambers, in many lavas and cindercones,
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These inclusions range in composition from eucrite
(plagioclase-clinopyroxene cumulate) to quartz-syenite.

The differentiation pattern of Thingmuli volcano
in Iceland and the volcanoes of the‘Snake River Plateau in
the Western U.S.A., is very sim}l&r to that of the Galapagos)
Islands, except for the absence of silicic trachytes on the
Snake River plains, where the most silicic differentiates
consist of tholeiitic andesites,

In all fundamental aspects these differentiated
suites are similar to the Tallan Lake Sill, for the trend
towards extreme iron enrichment is accompanied by an increase
in titania and particularly phosphorus, coupled with a
decrease in silica. Only when the trend toward iron enrich-
ment ceases does differentiation toward silicic members take
place, presumably through precipitation of ulvdspinel or
magnetite,

Notably different from the Tallan Lake series are
the alkali values of some suites, particularly the Snake
River basalts and Adirondack anorthosite suite, which yield
highly potassic differentiates. The possibility of deep
crustal contamination has been raised for both series,
however (Tilley and Thompson, 1970; Anderson and Morin, 1966) .
The possibility of significant additions of soda to Tallan

Lake syenites must also be entertained (see Chapter 3.3).
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Figure 3.2

AFM plot for Tallan Lake analyses (crosses),

compared with other differentiated suites.

Solid line - Tallan Lake trend

Heavy dashed line - Skaergaard and
Michikamau trend (identical)

Dash-dot line - Galapagos trend

Stippled line - Snake River trend

A - Na,0 + K.,O

2 2

F - FeO + .9Fe203

M - MgO
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Hence, although the AFM-diagram of PFigure 3.2 1s suggestive
in depicting the similarity to various differentiated
sequences, it may not be too reliable, especially with
regard to the more silicic differentiates.

-~ As far as the mineraloqy of the differentiation
serles is concerned, the conclusions based on the study of
cumulate rocks, which are supported by melting experiments
on volcanic rocks (e.g. Tilley et al., 1968) are the follow-

ing:

(1) Initially large quantities of magnesian minerals such
as orthopyroxene, clinopyroxene and particularly olivine

are precipitated, which in the course of fractional crystal-
lisation are accompanied by gradually increasing amounts of
plagioclase, Work on the Skaergaard Intrusion (Wager and
Brown, 1967) has shown that when approximately 60% of the
original magma had solidified, plagioclase was the predomi-
nant cumulate mineral.

Due to a low initial f of the magma (e.g. Yoder

0
2
and Tilley, 1962) no magnetite is precipitated and the
liquid is depleted in MgO (see Figure 3.la) and, to a

lesser extent, Sioz.

(2) Due to a reaction relation with the liquid, common to
all tholeiitic series (Yoder and Tilley, 1962), olivine

will no longer precipitate at a certain stage of fractionation,

.
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and clinopyroxene, sometimes accompanied by pigeonite, 1is
the sole ferromagnesian mineral to precipitate. The liquid
becomes increasingly enriched in iron due to the fact that
the solid solutions are more magnesian than the magma they
crystallised from. As silica is withdrawn from the liquid,
Ti and Al will substitute for Si in the clinopyroxene
lattice (Kushiro, 1960).

Olivine, more iron-rich than Fabo, may again be
found as a cumulate mineral in the late stages of

[N

fractionation,

~

(3) In the final stages of differentiation, a steadily
rising fo2 will initiate the precipitation of magnetite or
ulvéspinel and the liquid will be rapidly depleted in Fe.
Precipitation of apatite commonly coincides with the onset
of magnetite crystallisation, and the apatite-oxide

cumulates are usually the most mafic rocks encountered in

differentiated complexes.

(4) After precipitation of magnetite, differentiation of

the small amount of liquid left (less than 1% of the original

volume of magma in the case of the Skaergaard Intrusion)
proceeds to form silicic granophyres (or trxachytes and
rhyolites in the extrusive complexes).

It is perhaps noteworthy that, at the point of

magnetite crystallisation, all liquids of both the Thingmuli

.
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and Snake River suites remain at the same liq&@yus temperature
(see Figdre 3J.la). As solidus temperatures generally go

down with increasing silica content (Tuttle and Bowen, 1958},
it may be expected that such liquids will remain for a
considerable period of time in a slowly cooling magma chamber,
thus enhancing the possibility of beinqg saqueezed out as a
separate intrusive or extrusive, as a result of tectonism.
This would adequately explain the separate intrusion of the
Tinden granophyre sill in the Skaergaard complex and might
also provide a general explanation for the Daly Gap.

The objective of this rather lengthy exercise has
been to provide us with the possible igneous mineraloqy of
a possibly differentiated tholeiitic sill.

The next step wi;l be to éonstruct a differentiation
model which takes into account certain critical observations
from the field and the laboratory, as well as the consistent
chemical relationships between the important cumulate
ninerals (Figure 3.3) in other differentiated suiées, The
decision on whether the Tallan Lake Sill is overturned or

not, ‘must ultimately rely on the failure or success of this

model, which is discussed in the following section.
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Tallan Lake Sill which have a bearing on the differentiation

model to be adopted are the following:

(1)

(2)

(3)

3.2.2 @pdel calculgtions

The field and petrographic observations 3% the

The uppermost 180 meters of the sill consist of a
metagabbro, which becomes conspicuously more mafic
in the bottom part of that section. Whereas in the
upper part plagioclase is abundant and textures may
be interpreted as metamorphosed fluxion structures,
such features are lackina in the lower, more mafic
portion, where apatite and ®xides increase in

abundance (Figure 4.1).

Although the contact with the underlying mafic
syenites is gradational, the transition from oxide-
rich gabbro to syenite is rapid, being accomplished
over distances of less than 10 meters. The
transition Zone is in places marked by an abundance

of marble screens in the sill, fine exposures of

‘which can be seen in a recent (1971) roadcut along

Hwy 620 near Clydesdale Lake.

The sill has the shape of an inverted saucer of

36

which the inner portion is filled with syenite, The

most leucocratic syenites are found in this central
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portion and the syenites are thickest there, The
syenite thins out toward the rim of the saucer and

is absent in peripheral regions.

Assuming that the sill in its present tectonic
position is inverted, we envisage emplacement of the sill as
follows: inig}ally a ferrobasalt liquid was intruded along
a strata-bound surface, carrying with it in suspension
mainly plagioclase; quiescent crystallisation and settling
of the crystal mush ensued, leaving a ferrosyenite liquid
in the pore spaces; subsidence in the centre of the
phacolith finally caused the roof of the sill to collapse.
By.then a more or less rigid meshwork of crystals had been
established in the sill, allowing a relatively clean
separation of the interstitial syenite liquid., Local feeder

dykes of syenite, such as the one seen in outcfop along

Hwy 28, assured transport to the central portion of the sill.

It is clear that we view the marble screens as parts of the
collapsed roof. The apatite cumulates that occur above
these screens (or, below before tectonic inversion) may
représent the heavy residue left behind on ascent of the
syenite, and thus entirely the product of crystallisation

in situ,

Clean separation of a differentiated liquid from .a

crystal mush in such a manner has recently been advocated
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N

Relations between fo-content and an-content
of coexisting olivines and plagioclases in
two differentiated suites,

Dashed portions of lines represent these
segments of differentiation sequence in

which no olivine was precipitated
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by Lindsley et al. (1971) and Thompson (1972). It is
clear that the model can be put to the test\by subtracting
a syenite composition from a presumed, unmodified ferro-
basalt composition to yleld a plausible crystal cumulate.
The crystal cumulate is probably quite simple mineralogi-
cally: as previously stated,gthe experimental evidence
points to an assemblage consisting of plagioclase, clino-
pyroxene, olivine and magnetite; ferrobasalts from Iceland
(Thingmuli; Carmichael, 1964), Snake River Plateau (Tilley
and Thompson, 1970) and GSlapagos Islands (McBirney and
Williams, 1969) all carry these phases as phenocrysts.
Plots in which the fs-content in the clinopyroxene
is related to the fa=-content in”the corresponding olivine
show an unequivocal covariance for most diffgrentiated
sequenceé, and it ié.to be expected that if the iron content
of the pyroxene is known, the olivine composition can be
calculated., A less straightforward relationships between
fayalite éontent and plagioclase composition is observed
(Figure 3.3), and a range of 15% an is possible for any
given olivine composition., Further chemical inferences on
the original mineralagy of the sill have been made as follows:
some hornblendes from the sill are laced with ilmenite
inclusions. This has been interpreted (see section on
Patrcéraphy) as a feature inhorited from a titaniferous

clinopyroxene. This chocks with the common. experience that

e,

PR PRSP S PPN BT SO I I R

[ TF WO PR

S B MR A G e n ey

T e

L Y

.
et v o o T b WAL A AP TIRIRAM  l C  r h snstmn

o

v

s e



40

pyroxenes from ferrogabbros are titanium-rich. The presence
of magnetite as a p;ecipitate from the magma can not only
be indirectly established from the shape of the FeO vs. MgO
curve (Figure 3,1b), but is also made probable from the
observation of certain ilmenite intergrowths in the oxide-
rich gabbro and the syenites. In these, ilmenite spindles
meet at angles of approximately 60°, mimicking skeletal
ulvdspinel grains of the type found in many volcanic rocks,
for instancedthe Picture Gorge basalts (see Lindsley
et al., 1971, Plate 4A4),

As a model for the composition of the pafent magma
at a certain stage of differentiation, rock composition 420
has been chosen., The gample locality of this rock lies along
the periphery of the/region in which abundant syenite occurs
and the rock itseXf is underlain by less than 10 meters of
syenite., The close proximity of the rock to the contact and:
its fine~grained nature make it probable that it underwent
rapid cooling. We may point to the fact that, although the
sample has the highest pﬁosphorus content of all samples
investigated, only medium-sized apatites (2-3 mm in length)
are present, in Qharp contrast to the oxide-rich apatite
cumulate rocks in which large apatites (1-2 cm in length)

’ .
can be observed,.

It is clear that, for our model of the emplacement
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-y



(’\

Figure 3.4 (a) Flowchart of the operation of computer

program LSPX -
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READ DATA INTO MATRIX X (I,J):
NR (£15) OXIDES IN ROWS
. NC ANALYSES IN COLUMNS
ANALYSIS®TO BE ESTIMATED (DEPENDENT VARIABLE)
v NeTH coLumn

~

l P

STORE COLUMN NC IN SEPARATE |
VECTOR Y FOR LATER USE (

-1 /

OBTAIN MATRIX C BY PREMULTIPLYIN
X BY THE TRANSPOSE OF ITS FIRST NC-1 COLUMNS

l

CALL SUBROUTINE MXLNEQ TO INVERT
MATRIX C.COLUMN NC OF THE NEW MATRIX NOW
CONTAINS THE VECTOR B, THE LEAST SQUARES SOLUTION

!

NC-1
U = 8@ .xa,m
J=l

! )

RES(I) = €(1) - Y (1)

_....,.-. l

COMPUTE SUM OF sguaass OF RESIDUALS:
8RSQ = RES (1) 2

l

WRITE
g. STD. DEW
Y

o~ RES
8R8Q

l

STOP
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Figure 3.4 (b)

Typical output of LSPX., Symbols are

those used in Figure 3.4 (a)
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of the syenites to be applicable, simple addition of chemical
analyses of the different syenites with analyses of minerals
inferred to have been part of the original mineralogy of
the sill will result in analysis 420, if the following
conditions are satisfied: (l) we can make an accurate
estimate of mineral compositions from analyses ;available in
literature; (2) the different compositions of the

syenites are a result of gravitational settling of minerals
rather than the product of fractionation processes due to i
cotectic crystallisation,

To test our model numerically, the program LSPX
(Bryan et al., 1969) was employed to make the necessary ]
calculations. The program makes use of all 10 oxides normally g
determined in a conventional chemical analysis, rather than ;

the limited number used in llarker diagrams, and provides the f

user with a least squares estimate of the composition to be

Py

approximated (= parent rock). The operation of the program
is schématically represented in Figure 3.4. Mineral analyses i
used are listed in Table 3D, Unfogtunately no analyses of

clinopyroxenes were fo&hd that corresponded favourably to the
Fe/Mg ratio in 420, the parent rock. The Fe/Mg ratio of an

augite from a more magnesian lava from the Snake River series
(Tilley and Thompson, 1970) was therefore adjusted %@ conform

to the formula of clinopyroxene coexisting with olivine
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Table 3D, Mineral analyses used in
model calculations

1 2 3 4 5
sio, 47.92 32.94 62.94 0.00 0.22
Ti0, 3.02 0.10 0.00 0.00 25.60
A1,0, 3.95 0.10 22,04 0.00 1.30
FeO* 17.20 48,86 0.43 - 0.00 68.50
Mno 0.25 0.75 0.00 0.00 0.60%
MgO 10,94 16.80 0.29 0.00 1.95
cao 16,11 0.45 - 6.69 53.74 0.05
Na,0 0.59 0.00 7.03 0.00 0.00
K,0 0.00 0,00 1,02 0.00 0.00
P,0c 0.00 0.00 0.00 42,00 0.00
sum® 99,98 100,00 100,44 95,74 98,22

Total iron recalculated as FeO

A value of 1,69% MnO was used in calculations involving
USGS standards

The fact that not all totals come to 100% does not
affect the quality of the least-squares estimate.
It does, however, result in a slight over-estimate
of amounts of minerals required.

AGUSR, Snake River augite (62 h; Tilley and Thompson,
1970), Fe/Mg ratio adjusted to conform to composition
WO36En34Fs30._

FA 62, Computed from olivine analyses given by Deer,
Howie and Zussman (1962).

AN 33.7. Computed from plagioclase analyses given by
Deer, liowie and Zussman (1962),

APBUSH, Bushveld fluor-apatite (Grobler and Whitfield,
1970) .

ULVSO, Ulvéspinel from Socorro Island, East Pacific
Rise (Bryan, 1970).
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(fa62) in a (hypothetical) Skaergaard liquid very similar to
sample 420 (liquid A of Figure 3.1lb). The anorthite content
of the plagioclase was determined by trial and error runs of
the program and its orthoclase content was estimated by
comparison with analyses given by Lindsley et al. (1971) for
the Picture Gorge basalts., There is very little to choose
between the various published analyses of ulvdspinel, but a
microprobe analysis is preferred here because of the
difficulty in obtaining a pure sample for conventkonal “wat"
analysis,

Although the selection of mineral analyses has
admittedly been biased toward obtaininq a good computer
'solution, the correspondence of estimates with the actual
rock analysis 420 (Table 3E) must be considered excellent,
espacially in view of the fact that only 6 variables (analyses)
were used to obtain the estimate (it is evident that as the
number of variables approaches the number of equations [number
of oxides] a trivial solution wiil be produced). One
‘component that is consistently underestimated is MnO, however,
Discrepancies in the estimated and observed value for this
oxlide can be easily removed if the MnO content of the ulvé-
spinel is adjusted to 1.69% (which appears not to be an
unreasonable value).

Major differonces still remain in the respective




Table 3b

=

Least-squares estimate of parent liquid
composition (420) by combining presumed
differentiates with mineral analyses of

Table 3D
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values for the alkalis and cannot be so removed (especially
since the plagioclase composition chosen represents the best
fit for all samples), but it is encouraging to note that the
laégest differences pertain to those samples which have the
highest sodium values (606 and 210) and are, theregore,
suspected to have undergone sodium enrichment.

Attention must be drawn to the amount of liq;id
subtracted from sample 420, The rock composition of 606
accounts for more than 50% of analysis 420, whereas more acid
syenites account for progressively smaller proportions. This
is interpreted to mean that the more acid syenites represent
a cleanar liquid residue than the mafic ones. The so
obtained differentiation sequence 420-606-210-105-310-110
corresponds to the height in intrusion (Table 3A) with the
exception of Caple 210,

The real test concerxning the validity of our differ-
entiation model should be to inspect whethar'a constant
mineral residue i% left after subtraction of. the syenite
liquid. Since it is clear that ulv8spinel is the heaviest
mineral in the crystalline extract, {F was thcughe best to
normalise theé mineral proportions relative to ulvdspinel
and investigate the resultas, (From Table 3F it .is clear that
samples 105, 310 and 110 leave a vory similar oxtract and
that significant deviations are found for 606 and 210, which

are prosumably plagloclase-rich, possibly duo to flotation of

¢
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Table 3F. Proportions of liquid and mineral-residue required
to obtain parent liquid composition (420) and the
) composition of that mineral residue

49

Variable Ppt Variable Ppt Variable Ppt Variable Ppt Variable Ppt
110 1.336 210 2.247 310 1.501 105 1.895 & 606  6.519
AN 33.7  3.220 2.426 3.160 , 3.238 1.016
AGUSR 1.418 1.907 1.495 , . 1.600 o 2.773
FA 62 1.024 - 0.907 . - 1.010 0.991 0.695
APBUSH 0.467 : 0.478 . " -0.473 0.479 . 0.564
ULVSO 1.000 1.000 _1.000 1.000 - 1,000
-]

110 res 210 res 310 res 105 res 606 res 6052 303
sio, 42.93 41.41 . 42.75 43,02 36.72 .  43.15 44.96
Tio, 4.21 4.69 4.26 . 4.31 6.04 4.23 4.20
21,0, 10.97 9.38 10.83 10.81 5.77 13.79 . 10.33
PeO* 20.34 22.14 20.36 19.97 24,97 19.02 23,12
¥no 0.39 0.43 0.39 0.38 0.41 0.42 0.63
Mgo 4,98 5.60 5.09 5.17 7.53 4,39 3.51
Cao 9.86 10,94 9.99 10.02 13.31 9.86 8.38
Na,0 3.30 2.20 3.20 3.30 0.79 3.02 2.56
K,0 0.25 0.11 0.31 0.14 ~0.04 . 0.43 0.43
P,O 2.77 3.11 - 2.82 2.89 _4.42 1.68 1.88




50

plagioclase, We may, ggwever, point to the virtually
constant ratio of magnetite:olivine:apatite for all samples
except 606, The first two minerals have a higher density
than any of the other minerals and apatite may not have
escaped from the crystalline meshwork by virtue of its large
si?e and non-equant dimensions; the needle-like prisﬁs of
apatite in the syenite contrast sharply with the stout prisms
in the oxide-rich rocks (see section on Petrography).

The composition of the mineral residue left over

by subtraction of 105, 110 and 310 has also been listed in

Table 3F, and the similarity to analyses 303 and 605A is

obvious. This again substantiates our contention that tha

oxide-rich g&bbros repraesent the mineral extract left bahind
on ascent of the syonite and offers support for the validity
of diffarontiation of the syanite. from the gabbro,

Notoworthy is the fact that less differentiated
rocks such as 120 aro not casily rolated to 420 by thoéghoice
of minerals ompioyed; Ragiduals are usually larger than 1,
which tends to suggest that the validity of such a procedure
is in question. Returning to Figure 3.la and cbserving thaé
tho liquidus tomporatures'for a similar. variation in the Snake
Rivar basalts oncompass a range of roughly 70°c,’this ahould ,
not bo unaxpooted and is rather in favour of our model in
which a prolongod period of quieocent‘cryatall;eation i

onvisaged.
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In order to ascertaln that no spurious solutions
were obtained due to an .unfortunato choice of minoral
compositiong, the model was also tested against U.S$.G.S.
standard rocks G-2, GSP-l, AGV-1l and BCR-l in the place of
the syenites. It will be seen from Table 3G that the
solutions'havo large residuals and are indeed inforior to
the ones previously oﬁtained. particularly when allowance is
made for the fact that the MnO content of the ulvdspinel
had beon adjusted hore to 1.69%, resulting in4perfoct solutions
for that oxide. \

, With all due caution, we may conclude that the
calculations support the concept of) consanguineity of the
syenite with tho fer:ngabbro./ Phis being the éaso, it is
difficult to onvisagae the syenite as a soparate intrusion, in
a sonae other than that postulated in our model, lence, it
is asaumed that the Tallan Lako $ill is a tactonically

inverted, difforentiated sequenco,

3.3 Chomical Altoration During Diagenesis and Low Grade
Metamoxphipm ' . : .

i
In preovious sactions on the chemistry of the Tallan

-

Lake suite, the opinien waa submdtted that ‘tho rocka have
undoxrgone chomical altoration which has mainly resulted in

the deplotion of calcium and the introduction of aocdium

|
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Loagt-squares estimate of 420, by combining
U.8.G.8. atandardas with mineral analysas of

T'able 3D
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into the rocks. The remarkable similarity of sample 120

and Thingmuli basalt Gl0l (Carmichael, 1964; see Appendix 2a)
for all oxides othexr than Na,O and Ca0 certainly seens to
bear this out, and the difficulty in réconciling alkali ;
contants of the sodic syenites with a simple differentiation
mechaniam has already been noted. We are of the opinion
that these changes in chemistry are to be expected during
diagonesis and low grade metamorphism,

Albitisation of plagioclase feoldspar causes probably
the most significant change in chemistry of volcanic rocks
in contact with.aeawater, a procesa usually referred to as
spilitisation. A compilation of spilite analyses by Vallance
(1960) seoms . to subatantiate the solective replacement of
caloium by sodium, as a result of which most aspilitos piot
n the alkali-basalt fiold in the ailica vs. combined alkalis
plot of Macdonald and Katsura (1964; sce also Yoder, 1967).
Expeximental confirmation of auch a prooess duo to interaction
with socawater haa been provided by Orville (1972).

Hydration and devitrification of volcanic glaasa
furnishea further apectacular oxamploa of ‘chemical alteration
ag attested to by somo analyaes liated in Appondix 2b,
Although the chemical effeots of such altcgaticn gaem to b&
rather variable, tho doorocasae in Ca® has to ba obsarved,

- Alkall contents may acﬁﬁaily alao dooreaso during such

palagonitization, howaover, That chemical altoration has
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played an important part in the history of the rocks in the

Bancroft area 1s suggested by the following facts:

(1) Of 16 analyses of Hermon amphibolites listed by Jennings

(1969), 5 are either nepheline- or corundum-normative,

Several more are given by Van de Kamp (1968). These rocks

can by no stretch of the imagination be classified as alkaline
basalts or pexaluﬁinous volcanics, as emphasized by the latter
author, Leaching of Ca0 would adequately account for such a

normative charactor (Vallance, 1967).

(2) Examination of chemical analysoa of the\Tudor volcanics
from Sethuraman (1970) {(aee Appendix 2a) showa a remarkable
inverao correlqtion batween Naéo and Ca0 contenta, irrespective
of bulk rock chemistry. Thia is oxpoacted to be a result of
cation exchangoe on the plagloclase. Tho rocks can be classi=,
fied as high-alumina basalts (Scthuraman, 1970), the main

conatituent of which must bo plagloclaso,

(3) Godrito-cordioxito rocks are guite common in the high
grado metamorphic torrain of the Haliburton Highlands (e;g.
Lal and Moorhouso, 1969). Vallanqo\(1967) haa' drawn
attention to the poculiar chemiatry of such rooks, notablo
ﬁeaéuroa boing the lack of Ca0 and alkalis, Anthophyllite-
cordinrita asaemblages aroe typlecally found in contact metn;

morphosed spilites, suggesting that apillitisation is a primary
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raquirement for the formation of such assemblages, Sinca

the chemistry of these rocks bears the most'resemblance to
alterod volcanic glasses (Appendix 2b) , it is reasonable to
assume that the progenitors of these rocks were chlorite-rich
basic metatuffas, in this context we may mention the observa-
tion by Tuominen and Mikkola (1950) that anthophyllite-
cordiorito gneisses were only to be found in fold hinges in
the Orijlrvi region of Finland. The authors concluded that
the high ductility oontrng’ggzseen pre-existing chlorite
schiata and more competent feldspathic beda (leptites) was

the causo of guch a mode of occurrence,

Since alteration must also have exorted a proféund
influence on the composition of more silicic rocks in the
area, soveral analyses from the Silont Lake Pluton (Broaks,
1971) have beonh included in Appondix 2c¢ for comparison with
altoration pfoducta of acid volcanica from thollitoratqre.

It is obvious from Appondix 2 that many of the
poouliafitioa in tho chemistry of rocks from the nanéroﬁt
arca are matchod in alteration p;oductu of modorn volecanic
rooks, The avarage for a great number of analysas of the
Tudor volcanica gseams high 1n Na20 and low in CaO, when
compared with frosh ococanic tholeditea, but this discrepancy
disappoars Qhon occanic spilitoa aro takeon into account,
Similaxly, there is no noed to resort to schemog involving

romoval of spocific oloments during anatoxis (Lal and Moorhousae,
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"
1969) when alteration of volcanic glass will adequately
explain the compositional variations in anthophyllite-
cordlierite rocks, especiallx when such a mode of formation has
bean substantiated by fieold observations (vVallance, 1967),

The fact that spilitisation has seriously affected
the chemiatry of the Tallan Lako Sill, combined with the
observation that the amphibolites in direct contact with the
8lll are obviously more calcium-rich (asince thoy do not
contain a calcium-poor amphibole), than the spilitic rock
(sample 1317, Appondix 2a) which containa the threa amphibofz

assemblage farther away from the contact, suggests that the

altoration was mainly achieved during diagengsia and posaible

fer
low-grade metamorphism. It would follow that the intrusion
of the Tallan Lake 8ill proceded this event, suggesting a
rolatively short timo span botweon axtrusion of tha lavas
and cmplacoment of the gabbroic sories,
3,4 Summary ‘
Tho chemistry of the Tallan Lake Sill (Tabloa 3A, 3B) ;
is cloarly comparablo with some well known tholeiitio Z
diffarantiated soquences such ag the Skaorgaard Intrusion din t
Groonland and the Thingmuli voleano in Iceland.

The chomical and minoralogical difforontiation’ ¢
pattorn of auch tholeiitic sories has been traced and it is

found, for instanca, that tho chemistry of the apatita-rich N




cunulates which overlie the mafic syenites of the Tallan Lake
Sill, reflaects the critical stage in the development of a
tholeiitic series, whoro magnotite precipitates from the
liquid, locading to silica onrichment of residual liquids
(sample 303; Figure 3.1b). A petrogenetic model 1ls developed
in which the frequent occurrence of elongate marble xenoliths
baetween apatite gabbro and mafic syonite forms a Key element,
These xenoliths are seen as part of the collapsed roof of

the 8ill, forming a membrane through which a relatively clean
syonite rosidue (previously roesiding in the intorstices of

a rolativoly rigid mineral meshwork) is pushed upwards as a
result of toctonic forces,

Computor-genorated least squaras solutions of a
presumed parent liquid support the concept of consanguineity
of syenites and gabbro and it is concluded that tha Tallan
Lako suito is ono single, tootonically inverted, differontiated
gaguonce, \

.Attcntion ig drawn to tho sodic natﬁre of somo Tallan
Lako gabbros and syonites and a comparison is made with
opllitic rocks, The chomistry of tho Tallan Lake suite and
that of mont motavolcanics in the Bancroft area, reflects the
alteration that accompanica burial motamorphism and ia, for
inatance, closaly comparable with the Koweenawan basalta
(Jolly and Smith, 1972), An intoresting aidelino to this
study is tho interprotation of tho rocks oompﬁising the Silent

'
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Lake "pluton" (Breaka, 1971) as altered silicic volcanics,
with sillimanite-nodules within them as metamorphosed,
silicified lithophysae,

It is conceivable that the petrogenetic model
developed for the Tallan Laka Sill is not only of local
significance. Assuming that the iron-rich liquids, initially
intruded in the Tallan Lake area, wore oxtrusive as well,
and that a similar statement can be made about the Tallaﬁ Lake
syonites, it would follow that a woll-defined Daly Gap woulé
saparate syenitos and ferrobasalta., The tracﬁyteu would
mainly be prosent in small cindercones, as is commonly the
case in cantral volcanic comploxes around the world. It is
furthor intaresting to speoculate on the ocarly differontiates
consanguineous with.tho Tallan Lake Sil), sinco it ia clear
from comparison with other suites that the Tallan Lako gabbros
rograaont highly erlvod compoaitions, The likely progonitors
of tho sill are the anorthositic, layorod gabbroa in the
Banoroft area (such aa the Mallard Lake, Umfraville, Thaneot
gabbro bodies), partiocularly since analysca of theae are
olosoly comparable with thoso of the Marginal Border Group
of the Skaorgaard Intrusion, and foldapar-phyric lavas in
cantral Qolcanio comploxes such as Thingmuli velcano and tho

Galapagos Ialands,

S B N s S T Il o5
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CHAPTER 4

PETROGRAPHY

This soction deals mainly with tho motamorphic
agsscmblagos as thay are found in the different rocks composing
the s8ill, but an uFtampt will be made teo roconastruct the
originnl.ignooua mineralogy sinco thias is of obvious

importanco to our hypothosis of an inverted, differontiated

gabbro,

4.1 RElict Ignoous Mineralogy

Tho criteria applied in thia study for a mineral to
qualify for'the above category arec as followa: (a) provan
inertia during metamoxphism and (b) distinctive textural
foaturoa not reconciloable with a matamorphic mode of
dorivation, ‘

Falling into tho first group are the accoasory
minorals apatiteo, zircon and allanite. All thoge minorals
aro markedly auhodral in contrast to the anhodral and
poikiloblaatic toxtures diasplayed by the cortifiably mata-
morphioc mineraln. In addition, thesa mineraln.have regpondeod
to doformation by granulation and do not shéow the annoaled

ocracka digplayod by metamorphic plagioclases and nmphiboloq.

~
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The diastinctions made under (b) are evidently more
arbitrary than those in catogory (a). Belonging to this
group are cortain plagioclasesa in the syenites, which are
large (3 cm), tabular crystals, often charactorised by
Carlabad-albite twinning. With increasing deformation
thoao grains becomo progrossivoly qran&iated and resemble
the ordinary metamorphic plagioclases.

In gonoral the ilmenite and magneotite progent in
tha rocka cannot be caonsiderod to be of ignoous origin
(although the original gabbro must have containod similar
oxide phasas), but poculiar ilmenite intergrowths observed
in a numbeor of samplea (such as 303 and 109, sce Plata I),
wharo askaelotal ilmenite grains meot at angles of 120°, are
strongly rominiascont of the ilmenite exsolution along
(111) in ulvdapinoel that ia ofton cobsorved as a result of
oxidation of tho oxide phaso in voleanic rocks (compare
thoso toxtures, for instance, with those plctured by
Lindslay et al., lQ?l,'in_tthr Plato 4A), The presenco
of no—cailed ilmenite dgméina in aomo hornblendea is takon
to bo indicative of thoﬁprovicuu oxistonce of a titaniferous
pyroxena in those rooka, as will be oxplainod in "Primitive
Asgomblage" in sootion 4.2, As tho
minerals from group (a) ahod some Light on the pattaorn of
difforontiation and tho cryatallisation soquence within the

ailr/thuy will now bo roviawed in aome mora detail,

oy Y W)
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Apatiteo '

As can bo scen from Figure 4.1 and Table 4A, apatite
inoreases in modal abundance from the top of the #ill down-
wards, only to decrocase again in the ayenites, This fact
is also borne out by the chomical analyusos, aince a linear
depoendence of the modal apaiite content on the PZO& content
of the rocks is to be expoected. N goneral downward increase
in size is aluo to be notod: thirty metera below the upper

contact grains measuring 0,5x2,0 mm are common, whereas in

tho mafic pods just above the syenites (170 meters below

tho top) "giant" apatitos more than 1 com in length ocan be

obaorvod. In the syonites a marked downward decreoase in
both size &nd abundance of the apatite is apparent and the
minoral disappears altogothor in tho leucosyenites, (With
the oxoaption of\aample 210, whore no apatite needles ooocur
in the foldapar matrix, but a fluatar of large, corroded

apatites was soon in thin soction. fThesg qraina are mout

roasonably intorprotad as xonoorysts.):

This mineral shows mueh the same diastribution
throughout the 8ill aa apagite. Althoughﬂfar lesa abundant
(only a faw graina are generally present per thin section)
in the mafic roeka, #ircon attains quiéc regpectable dimen-

slone for rooke of such mafic character. ‘Iwonty meters from

T A I OO NG, i NS AW
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the top of thao 8ill aéaraaly distributo@ grains moasuro
0.2xX0.8 mm and zircong of phia sizoc are genorally present in
* all gabbroic facies of the aill. A gonoral downward incroage
in zircon contont of tho rocka is to be noted, however,
Especially in tho matic syenites eircon ia an abundant
accQaaory, avefaging about 8 gra;ns (di3xl.0 mm and la;qeri
por hh}n gection. Towards the leoucoeratic syenites zircon
~ agalfh- docroases in afﬁo. although its actual abundance (soee
Figuré 4.1) docs.not change appraeciably, In the Quartz-
bearing &ycniteg. howovexr, zirecon ia.éniy apariagly‘found,
in gréina neasuring 0.0530.2 mm.  In aome samples rathor )
largoe azircon graina onclosed amall qraing ok\?patito. .Thia
ia takan to bn 1ndicativn of tho ralatively Yatec_ ontry of
gircon in the eryatalliaation saquence, and ia in accord
with our observation that the poak in modal aéundanco for |
aixcon ig raqﬁiqd whon apatite dbundance beging to tall off,

Although a fow anall, acattoroed graina ot allanito.
aro prasent in thoa gabbre&o rocks and the matie ayanitea.
thia min&ral is uuualiy”tound ag. ralatlvcly large (1. 0
in Qiamgtor) cuhedral gratnu 4in thu lenqeayonltee. hargo:
agminn nay ahow a frogh uerq and 3 matamiat rin, but amall
qraina are eammenlx wholly mgtam&ct. uQNQ a&xconn e ‘ ha
found as incluaiéne ia the all&n&tn g&ainn indieat& ?hat -




7

the latter was ona of the latest phaases to crystallise from
ghe magma, Hero it must be noted again éhat its greatoat
nedal ﬁbundanca ia accordingly delayed, until tho leuco-
aycnite atage has boon raachéd.

Sulfide minerals are ncwh;}a vory abundant,
conatituting only a fraction of the opaﬁue minarala, but
ahow a gradual increoase in_abundaﬁce toward the lower part
of the sill and aro of ftoquent egourrence in the mafic

syonitea. This would scem to corroborate Jonninga' (1969)

fobaervation of gulfido-rich acid r‘éka'aaaoaiatcd with the

lonticular gebbro bodics in gsouthw at Fnradax Township.
Rolict 19nnouu toxturas such au laynring ara

chacurod by ¢gnoiassic motamorphiec layering., It wyat bo noted
though that tha mafic rocks at the top of tha intruaion

. . ' ° t
ofton display a romarkable banding (in sharp contraast with

th& ayonitoa which ara relativoly homogancouws), with mafie
and tﬁidapar-richnlamiﬁao alternating., Whare mafie and
foldgpathie haﬁda ara folded nﬁd‘aoﬁtorﬁca, ofton giving
rige to telﬁaégthia pods in the roaﬁ.,dpatihu exyatals axQ
woually ben£ and hreknﬁ {n eémplutc:pqinllnlium with tho

matiu stringors, - - '<;:}%§§;k\ - |
: .The nhaorvahtena progont od dunpve load to tho

£cllcwing aynthun&a -wh&ah ida 1argn1y eenaiatont with thc

"m@dul p:cncntod ‘in thu gadtion en tha ohamintry of thq roaka.

P4
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; h°ﬁt°m of a qabh:eia masa.

Fap”
oy

s 1. The gabbroie rocks conaisteod mainly of pyroxene,

" plagloclase and an oxide phase, which may have included both

_ilmanito and ulv8apinel, A rogime of flow layering ig

aqunutod by tha alignmont of apatite prisma with tho lithe-
logical banding. 8ize distribution of the accessory minerals
ia relatively uniform.

2. Tha size digtribution #nd modal abundance of
the accesasery minerals are in aeco:g,ﬂith the conclusion,
bagod on tho chomistry of the suite, that the sill forms
one dittorentiated soquenca, Tho succasaive paaks in moéal
abundance of apatite, airoén and allanite in progresaively

noxra leueocxatie roaka utrongly support this ¢onclusien, and

arq aonﬂiatont with cbdarvations made on other difforontiated

auiton. , _
\3.~ In viow of the minoraldgical evidensa to bo o
prosonted ;n/favour of a uoneaut gono at tho top and bottem

"of the a;Il. thqre can hardly bo any deubt that the aill e

indeeqfintrueiva. L 4
' If, as Lg-propescd here, the oyonitos are tho

rasult 6f in aitu d;tforaauiat{ba'c:ﬂa gabbreie intrugive, |
fkha'eoncluaien ia inoéaapahla Ehaﬁ thq adll has hoon |

ucakontually 1nvertcd. Tthe wxitag ia not awara of any

ﬂmnahnhtam of. d&tﬂnrantiatton. whtah weuld rooult &n tha

tcrmqtian of nn.extanaivo ayunth&a d&tte:unhiata at tho x
Tl LT
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4.2 Motamorphic Aaécmblagea

. ‘In goneral three acsemblages oan bo distinguiohed
. in any ono rock. These will hengeforth ha dosignated ae
(a) tho primit&ve asgemblage)

(b) tho main motamorphic aaaamblega;

(¢) late m@tamorphic aﬂaomblagea.

4, 2 1 Primitive motamorxphie aaacmblaga

Whiu aggemblage, which 48 tho carldor in torma of
muhamoxphle qyoluticn, is ontirely distinguished on tha basia
of téxtural critaria. It in charactorised, and thie {o ite
enly truly diutinetive.foﬁtdrnt by dtaut, atunpy piliems of
hornﬁléndc ‘which ocmmehly ghow, bluiah-graen colouia and
ara eha:aateriﬁfi;ally littorad with an abundanoe of small
(0 020,05 mn)  reunded blobg of ilmunito. Thoso {nelusiong
- are unually axégnud in tr:agular. lindar pattorns wﬁich '

boar no rational rojagienehdp te the, cmphibolo lattiaa.

sineu thone linear utruaturon afton 1nto=ueat at righe

anglon, tho p:imitivo hornblondea .may ba paoudemorphu aftor

1qnaeua. ettanitcteuu clinopy&sxenau. |
Tha tranhoition from tho prinitvo asgomblage te the

main matamérphic ananmblnqn nay bo uummaxiuqd as tallcwa:

bxuiah-gzaen celoure in tho nernblendc givn way to nlivo-

q:oon celéuru ;p tho tima ot thnﬁa‘qrninu anﬁ tho. alendar§



anall satellito prisms that usually surround or replace tho
large primitive graina (Plato II)., Concomitant with this
change in colour and aize of the amphibole is a strong
tondenoy for the ilmenite tc collaot into largex graina

eithor in the quartsz matrix outaide, or in the amphibole

| grains thomaclvesa. Thies change is tontativoly correlated

with a prograde motamorphie ovont.

Primitive hornblende graing axe preagnt in moat
mafic rooks, with the oxception of the ayenicea and thu |
£ooks oacupyiﬂg the upper 30 mate:a of the sill.

"4,2.2 Main matamorghiq_gaaemblagb -

Ao outlined above, tha main motamerphia assemblage
is distinguiahod from the primitive asgemblage mainly on
toxtural groundd. _Thia dletinotion is quite atra&ght!orward

‘due to tho dlaorapancy in elao of tho amphibolaes charactar«

lstio for those agsemblages, and the fact that tho "primitive"
hoxrnbionde containg ilmonite demadns. Tho diat&ncgion £§cm
lata, :otreqrada.aéucmblaqea ig much more diffioult for tha
following roasond: oY | ' "

“ 1} ﬁeﬁai&ad analysis of the phago. aaathiagaa
showt that theo ehangea grom “ma&n“ to “roﬁacgraﬁe“ axe
eonhinuouu and gradational;

2. Paxtly ao a reaulﬁ ef (1), mule&plc genanat&ena

of tho samo minoral, annaaiataa with difﬁusonu qrados af

v
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motamorphiam, ﬁay ba preﬂené in the same rock. A geood
oxample of this ie the two generations of bilotite commonly
found, That;;\@r generation le uwauwally accompanied by
ualoit?, but not alwaya, In the latter case it ia very
Aifficult to tell generation L from generation 2y

3. 8ince several main metamorphic asaemblagen
are progent as a rasult of the chomiocal variation in the

alll and-the qountry rogk, it is vory walikely that ovory

main metamorphic éaaemblaga formod at the same pdint in
timo, making the torm a very érbitrary one (asaemblage 2
aould be rotrograde with reapecet to 1, eta.).
- Evon if.it wore desirablo, it °la oclearly mot
pogaibla to attampt a xigorous aeparation of the main
aaac'blaqee and the ratrograde oneét in tho detailed dag=
crdpydon that éeilcwa. they are theraforo treated togethern,
The following ezikaria ware appliad to dletinguiah
stable cooxistonce of the minerals within the different
multt-phaﬂe adgonblagao: \
(a) Davelepmont of mutual, ceystalloqraphiaally
rational. phaan howndaxias; . _
4 (b) Aaaaoiation oﬂ phaaca wjeh a s&xcd plagioalaao
gomposition witn&n an aasumblage. 8inco naliabla plagioalage
. eompaaieiona enn ba obtained wieh opeiaa& meana. and such
enmpeuiﬁiana. prev&ding eh& hulk cbmpoaitien ramain cenatant.

(o



Figure 4.1

)

«

atratigraphy (lithological, minoralegical,
chemical) of tho Tallan Lake aill,
atratigraphib lgvul in motors helow tho
agtruatural top of tho s8ill |

- /A -
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aro gonarally acknowledged to reflect a certain metamorphic
grgdu! much emphasis wag placod on such associations (see
“Appendix 3),
(¢) UYextural -oriteria (grain siza, habit,
blastosls, ota,). |
The following minoral associations, mainly formed
in responge to compositional changqa within the eill

(Figure 4,1}, belong to the main assomblage:

(1) nornblenda-plngioclaue-ilmanf%a-quartz-biotite/aphene

(2) Hornblende-plagloclase-cummingtonita-garnot-ilmenito-
quartea-gphene _ |

(3) ﬂornblunde-éiagioclnae-garnat/epidota-nlkall foldspar=-
ilmenite-quartz«aphane '

(4) llornblenda=plagicelasa-alkali feldopar=-ilmenite-quarta -
biotita,

In addition, magnctiti/ig/gncounterad in all but %
fow Tallan Lako sanplaos. g

4.2, a .0 Asgomblage 1
uornblonda-plagioclaae- lmonige-qua:ta-biotite/nphune

! ginco all asacmblagas ueem to bo mainly compcuitienally
contsollad thoy form a c:udo naang of eutnbltahlnq a strati-
qraph 7within the oill- (noo Figure 4.1), Tho particular

o
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120 420 393 666 405 205 165 318 219 110 . 1317
Plagioclase 39.6  36.7 10.2 54.6 43.5 4539 . 55.9 55.5 78.0 51.9 27.4
Hornblende 54.9  406.5  62.2 5.7 1.7 25.2 - 3.1 6.7 3.4 47.1
Cuz=ingtonite - 2.2 3.8 4.9 8.4 1.0 - -- - - £.5°
Gedrite - - - - - - - - ~ - 19.%
Garnet - 0.1 0.9 5.5 e.1 1.9 - - - - -
Quartz 0.5 0.6 3.2 6.3  11.2 9.9 19.3. 22.5 *  26.1 -
Opague 4.2 4.5 5.7 2.5 3.8 1.8 0.6 1.6 = * 1.9
Sphene 9.9 - - - - - * * i * -
calcite * 1.0 3.2 4.0 3.3 1.2 2.7  o.6 = 1.4 -
Biotite 0.5 3.2 3.7 17.8 26.4 1.6 17.1 0.2 .6.6 g.& *
Alkali feldspar - - - - - - * 10.2 8.5 8.0 =
Apatite *. -4.0 6.5 0.3 1.7 0.4 0.5 = * * =
Zircon * - - 0.1 . = 6.1  *- 0.2 . 0.2 -
axllanite - - - * - * * * 0.1. 0.6 -
an % ¢ | 26/21-15 15+19/13 17/13 15+19/13/6 16713 13+3/0 3/8  5/0 S/0 5/0 .20+22
Assecblage 1 2 2 2 2 2 s Y s g -
Points counted 639 859 324 870 '859 850 . - 208 - 834 850 859 - 729

- absent p%

* trace . i

ok

| «
for desicnation of plagioclase cozpositiocn see Eppendix 3.




;i;emblnga now under dlscusaion conatitutes the upper 80
maters of tho aill, -

As can bé scen from Table 4A for spocimen 120,
which ia more or less representative of the assemblage,
hornblonde ia the main constituont mineral, usually accounte
ing for 50-60% by voluma of tho récku.

Hornblenda is eltheor accompaniad by biotite or
sphene, two minerals which display a definite antipathetic
rolationship toward one anothor (on a gmall ascalo only; thay
may both ba present in tha samo hand apeciman)., ‘The reaaon
for tha mutual incompatibility of sphone and blotite s not
g}oar, although it acenms thét aphene apéaars in assemblages
rooryatallised under easentially isochemiocal conditiona,
.whereaa Biotito reaults from the addition of potash,

Whare a pro=-cxisting hornblende containa ilmenite
damaine, tha llmenito incluaions ara uaually converted to
‘sphena at éhe oqter rim of thq‘domaih.'and’éphena cleaxly
cooxiate! with the reerystallised hornblende, as is woll
illustrated in Plate ;I. The typical plaqioclqaa conmpoadtion
ooexiat&né with aphenc is Anéﬁhhﬁau. Of noto la tho
roverae aondng in tho plaglaclase (sao Appondix 3) oftan
obaorvad in roeks contadning “"primitive" hornblende.

Symploctic intergroivtha ef biogito and quarta are

. oftan geen in rocka nat eontaining sphone. Dlotite wavally :

gutd agroas pra-oxdating hgrpblandq graing and doeé not

*Whenovor cacxistonee ia diacuased, oquidibriun cooxigtance -
lg lmplied, 'aunless othorwiso indicated,




appoar to be aligned along the plano of foliation., The
minoral has a diestinctive "foxy" red colour suggyestive of a
high h{ganium contant, an indication vubstantiated by its
fogmatién from {lmonite deducod f£rom reaction taxtur@ﬂ.’
Plagloglase compoaitions cocoxisting with this sub-avsemblage
vary considerably, but always the same composition iu found
in contact with bilotite as wall as hornblende, suggasting
that the latter two are in equilibrium,

| l A socond typa'oﬂ biotita, accompaniad by caleite
%nd little or no guarta and dull brown in golour, cogurs
meedéed in plagigolase qraiha, 8harply delineated sodie
rims %haraattgr referred to ag dlacontinuoue aoning)
guxrodnd tha caloite and biloetite graine, which are demen-
dtrably later than eithor one of tha gub-assemblagas
dlﬂbuﬁaed above. 'fho sodic rima are usually Anlﬁ in
c@mpouition. .

| | In thoaa casde in which racryaealliaahxen of the
primitive assomblage has not boen, sovere’ fe.g. 2217) plaglo--
alaso éraine aiupléy woll dovoloped "tripla pointe',
inddcativa of a atatic mgéo of motamoxphiam, Pligloclaao
éoroa ﬁeem to xofleat the compodifion attained wring thia_
' cvaneé ranglng frem Angy ét tho édp of tha eill, to arcund
Angg ét tho-basa of thd unit ueéined by assemblage 1. The
1ack oﬂ “primitive” ho:nblanda with ilmanttu domainag at tho
top e! tha aill has alraady baon diaauaaod and muat :aflaat

%



the absence of the phaso (probably olinopyroxene) in the
dgneous assemblage from which thie hornblende 1u.poutulatad
te have formod,
Y
412.2.b Augsamblago 2.
llornblende-cunmingtonite=garnet-plagioolaso=ilmanite=biotito=

quarta

This anacmhlaga'undarliua aasnmbggﬁe 1l and ag &
stratigraphic unit comprises approximately 130 moeters of. the
8ill, The main diaéincglva foatureg arc the preaence of
garnat and eummingtonite and tho ubsence of aphone, and a
ganoerally more porvaaive reeryatall}eation rolating to the
main motamorphie event. Tho equilibrium coexistence of
cumningtonite and hornblende appoarsg to be well ocatablishod.
Homoarial intorgrowtha of tho two phasca are omnipresont

and thqo ooqurrence of axeolution lamellac of cummingtonite

in hurnblendé and vigca voraa attost to stablo cooxistonce
f%ver a certa&n range of tumparaeure. Pua to a reaent |

upaurge in 1ntoseae in oaoxiating anphiboles, many exc@llent

doaoriptions of the taxtures Qxhibitad by thies amphibele

patr have appaarad in tho litoeraturo (e.g. Roga ot al.,

lDGQ; Jagfo ot al., 1968). The &neo:eatod roadoy dg rofexxed
~ to thase reﬂe:aﬂeed_fer a doseriptien of toxtures not

direatly rolovant to tho peaaunh/d$acunuien,"
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Plate I Pogaible {lmenitou-gphone preudonorph after
uwlvdagpinal, Matvix conatata of hornblende,
plagioclage and quavta, Sample 109,
Poalardned light, (27.5x). In this, and
all subusequent plates, the hordsontal bar
ropresentsa 0,8 mn,

Plate IX New grewth of hornblende bLelenging to main
maetamorphic asgemblage 4n a lavge graln
from the primitive assemblage, Note
ilmenite incluglong dn latter (centre)
and abaance of theae near new grain, -
gome aphene (high relief, uppev and
lower righthand eorner) Lu pragent avound
now hornbilende., 8ample 609, Polardaed
light, (78x) -

Plate 11X Paxturosa, suggeatdver of the reaction
hbeqtadaneplag, Note that cunmdngtenite
(bright green) only cecurs adjacent te
quarta gradne, and optieal continuity of
T oguapty (white, "left of centre) in three
goparate graing, suggesting extanalve
raplacewment, fSample 11l Qrosged niceld, (78x%)

% .
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Equilibration of garnet with the émphiboles is
harderyto demonstrate since\the minerals are usually not
closely\associated, garnet being restricted to the more
plagiocl&se—rich parts of the rock. The first appeararnce
of both c&wmingtonite and garnet at the same stratigraphic
height witﬁin the sill, about 80 meters from the top, the
close association with cummingtonite in those instances

i\

where garneé\has resulted from reaction with hornblende, and
the lack of ﬁgsorption textures, make it highly probable

\
that garnet was indeed in equilibrium with both amphiboles.
This, of cour;é, does not imply that garnet formation
might not init%ally have preceded cummingtonite formation

or vice versa.

As with assemblage 1 several sub-assemblages can
again be distinguished.

In those cases, very few in number where biotite
is absent, garnet is often seen in direct contact both
with ilmenite and hornblende. Cummingtonite is clearly a
reaction product of the reaction with hornblende producing
garnet, but also is formed by the reaction of calcic
‘ amphibole with quartz (see Plate III), suggesting the type
of reaction proposed by Shido (1958). Plagioclase is
, invariably reversely zoned from Aan—Anlg with ag abundance
of rounded quarti inclusions, predbminantly in the sodic

core. Magnetite is characteristically present in minor



amouﬁts.
&

Rocks containing large amounts of biotite are
mainly restricted to the western part of the area
(traverses 117 - 4917, 120 - 606, 905 - 105) although a
general increase iﬂ biotite content is also to be noted
toward the more syenitic differentiates,

Biotite flakes, dull, dark brown in colour, are
characteristically aligned along ilmenite-rich zones and
display no obvious reaction relation with the poikilo-
blasts of hornblende surrounding these zones, In general
no calcite is associated with these biotites. Quartz and

reversely zoned plagioclase (An —Anlg) littered with

16
quartz inclusions beside garnet and cummingtonite complete
the assemblage. As is the case with assemblage 1, no
preferred orientation of the biotite is evident, althouygh
the zonal arrangement around ilmenite grains, which them-
selves are aligned along the foliation plane, produces

the semblance of a preferred orientation in many cages.

In samples untouched by the laté calcite-biotite association
no separate grains of cummingtonite are present, aﬁd the
latter only appears as exsolution lamellae.in hornblende.

It would thus appear that garnet a;d biotite are formed at

a temperature higher than that at which the coexisting

hornblende intersects the hornblefhde-cummingtonite solvus.

Comparison of biotite-rich rocks with those from
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the Duck Lake Dome which do not contain early biotite or,
for that matter, any other potash-rich phase such as alkali
feldspar, strongly suggests ‘that the potash needed to form
biotite was introduced through the fluid phase.

The biotite-calcite association is again of late

origin and is present in most rocks comprising the assem-

blage. Discontinuous zoning in the plagioclase is correlated

with the presence of these two minerals (as is well illustrated

in Plate IV}, the sodic rim being usually Anl3-—An8 in
composition, around a basic core (again Aan-Anlg), although
small portions of-the rim may be pure albite., In the latter
case very thin lamellae may be observéd‘within the albite
having a higher relief and intersecting the albite law
twinning plate at approximately 14°. There is little doubt
that these are peristerite lamellae along (081). Often the
interface between the plagioclase core anc}' the sodic rim

is aligned along‘tbe same plane, as can be .seen again in
Plate IV. - ‘

Hornblende and garnet stability and growth extend
part of the way into the conditions defined Sy the biotite-
calcite association, as seen by their rélation with sodic
plagioclasé rims, If large amounts of biotite are present,
this can lead to the eventual disappearance of hornblende,
the reaction products being calcite, biotite and cumming-

tonite. Garnet growth is in most cases enhanced by biotite
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growth, depending, of course, on the availability of alumina.
Large porphyroblastic garnets contain in some cases biotite
flakes which are smaller than the ones occurring outside

the garnets. Pre-emption of garnet growth is indicated by
the occurrence of garnets, intergrown with guartz and
calcite, of which only the rim is complete (see Plate V).
Preliminary results from X-ray diffraction patterns indicate
that the garnet is nearly pure almandine,

As is to be ggpected, early Biotite cannot be
distinguished from the biotite associated with calcite %g
the majority of rocks which contain a mixed biotite popula~
tion, Rather, it would seem to relate to a continuous
event where?y the fluid becomes increasin;ly impoverished
in carbon dioxide. The large variations in.calcite-biotite
ratio observed appear to indicate that the potassium content
of the fluid varied considerably from place to place, whereas

the initial CO, content was reasonably constant (e.g. see

2
modal analyses 105, 205 and 405 in Table 4A). An insight
into the temporal félaiionships between assemblages 1 and 2
is afforded by sample 605B. “Primitive" hornblende grains
are present in which the inclusions associated with the
ilmenite domains have largely been converted to éphene.
Rather small, compact satellite grains of hornblende can in

all probability be correlated witv the development of sphene.

These grains in turn are surrounded by larger, distinctly

. e
L W VO

« C e,
L L

s . STy ey e




79

poikiloblastic amphibole grains which contain exsolved
cummingtonite lamellae. Separate grains of cummingtonite

are always found to be associated with biotite, calcite

and albitei It would thus appear again that the develop-
ment of biotite and hornblende, on the one hand, and sphene
and hornblende, on the other, are mutually exclusive. In

many cases the hornblende~cummingtonite association must

be retrograde with respect to assemblage 1.

4.2.2,c Assemblage 3

Ferrohastingsite - garnet - plagioclase~ alkali feldspar -

ilmenite ~ quartz (-~epidote)

This assemblage is restricted only to the inter-

mediate syenites and the stratigraphic unit reaches a maximum

thickness of 30 meters in the Duck Lake Dome. The assemblage

is absent in the western part of the Tallan Lake Sill proper,
because of the absence of intermediate syenitic differen-

tiates, Directly adjacent to the '‘country rock marbles at

the lower contact is a thin zone, underlying léucosyenites,

in which assemblage 3 reappears as indicated by samples 109.

!

"and 69-29-3.

was assimilated at the lower contact, or that the original

This may be due to the fact that some marble

roof rocks, (of an inverted sill) were somewhat more mafic

than the syenites they envelop. Since the plagioclase is
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Plate IV Discontinuous zoning in plagioclase, ’
against biotite, Note the straight . :
boundary, separating An;g (black, right ]
centre) from An,; (dark grey, left of f
centre), which %ollows the peristerite
exsolution plane (08l). Sample 209,
Crossed nicols. (75x)

N
j
K
4
i
.3
k!
1

Plate V Euhedral atoll garnet (black, with hexagonal
outline), the core of which is filled
with quartz and calcite. Sample 205,
Crossed nicols. (75x)

Plate VI Peristerite exsolution in plagioclase.
Note the opposite orientation in albite
twins, and the fact that alteration zones
around K-feldspar, consisting of pure albite,
are free of peristerite lamellae. Garnet
. (black, direcgtly below K-feldspar) is probably
being resorbed and epidote (high relief,
pink, centre photo) is being formed. Sample
69-29-3, Crossed nicols. (75x) .
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very sodic in all cases the latter interpretation is favoured.
The pleochroism'of the amphibole (X - light green;

Y ~ dark olive-green; Z - nearly opaque, dark blue-green},

its 2V‘(2Vx = 40°-20°), and its large b~spacing (see

Appendix 5) all indicate that we are dealing with ferro-

hastingsite. Grains may be compact or poikiloblastic, the

former being texturally early grains,

" Garnet is usually present as compact, small grains,
quite often along alteration zones in plagioclase. These
alteration zones normally contain albite, but sometimes
alkali feldspar is present as well., In cases where
moderate amounts of alkali feldspar axe present, this
mineral always replaces plagioclase (Plate VI), and altera-
tion zones always seem to emanate from the alkali feldspar
centre., In some instances epidote is present in these
alteration zones as well, and may therefore be included in
the assemblage.

An interesting aspect of the alteration induced
by the introduction of alkali feldspar is the development
of a "herringbone" structure in adjacent albite twins of
the plagioclase (Plate VI), identical to textures '
described by Appleyard (1969). 1In sections cut perpendicular
to the a-axis, lamell§e.intersect the (010) plane at 14°.
It is clear that the alteration has served to emphasize the

T,

peristerite exsolution.
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In the western part of the region, alkali feldspar
and epidote have never been observed and biotite is
abundant. It is probable that hornblende and K-feldspar
reacted to form biotite and calcite. Late biotite and
calcite with associated sodic plagioclase rims are best
observed in the eastern part of the region, whereas a
mixed biotite pépulation is present in the western part.
Again, sphene may be present when early biotite is lacking
(e.g. 109), although this is not common. Reappearance of
sphene seems indicated in those (retrograded) rocks where
all hornblende has been replaced by biotite and garnet is
absent (e.g. 105). 1t is acqompanied by magnetite in this

case,

4,2.2.d4d Assemblage 4
Ferrohastingsite ~ plagioclase - alkali feldspar - sphene -

magnetite ~ quartz

Rocks comprising this assemblage include the leuco-
syenites and quartz-syenites around Clydesdale Lake and
Tallan Lake. The thickness of the assemblage never ekceeds
50 meters. Biotite is always associated with calcite and,
Qhen present, amphibole is no longer stable. Late biotite
is green in colour (possibly rich in ferric iron) and
associated with muscovite and célcite (Plate VII).
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'Plagioclase is very sodic (Ang), but attains pure
albite compoLition when associated with muscovite, Alkali
fe}dspar ofthn replaces plagioclase, but is not necessarily
introduced through the fluid phase, although remobilisation

appears ede%nt.
Sphtne and magnetite are stable throughout the

various retrbgrade assemblages.

f

4.2.3 Very late retrograde textures

In many samples micro-fractures cutting all meta-

morphic minerals can be found. Often these fractures are

In sample 105 one such fracture cuts

This, in

filled with calcite.

all minerals except for quartz and late albite.
the writer'% opinion, indicates that the metamorphic fluid
contained appreciable amounts of silica and alkalis, besides
co,, and is/the principal reason why such reliance was
placed on ﬁhe plagioclase composition associated with

certain metamorphic minerals in constructing the various

, and why the mantling of ilmenite with silica

in assemb ége 1 (als#*a common feature in the other
assemblages) was considgred a sign of relative reactivity,

_/ Although grﬁnulation is mainly related to the
stratiéorm foliation in the rocks, and in other cases to the

growth of garnet, some mylonite zones in rocks collected
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Plate VII Muscovite~calcite intergrowth suggestive
of the reaction An+Kfsp+C0O,&2 Ma+cc+qtz,
Note how calcite replaces former
plagioclase (below centre), Sample 219,
Crossed nicols, (75x)
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Plate VIII Micro-mylonite zone with sheared biotite,
Sample 719A, Crossed nicols. (75x)
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Plate IX Epidote (dark green, left of centre and ‘ R
blue-green, upper right corner) coexisting e

with calcite, sodic plagioclase (rims ié

around more calcic cores) and tremolite
(brighter coloured parts of basal secti ns,
left centre) in leucodiorite dyke. Sample
2617. Crossed nicols. (75x)
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% north of Tallqn’Laké are cleérly younger (since they cut

i the foliation*, and are undoubtedly related to the Pratt's

¢ Creek Fault. Extreme granulation of plagi7éiase and quartz

- is evident\along these zones and some é%éfns of biotite are |
\ cut and displaced relative to each other, as is well

%; ‘ illustrated in Plate VIII. :

- :

3*:, ‘

L; 4.2.4 Other assemblages, country rocks :

% No meaningful correlation of the metamorphic é

; reiations established for the ortho-amphibolites with those é

3 for the country rocks appears possible at present, due to i

; the paucity of the latter in the writer's collection. They

will, therefore, only be discussed briefly.
Mention should be made of the assemblages present

in a leucodiorite dyke which cuts the sill (at a very low

¢

angle) in the roadcut at Highway 28. Relict igneous ;
clinopyroxene is present, and although it is tempting to

correlate this dyke with the leucosyenites with which it

——_—— hN

am

has several features in common, its relation to the sill

.

is uncertain. !

Hornblende (after pyroxene), plagioclase and sphene
are early, whereas a late association of epidote, plagioclase

(more sodic), alkali feldspar, calcite, tremolite, magnetite

and quartz, is also present, Hornblende appears to be
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unstable with respect to tremoclite (Plate IX). Assemblages
in the country rock can be divided into two: (a) calc-

silicate assemblages and (b) amphibolite assemblages.

(a) calc-silicate assemblages

The dominaht assemblage is diopside-calcite-
plagioclase-quartz-sphene. Retrograde with respect to the
dominant assemblage is the assemblage calcite-tremolite/
actinolite-plagioclase-quartz. In some instances late talc
fibres surround the diopside grains. Careful optical study
seems to indicate the complete absence of dolomite.

In more pelitic compositions the assemblage calcite-
quartz-alkali feldspar-plagioclase-biotite-sphene is
present. This assemblage is apparently time-equivalent to
the tremolite-bearing one in the subatkaline calc-silicate
rocks.

Calc-silicate‘skarns associated with the sill
around Clydesdale Like provide quite a-different metamorphic
record. Skarns of this type are nearly completely silicated,
although obviously_derived from marbles: this is a compelling
argument to ascribe them to contact effects related to the
intrusion of the sill. One such skarn (69-29-2) was found
to contain diopside and the alteration ‘products of
forsterite (Plate X), and a mineral that fills the inter-
stices between these two and was identified as axinite, as
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the principal minerals that can be attributed to the contact
-
metamorphism. Grossularite, calcite, sphene and

N
anorthitic plagioclase complete this contact assemblage.

(b) amphibolite assemblages

Descriptions of these assemblages all relate to a
20 meter thick sequence of so-called feather amphibolites
which are found adjacent to the upper contact of the sill
in the roadcut at Highway 28.

The simple assemblage plagioclase-hornblende-
ilmenite-sphene-quartz is present in most of these rocks,
although the introduction of pbtash leads to the develop-
ment of biotite, calcite and cummingtonite, as is the case
with the ortho-amphibolites, with the difference that garnet

is nowhere observed.

In close proximity to the sill the following rapid

succession of assemblages is observed:

-

(1) plagioclase - quartz - hornblende - cummingtonite -
ilmenite - biotite - calcite (1217)

(2) plagioclase - hornblende - cummingtonite - gedrite -
ilmenite - biotite (1317)

(3) plagioclase - hornblende - gedrite - ilmenite -

biotite (1417)
(4) plagioclase - hornblende - ilmenite (1517)
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In addition to the tremendous reduction in the
number of phases from 7 to 3, a decrease in the size of the
amphiboles from more than 3 mm in sample 1217 to less than
0.4 mm in sample 1517, is to be noted. Sample 1517, which
is less than 1 meter removed from the contact with the
sill, also has a distinct hornfelsic texture and the rock
displays irregular cracks, filled with plagioclase and
apatite, much the same as dessication cracks in mud. Al
the changes from a normal, porphyroblastic feather
amphibolite to the dense hornfels occur within 5 meters
from the contact with the sill.

The three amphibole assemblage, gedrite/anthophyllite-
hornblende~cummingtonite, has only recently been described
in the literature (e.g. Robinson et al., 1969) and it is
therefore important to investigate whéiher equilibrium
coexistence is indicated in this case.

Results from Buerger precession photographs
summarised in\Appendix 5 indicate that the optical identi-
fication of the dark tan ortho-amphibole as gedrite is
warranted. Gedrite often enclosed cummingtonite, a texture
that is apparently often observed whenever these two coexist
(e.g. Robinson and Jaffe, 1969), although the enclosures are
typically "open ended" , and both phases are in contact with

plagioclase. Two-phase grains of hornblende and cummingtonite,

" both displaying mutual exsolution, are also common, and grains
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Plate X

Plate XI

<

Plate XII

Relict forsterite (brownish areas) in
grossular (black, euhedral outlines)
diopside (bright coloured) skarn. Some

axinite (medium grey, lower relief than

diopside, above centre), plagioclase and
quartz form the matrix of the skarn,
Sample 69-29-2, Crossed nicols. (75x)

Homoaxial intergrowth along c-axis of
gedrite (tan coloured, 2 areas surrounding
curmmingtonite) , cummingtonite (colourless)
nd hornblende (green) in a single
amphibole grain. Note the exsolution of
cummingtonite, visible as very fine
lamination; along (10l1) in hornblende.
Sample 1317. Polarised light., (75x)

Note the

The same grain as in Plate XI.
Sample

straight extinction of gedrite.
1317. Crossed nicols. (75x)

~
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containing hornblende and gedrite, although least common,

have also been observed. The case for equilibrium

coexistence of the three amphiboles is made virtually
complete by the observation of three-phase grains, a fine

example of which is pictured in Plate XI,

The decrease in the number of phases and corres-

ponding decrease in grain size toward the contact are
interpreted to mean that the dry rocks close to the contact

were less accessible to the metamorphic fluid than rocks

at a certain distance.

(c) assemblages containing scapolite

Scapolite is of common occurrence in the country

rock marbles and amphibolites, and was also observed in

several samples from the sill. The mineral invariably

replaces plagioclase and usually islands of plagioclase

with the same crystallographic orientation can be observed

In one instance (717) distinctly

Yy

in the scapolite mass.

porphyroblastic scapolite was observed in a silicate marble,

closely associated‘with‘large porphyroblastic diopside
(Plate XIITI). 1In all marbles tremolite appears to postéate
the introduction of scapolite. In samples from the sill

(assemblage 1) scapolite is associated with biotite (with

foxy-red colour) and sphene. 1Its introduction appears to

postdate the mineral foliation.
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(d) assemblages in granitic dykes

Granitic dykes are frequent in the western part of
the area, but are present in other parts of the area as
well. They are non-foliate in nature and in places
distinctly pegmatitic. Their main constituents are
plagioclase and guartz. Alkali feldspar may be abundant
or entirely lacking. Although the number of samples is
too limited to be definite, the abundance of alkali feldspar
seems to be related to the thickness of the dyke, small
dykes containing no K-feldspar. The contact between rocks
from the sill and the granitic dykes is always marked by
a thin zone (about 1 cm thick) in which hornblende %;
completely converted to biotite. For some distance biotite
is still very abundant in the amphibolite, with the mineral
displaying the same characteristic colour as the early
biotite typical for that assemblage (red in assemblage 1,
dull brown®in assemblages‘Z and 3). Furthermore, it appears
that the more alkali feldspar is present in the dyke, the
less biotite is pre;ent in the surrounding rock. 1t is,
therefore, concluded that the intrusion of granitic dykes
(which cut the foliation) was coincident with the develop~-
ment of the early biotite in the main metamorphic
assemblages. Retrograde metamorphism in the dykes is
esseﬁtially the same as that observed in assemblage 4.

Biotite breaks down to muscovite and magnetite, which are

e P %,
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Plate XIII

Plate XIV

Plate XV

Poikiloblastic development of diopside
(high relief, centre, left and righthand
side of photo) embedded in scapolite
(yellowish and blue-green colours) in a
matrix of quartz and plagioclase,

Sample 717. Crossed nicols. (75x)

Poikiloblast of cummingtonite, enclosing

guartz grains, and calcite grain (upper
left corner), embedded in hornblende
(dark), suggestive of the reaction
hb+CO, = cmtqgz+cc+H)0.  Note the density
of hornblende exsolution lamellae
(lamination) in cummingtonite. ‘Sample 305.
Crossed nicols. (75x)

Biotite-quartz-calcite symplectites
formed through the breakdown of hornblende
(inclusions in central biotite grain).
Note the general absence of K-feldspar
adjacent to biotite, suggesting the
reaction Kfsp+hbl+COp+*bit+cctqz.
Crossed nicols. (27.5x)

Sample 110,
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often accompanied by calcite. Late calcite and‘quartz
veins, as in sample 105, are present, while chlorite was
also observed. Typical for the pegmatitic phases of the
granite dykes is the occurrence bf large, dark greenish-
brown .tourmaline crystals, probably s;milar to the ones
associated with the Silent Lake Pluton reported by Breaks
(1971). Tourmalines occurring as an indigenous phase in
the leucosyenites are always vefy small and have a
characteristic blue colour. Tourmalinisatidﬁlof some sill
rock with large brown tourmalines is, therefore, probably
related to the granite dykes, whereas the occurrence of
axinite in skarns hay have been the product of boron
metakomatism from within the sill. Whether scapolitisation

can be attributed to the intrusion of the granite dykes

is uncertain, but remains a possibility.

4.3 Metamorphic Reactions

4,3.1 Assemblages

Assemblages contained in the Tallan Lake Sill that
are believed to be equilibrium assemblages, are listed in
Table 4B, in approximate order of iron enrichment. A broad
distinction can be made between biotite-bearing éggemblages
and those that do not contain this mineral. This is

believed to be due to introduction of potassic f£luids from
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granitic dykes into some parts of the Tallan Lake Sill, as
explained in an earlier section. If we also take into
account the late metamorphic, carbonate-bearing assemblages,
it may be concluded that all assemblages encountered can

be represented in the ll-component system‘K-Na—Ca—Fe—Mg—Al—
Ti-Si-O0-H-C. 1t is probable, however, that the component
Na may be neglected in the presence of quartz. Noting

that edenite substitution in the hornblende can be

represented as

. . N . .
NaCazFe5A1517022(OH)2 + 48102 s NaAlSl308 + CazFe5518022(0H)2

ferroedenite quartz albite ferrotremolite
it is apparent that elimination of Na as a component only
leads to elimination of the activity of albite in the system
as a variable. With the removal of Na, we are left with 10
’componenté in a system in which P, T, foz, fH20' fCoz and
the activity of the soluble potash component (aK) must be
rated as important variables. It can be seen from Table 4B
that in only one assemblage are all these variables indepen-
dently variable. In terms of the Gibbs Phase Rule it may
be noted that no assemblage is less than divariant, i.e.
P and T are independently variable, which in itself is
good evidence that equilibrium was maintained throughout
the metamorphic episode. Data on mineral compositions are

needed, however, for a rigorous demonstration of equilibrium.
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1t is also useful to remark on the limitations
imposed upon the assemblages by the Gibbs Phase Rule., It
can be seen (Table 4B) that both fo and f”20 in the

2
assemblage hornblende-cummingtonite-garnet-plagioclase-

y
——— . o

quartz are apparently buffered. The regular variation in

ey

the extinction angle y/c¢ of cummingtonite with chemical

oz

variation in the sill, is probably a direct result of the

limited variance of this assemblage. ;

a0

4.3.2 Reaction relations between cummingtonite

ot Wi o F T

and hornblende

In order to make a qualitative assessment of the
significance of the garnet-hornblende-cummingtonite
paragenesis from the Tallan Lake Sill, a petrogenetic grid
for part of the system CaO—FeO~A1203—Si02—H20, involving

the phases (ferrotremolite—ferrotschermakite)-hedenbergiggj\\\\\

\
grunerite-almandine-~anorthite~quartz-water was prepared.

The choice of these minerals stems from the fact that
clinopyroxene is the dominént ferromagnesian mineral
accompanying cummingtonite and hornblende in low-pressure

metamorphic terrains, such as the Abukuma Plateau, while

garnet is prominent in intermediate-pressure environments
(e.g. Ernst, 1968; Robinson and Jaffe, 1969; Hietanen, 1973)."

Due to the limited amount of thermodynamic data on these




Table 4C.

hb
hb
hb
cm
‘Cpx

gnt

kfsp

bi

ilm
mt

gz

cc
ms

ep

-, ’ e . .

( 97
Summary of symbols and minerals used
in mineral reactions
ferrotremolite Ca2F95518022(0H)2 ;
ferrohornblende CazFe4A12517022(0H)2 .
ferrotschermakite CazFe3Al4816022(OH)2 ;
cummingtonite Fe7818022(OH)2 ;
hedenbergite CaFeSiéO6 A .
almandine Fe3A12813012 5
anorthite CaA1281208
K-feldspar KAlSi3O8 3
. " . 3
annite KFe3A1513010(0H)2 3
sphene _CaTiSiog 1
—_— ]
ilmenite ‘f?eTiO<» §
magnetite Fe304 ;
i
quartz ‘ sio, :
water HZO f'
calcite . CaCO3
muscovite KA13813010(0H)2
epidote CazFeA125i3012(OH)
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Figure 4.2 Petrogenetic grid involving the phases
(ferrotremolite-ferrotschermakite) -
cummingtonite-hedenbergite-almandine-
anorthite-quartz—wate{.

Mineral parageneses are projected through
SiO2 onto the Al,0,-CaO-FeO plane (see

273
inset) and apply only to quartz-bearing
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assemblages. \ IR
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the petrogenetic grid was constructed using the

Zen, 1966) ., N

minerals,
geometric approach of Schreinemaker's (cf.
Hence, the resulting diagram is entirely qualitative and

not fixed in P-~T space. It is to be noted, for instance

that, as only the slopes for the reactions are correct,
units along the P and T axes of Figure 4.2 are arbitrary,

with the only requirement that 25°C along the T-axis equals

1 kb along the P-axis,.
All univariant reactions, together with values
e

for their P-T slopes are listed in Appendix 4. Slopes for

these reactions were computed from the relation
dP/dT = AS/AV, using entropies calculated for an assumed
pressure and temperature of 5 kb and 900°K (=627°C),
respectively.

Entropies for the various minerals are also given

(\\\in Appendix 4 and were calculated as follows:

1. Assume that the difference in entropy between

CaAlZSiO6 and CaMgSi206 represents a fair estimate for the

substitution AlVIAlIV;ﬁ:MgSi in the amphiboles;

S

~

2. Assume that the difference in entropy between forsteéite
and fayalite represents a typical value for the
substitution Mg & Fe;

3. Assume that the difference in entropy between Ca-olivine

and fayalite represents the difference 2/3'(Sgrossular_salmandine

A

).

30 oS
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It is evident that the scheme proposed here is
sim#lar to the additivity model by Fyfe et al, (1958, since
thefmajority of the substitutions (Mg&=TFe, AlVIAlIVF=ﬁMgSi)
inv#lve only minor volume changes. Support for the essential

coyrectness of our procedure can be found in the calculations

298 . .
fov Salmandine by Zen (1973), which differs only by 0.6
caﬁ/deg gfw from our value, well within the experimental
298

uncertainty of 1.3 cal/deg gfw stated for Sgrossular by

Robie and Waldbaum (1968). It may also be observed that no
conflict arises in the sequence of the univariant lines
afounq the in;ariant points, which is in further support )
of the correctness of the thermodynamic data (see Zen, 1966).
The petrogenetic grid resulting from the calcula-

Jions is presented in Figure 4.2. The lack of experimental
d%ta on the various reactions places a considerable
u%certainty on the position of the different invariant points,
but the configurq@éon chosen here, implying a higher thermal
stability for aluminous iron-rich amphiboles, results from
the observation that in thermally metamorphosed iron-
formations only tschermékitic hornblendes are found in
association with cummingtonite (Bonnichsen, 1969).

Of primary significance appears to be the observation

that the diagram (Figure 4.2) 1is essentially divided in two

parts, separated by the reaction (hb1) ™

*The common usage of parenthesizing that phase which does not
participate in a univariant reaction isremployed here. The
reactions involving the iron endmembers of the minerals are

designated as follows: (cpx).
intermediate (Mg-Fe) compositions are designated thus: (TPX)

Generalised reactions involving
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4Fe7518022(OH)2 + 4CaA1281208w—-7CaFe81206 + 7F93A12$13012 +

grunerite anorthite hedenbergite almandine

58102 + 4H20

iquartz  water ’

and the analogous reactions (cpx), (cpx)', and (cpx)", which
have slopes very similar to (hbl). At the high-pressure side
of the reaction the assemblage gnt-cm-an is no longer stable
and is replaced eithexr by the assemblage cpx (or hbl)-cm-gnt
or by cpx (hbl)-gnt-an, i.e. leading to the disappearance

of cummingtonite in plagioclase-bearing assemblages.

Since such a disappearance of cummingtonite in the
presence of plagioclase and garnet is found in high-pressure
metamorphic terrains (Barrovian facies), where cummiygtonite
may only be found in iron-formations in the absence of

plagioclase (Klein, 1964), we may assume that the reaction

(hbl) will take place at pressures around 7 kb (Winkler, 1967).

It is clear that the diagram can only be realisti-
cally evaluated if magnesium is added as another component.
Addition of magnesium will not drastically alter the slopes
of the different reactions (compare, for iﬁstance, the slope

of 35°C/kb for decomposition of both tremolite and ferro-

tremolite; Ernst, 1966), but the invariant points, particularly

the one involving tremolite, will be displaced toward higher

temperatures and pressures, relative to the magnesium-free

reactions, It is also to be anticipated from the work by
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Figure 4.3

.

Suggested disposition of invariant points
involving magnesium-free and iron-free
compositions in the petrogenetic grid

of Figure 4.2
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Jasmund and Schaefer (1972) that'the invariant point involv-
ing magnesiotschermakite, if stable at all, will be located
at a lower temperature than the tremolite point.

It is probably safe to assume that the reaction
(hbI) of iron-free compositions will be located at consider-
ably higher pressures than its iron-rich equivaleﬁt. A
similar relationship holds, for insFance, for the reaction
3 cordierite & 2 garnet + 3A1,8i0; + 9 quartz, where the
magnesian reaction is located some 8-10 kb above its ferrous

equivalent at the same temperature (Weisbrod, 1973;

Schreyer and Seifert, 1969). A curious result of this

arrangement of invariant points is, that for a given pressure,

the magnesian equivalents of the reactions (cpx), (cpx)‘',
(cpx) " occur at lower temperatures than the ferrous ones
(Figure 4.,3). This is probably the principal reason why, in
aluminous rocks (those lying in the vicinity of the join
CaAl,Si,0.-(Mg,Fe),Sig0,,(0H),) of coexisting hornblende-
cummingtonite pairs, the latter is the more magnesian
(Klein, 1968), whereas in metamorphosed iron-formations
{sub-aluminous) cummingtonite is the more iron-rich amphibole
(Camexon, 1971).

It is probable that in QFrts of the P-T range
covered by Figure 4.2, reactions involving other phases will
be more stable than the ones chosen, and a complex topology

for natural assemblages will result from the introduction of
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.
other minerals such as chlorite, gedrite, cordierite,

~ reats

ata

orthopyroxene, fayalite and magnetite., Gedrite and

cordierite will, for instance, appear at Fe/Mg ratios for

W ratad EananE aTRRE

which garnet is no longer stable at low pressures, as shown

by the work of Hsu and Burnham (1969).

Thé(petrogenetic grid confirms the conclusion

i at aZeRdan e £

drawn from many textures (e.g. Plate III), that cummington-
ite formation takes place through reaction of hornblende
with quartz, occasionally in the presence of garnet.

Prograde cummingtonite formation is due to the

Y MNP i i A

.

following reactions:

. . . —
(cpx) 7Ca2Fe5818022(0d) + 14Fe Al 81 Olz + 188102 + 4H20,_.

ferrotremolite almandlne quartz wvater .

SRS

llFe 818022(OH)2 + l4Canl 81208 i

cummlngtonlte anorthite -

' 3 3 —
(cpx ,w) CaZFe Al 516022(08)2 + Fe3A12513012 + ZSlOzg——

ferrochornblende

Fe 818022(OH)2 + 2CaA1281208

" 3 omm—
(cpx,gnt) 7Ca2Fe3A14816022(OH)2 + 103102,___3Fe 318022(OH)2 +

ferrotschermakite

14CaAl,Si 0, + 4H,O

277278 2

The reaction (Cpx,gnt)" has previously been proposed

by Shido (1958) to account for the formation of cummingtonite
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in rocks from the Abukuma Plateau in Japan.

As most cummingtonite-bearing rocks from the Tallan

Lake Sill contain biotite and ilmenite a more complex

reaction than (cpx), (cpx)' and (cpx)" must be written.

Mineral textures suggest a reaction of the type hornblende +

. . + . . .
garnet + ilmenite + quartz + K &biotite + cummingtonite +
2

plagioclase, but detailed chemical information on the dif-

ferent phases would be indispensable to write a balanced

reaction.

Retrogression of the prograde assemblages is

usually realised through the entry of biotite and calcite

in the assemblage.

Another feature that accompanies the introduction
of calcite, is the renewed growth of garnet in ferrosyenites.

This is clear from the poikiloblastic, euhedral habit of

), which contrasts strongly
o

these garnets (e.g. Plate V
with the rounded forms found in more magnesian compositions.

It is evident from the relation G = G° + RT 1ln f£/f° that a

1owefing of the fugacity of water will result in a decrease

of its free energy, thus causing dehydration reactions to be

displaced toward lower temperatures. It is clear then,

that with increasing COz-content of the fluid phase the
invariant points in Figure 4.2 will all descend along the

P-T paths for the reactions (w), the only reactions which

are not influenced by a lowering of fH 0" Such behaviour
2
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will affect the two cummingtonite producing reactions (cpx)
and (cpx)" in different ways: at constant temperature,
(cpx) will be displaced toward lower pressures, while (cpx)"
will be shifted toward higher pressures. Since in iron-
rich compositions AG for the latter reaction is probably
positive, the effect on (cpx) should be most apparent in
these rocks. We have indeed found textures (newly formed
garnet, hornblende porphyroblasts overgrowing an older
hornblende phase and associated with some calcite) in
support of the reaction cm + angz==gnt + hbl + gtz, in sample
708, which is located some 20 meters higher in.the strati-
gr;phic section (and therefore less magnesian) than sample
508, which (still) contains cummingtonite in addition to
garnet and hornblende.

I As soon as calcite appears we may consider the

reaction (cpx):

7 actinolite + 14 garnet + 18 qguartz + 4 water =211 cummingtonite

+ 14 anorthite

to be the reaction (cc,COz) of the net involving the phases
gnt—act—cm—an—pc—qz—fl(C02+H20) (Figure 4.4). It will be
observed from this diagram that with falling temperature (or
increase in C02/H20 of the fluid) also the reactions (cm)

3hb, + 5an + 11C02;==Sgnt + 19gz + llcc + 3w and
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_\GnE,an) THb, + 14602v—""-—‘35cm + 16gz + l4cc + 2w will be

crossed in rapid succession, The latter reaction has almost
certainly taken place in a garnet deficient rock sucﬁ as 305
(Plate XIV), in which no previous exsolution of cummingtonite
was recorded, while the former may be responsible for the
formation of "atoll-garnets" embedded -in calcite (Plate V),
which are fairly common in retrograded ferrosyenites of the
Tallan Lake Sill. Here, the tschermakite compoﬂént of the
hornblende has probhably reacted with potassium and CO2 of
the fluid phase to produce biotité, garnet and calcite,

Thus, most mineral textures lend support to the conclusions

drawn from a simple, theoretically derived petrogenetic

grid.

4.3.3 Reactions in other assemolages

4.3.3,a Leucosyenites

It might be expected from Figure 4.4 that ‘cummington-
ite should:-be a ubiquitous phase in the iron-rich syenites,
when calcite is presenéi That it is lacking altogether is
the result of the incompatibility of cummingtonite and alkali

feldspar (which is invariably present), which can be expressed

as follows:

3Fe7818022(0}l)2 + TKA1Siy04 + 4}120@7“%1\1313010 (OH), * 245i0,

R S

iy e

T .
A T e

v
& este s, e

P A

it S it e




Figure 4.5 Isobars for the reaction
5 phlogopite + 6 calcite + 24 quartzs=2
3 tremolite + 5 orthoclase + 21120 + 6C:O2

(Hoschek, 1973)



109

U2 T RO A Y 2 vt . . Pt O Aoy, i it i

* O ATIATR L THL ST 0

6 KB

4 K

Phi
CcQz

Tr
v Or

2

2KB

A
.

650

600

T (eC)

550t

500 ¢




At

110

The reaction (gnt,an) from Appendix 4 can, therefore,

be restated in the presence of K-feldspar as:

. ) . . .
3Ca2Fe5318022(0H)2 + 5hA18l308 + 2H20 + 6C02v—-5KFe3A1813010(OH)2

+ 24Si0 (1)

+ 6CacCo 2

3

Textures, affirming that the reaction proceeds to
the right, are widespread and, for example, are illustrated
in Plate XV. The magnesian equivalent of this reaction
(involving tremolite and phlogopite) has been experimentally
studied by Hoschek (1973) (Figure 4.5), but may be more
relevant to the discussion of magnesian marbles than ghe
iron-rich compositions envisaged here. Note may be taken
of the fact, however, that Carmichael (1970) has delineated
a biotite isograd, based on this reaction, around the Copeway
Pluton, southeast of the Tallan Lake area, which apparentlyA
transects different lithologies, and it is possible that
the reaction temperature is largely independent of Fe/Mg
ratio, t more \esponsive to changes in HZO/CO2 of the

fluid fphase.

It may bge argued, however, that since the reaction
N

(cbx) of Figure 4.2 wfilgbe displaced toward lower tempera-

tures in more magnesian gompositions, and following the
{/ v .
rbasoning applied in the preceding section, reaction (1)
!
w&ll be similarly affected. The coexistence of tremolite

and alkali . feldspar in magnesian marbles certainly corroborates

e TeaaTe e e e,
T"I‘J{,m«-rm..m-—..wx,)" > ) .
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Figure 4.6 Isobars for the reactions

(1) 2 zoisite + Coze=%3 anorthite + calcite + HZO

(2) K-feldspar + anorthite + H,0 + CO,&=

muscovite + calcite + 2 quartz
(3) 2 zoisite + 3 K-feldspar + 4CO, + 2H,0 ==
3 muscovite + 4 calcite + 6 quartz

(Hewitt, 1973).
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such an argument, especially in view of the higher COZ/”ZO
ratio to be expected in such rocks (Figure 4.5).

In some syenites (e.g. 219, Plate VII) biotite has
broken down to form a green mica, probably akin to ferriannite
(Eugsger and Wones, 1962), and muscovite, which coexist with
plagioclase, quartz and calcite. This assemblage is of !
interest, not only because it is indicative of the oxidising
potential of the C02~bearing fluid, but also begause the

coexistence of muscovite, K-feldspar, plagioclase, quartz

and calcite can be related to the following reaction:

KA1Si.O_. + CaAl.Si.O_ + H,O + cozv-éxm §i,0,,(OH), + 2Si0

7378 277278 2 3773 2
alkali . N .
feldspar anorthite muscovite quartz
+ CaCoq
calcite

which has been experimentally studied by Hewitt (1973)
(Figure 4.6).

Closely related to this assemblage is the association
tremolite-epidote-plagioclase-K-feldspar-calcite-quartz-sphene-
magnetite in sample 2617 from a leucosyenite dyke. The fact
that alkali-feldspar and magnetite coexist here points, as

Eugster and Wones (1962) have shown, to a relatively high fo

16 17 2

(in the order of 10 ~° or 10 ' bars or higher, at a total
pressure of 2070 bars). This is entirely consistent with the
coexistence of epidote and quartz, the lower stability of

which lies in the same range of oxygen fugacities
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(Holdaway, 1972). Although calcite is fairly abundant, it

is clear from the data by Hewitt (1973) that XCO of the
2

fluid phase must have been fairly low (Figure 4.6). XCO

2

is of necessity lower than in the leucosyenites (ms-cc-qz

~
stable), but the temperatures of formation of both assem-

blages may have been very similar. We may also point.to the
fact that from Hoschek's (1973) data the stability Of
tremolite and alkali feldspar is to be expected in 2617,
indicating good agreement between the various eXpérimental :
procedures and natural rock systems. Almandine garnet is
probably unstable relative to epidote at high fO . and the

: 2
occurrence of the latter in veinlets of K-feldspax, which

PR R P I A PR W Ry

in addition carry hematite (sample 69-29-3; Plate X),

probably represents the most oxidised assemblage encountered.

PP rS N

We must also point to the preponderance of sphene in this

sample, a mineral that apparently always has formed in

A st . 4

response to elevated fO . :
2 Y

4.3.3.b Three amphibole assemblage

The assemblage gedrite-hornblende-cummingtonite-
plagioclase-ilmenite-magnetite of sample 1317 (Plate XI1I),

is interesting in view of the apparent rare occurrence of

multi-amphibole assemblages. Three reports on the coexistence

of three and even four amphiboles (always involving the phases
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Table 4D, Chemistry of amphiboles and whole rock
containing 3-amphibole assemblage
1 2 .2 . L2
1317 Hornblende Gedrite Cummingtonite
SiO2 47.90 43.26 43.61 54,54 .
TiO2 1.68 0.84 0.47 0.18
1\1203 15.18 14.19 14.26 2,07
Fe203 3.94 - - -
FeO 8.80 14.93* 20.56* 20.23*
MnoO 0.29 0.27 0.48 0.46
MgO 9.20 12.38 15,55 19.28
Cao 6.08 3.08 0.82 1.06
Na,0 4,52 2.18 1.96 0.13
K,0 0.08 0.12 <0.01 0.03
P20 0.29 n.d. n.d. n.d.
> + + +
H20 1.60 2.03 2.06 2,09
co, 0.13 - - -
Sum 99.69 99 .28 99.62 100,07
* Total Fe as FeO
+ Calculated from structural forrula
H blende: N C Fe Mn M Ti AlVI AlIV Si o)
orn : A 65°21.44°%1.84 ", 0392, 727 097 . 85711 .62°%6.38722
N OH)
Gedrite: Na ..Ca .F Mn M i A1V oAV o si. 0
edrite: 2 522 13%2 53" 06'93.41° 1,057 .88771.5976.41722

Cummingtonite: Na o) Ca jgFe; 43Mn ggMIy 12T1 2Rl 1971 18517 5202210

1
2

(OH) 2

K. Ramlal, University of Manitoba, analyst

L. Curtis, University of Toronto, electron probe analysis
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cummingtonite, hornblende, gedrite and anthophyllite) have
so far appeared in the literature (Goroshnikov and Yur'yev,
1965; Robinson et al., 1969; Stout, 1972), and the present
work offers the first description of the assemblage
gedrite-hornblende-cummingtonite. Microprobe analyses of
the minerals were obtained through the courtesy of

Mr. L. Curtis at the University of Toronto, and are listed
in Table 4D. An "instantaneous" reaction (assuming analysed
minerals to be present among reactants and products, and
probably only valid for a small increment 4PT) can be
written using these compositions and other phases present
with the addition of quartz:

’ LN
7.3250 gedrite + 12.0326 hornblende + 49.1664 quartz + 1 02$==

13.8267 cummingtonite + 27,0804 An + 1.0829 ilmenite +

59.15

2 magnetite + 5.5309 H,0 (2)

In view of the staggering consumption of quartz, it
is evident why this mineral is absent in the assemblage.
The similarity of reaction (2) to the reaction

(cpx): 7hbl + l4gnt + l8qz + 4H20€==llcm + l4an, is fairly

obvious and it probably replaces the latter at lower Fe-values,

It is therefore not clear why three amphibole assemblages are
not more common, especially since the whole rock analysis
yields a composition similar to the average spilite

(Vallance, 1960) (see Appendix 2a).
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4.3.3.¢c Calc-silicate assemblages

In magnesian calc-silicate marbles, the assemblage
tremolite-calcite-quartz is predominantly found and it
replaces, as many textures suggest, the mineral diopside.

Some calc-silicate bands contain large amounts of biotite,
however, and here diopside, not tremolite, is usually present.
Since alkali feldspar is common in both assemblages, we may

interpret these assemblages as follows:

(1) XCO in these bands was lower than in the marbles,

2
decreasing the temperature of the reaction 5 diopside + 3CO2 +
H20§=ﬁtremolite + 3 calcite + 2 quartz (Metz, 1970); ?

(2) As observed before, the reaction 3 actinolite + 5 K-feldspar
+ 6CO, + 2H20§ﬁ=5 biotite + 6 calcite + 24 quartz is, with
increasing Fe, displaced toward higher temperatures at the

prevailing pressure of metamorphism.

4,4 Summary

Although the distribution of a few accessory minerals
such as apatite, zircon and allanite reflects an original,
igneous stratigraphy within the Tallan Lake Sill, it is clear
that the majority of the minerals present have formed during
metamorphism of the sill. Four different assemblages, which
are the result of chemical variation within the sill, have

been distinguished, but the combined effects of retrogression

L e RO
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and granitisation have led to the distinction of 13 sub-
assemblages (Table 4B).

These parageneses form part of an ll-component
chemical system, in which a divariant assemblage consists of
9 solid phases. Since laboratory systems are not usually
concerned with such complex chemical systems, a thgoretical
approach using the Schreinemaker's method of phase analysis
(cf. Zen, 1966) was employed to study reaction relations in
the assemblage hornblende-cummingtonite-garnet-plagioclase-
quartz. )

The petrogenetic grid thus derived offers support
for a number of reactions postulated earlier on the basis of
mineral textures (Figures 4.2 and 4.4).

It is clear, for instance, that most cummingtonite
has resulted from reaction of hornblende with quartz, which
is a‘prograde reaction, although some has formed in the
presence of calcite during retrogression of the assemblages,
when metamorphic temperatures declined, accompahied with an
increase in XCOZ of the fluid phase. Although conclusions
drawn from the petrogenetic grid are only qualitatively
correct: they are supported by mineral reactions in other
assemblages which are amenable to a quantitative approach.
Four such reactions are collected in Figure 4.7. Of these,

reactions (2,3) and (4) define the metamorphic peak, since

almandine-rich garnet is present in Tallan Lake amphibolites
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Figure 4.7 Summary of reactions relevant to Tallan Lake

assemblages.

A
X P et i et Wit T

The hatched area indicates the maximum PT

conditions attained during metamorphism of

the sill, = !

= - :

(1) ms + cc + 2gze=kfsp + an + CO2 + H20<at XCOZ—.S :

(Hewitt, 1973) ¥

(2)&(3) trem + 3cc + 2qzg25di + 3CO2 + H20.at X =,1 :
C02

s
3
H
5
#
¢
A
g,
)

and .75 {(lletz, 1970)

(4) chlorite + quartzzalmandine + H_O (Hsu, 1968)

2

(5) epidote + quartzsepidote + grossular__ +

anorthite + H,0 {(Holdaway, 1972)
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and diopside is an ubiquitous phase in the surrounding
marbles. The minimum pressure and temperature so defined
lies at 3.5 kb and 615°C, so that/ﬂ/reasonable quess would
be 4-6 kb and 625-650°C for the ;;ximum pressure and
temperature attained, which is in complete accord with
previous estimates (Jennings, 1969; Dostal, 1973). Retro-
gression was caused by a decrease in tenmperature, as is
clear from intersection with reaction (l): Kfsp + an + CO2
+ HZOF“Ins + cc + 2qz. Intersection at 560°C and 5 kb is
possible when the participating plagioclase is close to
Anloo in composition, but for compositions of Anlo, as 1is
the case for many Tallan Lake syenites, a temperature around
500°C (Hewitt, 1973) seems more realistic,

The fact that almandine garnet is formed duriﬁg

retrogression may be relatﬁd to a significant lowering of

ﬁn o during that event. The temperature of 500°C for
2

peristerite exsolution, calculated from the structural state

‘of coexisting feldspars (Viswanathan and Lberhard, 1968) is

also in agreement.with conclusions reached here,

It can further be seen from reaction (5) that
grossular garnet is not to be expected in the regionally
metamorphosed rocks of the area. This agrees with the
observation that grossular skarns are only found at the
contact with the Tallan Lake Sill.

It is to be hoped that future experimsntal work will |

2

Q_

e PR L s Sl P T A BN P RN NS 2 A Ak 3 s an % oa -

> e eww AN Y ks

R iy v W)
e Al A g faa e




M.w} ; ’

120

outline such important reactions as (cpx) and (hb) in
Figure 4,2. Only then, and in combination with chemical

data on the minerals, can a precise estimate of metamorphic

conditions in this area be realised.
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CHAPTER 5

REGIONAL ASPECTS, SUMMARY AND CONCLUSIONS

In this chapter many of the conclusions reached in
previous sections are repeated in brief., It is felt, however,
that, since many of the observations applying to the Tallan
Lake Sill, apply to most rocks in the Bancroft are&, a

certain "regionalisation" of these conclusions is warranted,

(1) The chemistry of the Tudor volcanic is, when spilitisa-
tion is accounted for, not distinctly different from modern
fload basalts and only sliggtly so (higher Fe/Mg) from mid-
oce;n ridge basalt, A distinctive serieg of calc-alkaline,
fragmental rocké,is found on top of the sequernce, and may
be related to development of an island arc (Figure 5.1).
Present day equivalents of such a tectonic environ-
ment, with pene-contemporaneous development ofstholeiitic
plateau basalts and calp-alkaline rocks are found in the
Columbia River Plateau (High Cascades) and in the Caribbean
Basin (Lesser Antilles Axc; calc-alkaline series in both

instances parenthesised) (e.g. Donnelly, 1973}, -
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Feotot vs., MgO for Tudor metavolcanics
(Sethuraman, 1970). Conmpare with
Figure 3.la.
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(2) The spilitisation of volcanic and intrusive rocks in
the Bancroft area has not resulted in a significant increase
in potash contents. Indeed, bona fide spilites (e.g. sample
1317, Appendix 2a) are very low in K,0. Consequently, it is
not likely that chemical alteration took place as a result
of low temperature interaction with seawater (Thompson, 1973).
The low potash contents are more reconcileable with
processes (ion-exchange on plagioclase, devitrification of
glass and corresponding changes in chemistry), taking plaée
during diagenesis and burial metamorphism, as demonstrated
for the Keweenawan volcanics (Jolly gnd Smith, 1972), Since
the fluid in the pore spaceé would be expected to become
saturated with respect to some c?gponents at a faster rate
than would be the case with open seawater, the residence time
will be considerably shorter in the former case. Redeposition
of various elements will take place, and this may account
for the occurrence of localised calcium-rich pockets in mafic
volcanics observed by Jolly and Smith (op. cit.) and the
redistribution of alkalis, so strikingly demonstrated in

felsic volcanic terrains, The occurrence of "epidote-bombs"

(Jennings, 1969; Evans, 1964) in mafic voicanics may be an

expression of redistribution of calcium in mafic metavolcanics
in the Bancroft area, and the variation of alkalis in the

Silent Lake "pluton" has already been noted (Appendix 2a,c).
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(3) The chemistry of the Tallan Lake suite is very similar
to that of central volcanic complexes in flood basalt
sequences. The former are distinctly higher in TiO2 and
lower in CaO than the latter, and give rise to a marked

chemical discontinuity in the lavas of many plateau basalt

—_—

series iii;rpson, 1972) . 'The origin of this "Thompson Gap"

is beligve y& be due to protracted fractionation of clino-
pyroxene in/heep seated magma chambers,

Lg«magwglternatively be proposed that many of these
central volcanoes are the result of hot spot activity in
the mantle (Morgan: 1971), and prob;bly reflect the effects
of relatively deep melting in ;he mantle, as opposed to the
fairly shallow and extensive melting that must have given
rise to the formation of the flood basalts, This would
adequately account for the high titania contents in the
former (e.g. McGregor, 1968) and the fact that alkalic rocks
frequently occur side by side with tholeiitic magma (Yoder
and Tilley, 1962; Kushiro, 1972). 1If it is proposed that
the alkaline rocks of the Bancroft area afe essentially
coeval with the anorthositic gabbros and albite syenites, and
if the difference in age (1250125 m.y. for albite syenites;
1285*4i m.y. for Blue Mountain nepheline syenite; 1310%15 m,y,
for Tudor volcanics; Sil;ij/ﬁgd Lunmbers, 66; Krogh, 1964)
between the intrusive an extrusive epochs iB considered, it

-

is seen to be similar to that of moderdh situdtions (Columbia

et ot A 8y Bt
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River basalts/Snake River basalts; Locene-Miocene/Recent;
Icelandic Plateau basalt/East Iceland central volcanic zone:
Miocene/Recent) in which the hot spot concept is invoked to

explain the different chemistry of the central volcanoes,

(4) Petrographic and chemical considerations support the
concept of consanguineity of the albite syenites with the
Tallan Lake Sill, and by extension, with the gabbroic
intrusives in the Bancroft area in general. The proposed
differentiation mechanism involves separation of liquid
from a layered magma chamber, quiescent crystallisation,
subsequent disruption, roof collapse and relatively clean
separation of the syenite liquid. The concentration of the
syenite in a restricted volume within the sill might point
to the formation of a volcanic conduit., The occurrence
of parasitic cones, erupting only highly differentiated
liquids, is a well known phenomenon in -central volcanoes
(e.g. McBirney and Williams, i969{.

On the assumption that the model presented here is
generally applicable, we might expect the following
relationship between extrusive and intrusive events in a

plateau basalt series:

d’ (a) e&trusion of primitive olivine tholeiite along -

fissures on to the surface; -

{b) intrusion and convective crystallisation of

magma, due to hot spot activity, aggregation of residual magma
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pockets or a combination of both;

(c) extrusion and strata-bound injection of highly
evolved, iron-rich liquids;

(d) quiescent crystallisation of ferrogabbro;

(e) extrusion and injection of syenitic (trachytes)
and possibly peralkaline (pantellerites) liquids,

‘The common presence of two distinct Themical dis-
cohtinuities in anorogenic, volcanic suites, the low Feli -
high FeTi transition (Thompson, 1972) and the baly Gap,
separating basaltic and trachytic compositions (Chayes, 1963),
might be so explained. It is to be noted that the silicic
differentiaéesvin both the Thingmuli suite (Carmichael, 1964)
and the Snake River suite (Tilley and Thompson, 1970) have
invariant liquidus temperatures (see Figure 3,la), so that
it must be presumed that they all were extruded at the same
stage of differentiation, their differences in chemistry

being due to variable proportiéns of the phenocryst materials,

(5) The recognition of recumbent folds of large amplitude
avidently necessitates a revision of the stratigraphy, and
long range stratigraphic correlations, such as made by
Lumbers (196?), however praiseworth&, can no longer be
unquestionably accepted, Chemical methods of stratigraphic
correlation may be of use in future studies, since it would

seem that Na/K ratios of silicic rocks are some indication of

.
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the plagioclase contents of altered, and subsegquently

metamorphosed rhyolites,

(6) Although experimental data do not allow us to estimate
the temperature maximum attained during metamorphism of the
Tallan Lake $ill with sufficient precision, the minimum
estimate of 625°C at 4 kb pressure is in harmony with that
of 650°C and 5.5 kb by Jennings (196%9). Metamorphism would
therefore appear to be of the low pressure intermediate

type of Miyashiro (1961), which accords with the pressure
type recorded in other amphibolite terrains where assemblage
garnet-cummingtonite-hornblende is present (Hietanen, 1973;
Robinson and Jaffe, 1969).

The significance of the reaction cummingtonite +
plagioclase = clinopyroxene + garnet and its hornblende
eauivalent cummingtonite + plagioclase& hornblende + garnet,
in addition to the reaction orthopyroxene + plagioclase &
clinopyroxene + garnet, as potential geobarometers in
amphibolite and granulite te#rains, is to be emphasised,

In this respect we may note the absence of cummingtonite in
garnet-bearing amphibolites of the Adirondack Lowlands

(Engel and Engel, 1962) and the brgakdown of orthopyroxene

in granulites of the Adirondack Massif (de Waard, 1967), i

whereas cummingtonite and orthopyroxene (also: wollastonite/'

in calc-silicate granulites) are stable in the amphibolite
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and granulite terrain of the Hastings Basin and Frontenac
Axis area, respectively (Wynne-Ldwards, 1967). Such distinct
pressure types may perhaps not constitute a classic paired
metamorphic belt (Miyashiro, 1961) but that a severe

tectonic disturbance separates both sides of the St. Lawrence
River is indicated by the fact that the two stratigraphic
successions, worked out for the Frontenac Axis by Wynne-
Edwards (op. cit.), and for the Adirondack Lowlands by Engel
and Engel (1953), although dipping in the same direction, are

nearly exact mirror images (Wynne-Edwards, 1967),

(7) From the association of muscovite and calcite and the
omnipresence of peristerite in leucosyenites, it is clear

that retrogression has been prevalent and has extended the

‘temperature range of metamorphism down to around 500°C.

The widespread occurrence of retrograde assemblages
in the northern part of the Hastings Basin and adjacent
portions of the Haliburton Highlands (Jennings, 1969; Lal and
Moorhouse, 1969) contrasts sharply with their near-absence
in central parts of the basin (Lumbers, 1967), and might
reflect the slow cooling of the gnelss domes separating the
Hastings Basin and the Haliburton Highlands. The retro-
gression of cordierite to chlorite, kyanité and andalusite
described by Lal and Moorhouse (op. cit,) is of particular

interest, since kyanite and sillimanite are usually formed
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in prograde assemblages from the area (Carmichael, 1970;

Sethuraman and Moore, 1973). A decline in pressure during

P!
\

metamorphism seemé required, which might be due to uplift
and unroofing of cover rocks after emplacement of the gneiss
domes. The general occurrence of all three AlZSiOS-polymorphs
in this particular tectonic setting is of interest (Albee,
1968; Hietanen, 1966; Reesor and Moore, 1971).

It is also possible that the intersection of uni-
variant reactions with steep P-T slopes, such as
hornblende + garnetg&=cumminqgtonite + plagioclase and
staurolite &2 cordierite + AlZSiOS (Ganguly, 1972) which are
of common occurrence in the Bancroft area, may be due to

s
such uplift,

(8) Although the viscosity contrast between/é;;;zk‘c basement

and overlying volcanic sedimentary cover of the Grenville
Group may have been sufficient to generate the gravitational
instability, presuélbly required for initiation of diapiric
doming (Ramberg, 1971), it has been convincingly argued by
Rosenfeld (1968) and Fletcher (1972) that such doming will
be greatly enhanced by intrastratal flow. That the latter
possibility mdst be entertainéd for the Bancroft area, is
shown by the preva{gnt boudigage of competent beds, the
ubiquity .of dragfolds in marble, the inferred preésence of

nappe styuctures on a regional scale, and the occurrence of:

isoclinal folds in outcrop (Carmichael, 1967; Evans, 1964),
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notably in the gneiss domes themselves., The fact that
minerals formed during the "main" metamorphic event frquently
cross-cut foliation, the presence of triple points in
plagioélase—rich rocks (vVall, 1960), the annealing of broken
plagioclase and theéintrusion of post-kinematic, unfoliated
granitic dykes, are all arguments in favour of a relaxation

of tectonic stresses prior to the thermal maximum,

+

As is clear from the foregoing the Tallan Lake Sill
reflects in many ways the problems associated with many
Grenville Province rocks, which cannct be settled by study of
the Tallan Lake rocks alone. Persistent questioning of these
rocks in the light of their regional setting, however, must
eventually lead to a satisfactory solution of many Grenville
problems.

The present author hopes to have made a contribution
in this respect, but, failing this, can only wish to have

raised more of the pertinent gquestions to be asked.
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WITH OTHER SERIES
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120 1 2 3
sio, 48,48 48,44 48,13 47.99
Ti0, 2,84 2,95 3.53 3.99
A1,0, 12.87 13,15 13.29 13.24
Fa,0, 3.36 3.78 4.72 1.61
FeO 10.45 9,92 9.53 13.60
Mno 0.23 0.24 0.22 0.20
MgO 5,68 5,62 5.63 5,32
Ca0 9,36 10,79 10.11 9.56
Na,0 4.55 2,57 3.10 2,64
K,0 0.38 0.43 0.63 0.91
P,0g 0.44 0.42 0.43 0.69
H,O+ 1,32 0.70 0.60 0.03
H, 0~ 0.15 0.75 0.13 0,02
c:o2 0.42 n.d. n.d. n.qa.
sum 100,53 99.76 100,05 99,83

. 420 TL=61-45 4 5

» 810, 46.34 46,00 46,04 45,78
T30, 3.52 4.36 3.11 3.24
Al,0, 11.12 13,00 13.91 14.29

. Fo,0, 3.19 3,90 2,76 2.74
FoO 14,66 14.15 13.91 13,35
MnO 0.33 0.32 0.30 0.27
Mgo 4,13 4.30 3.89 4.4
Ca0 8.41 8.60 7.48 8,74
Na,0 3.61 3.10 3.45 3.08
Ko 0.54 0.50 1.88 1,66
P,0; 2,28 2,33 2,28 2,22
HaO+ 1.07 1.20 0.74 0,37
0~ 0.09 , 0.13 . 0.08
co, 0,15 0.04 nd, ~n.d,
Sum 99,44 101.80 100,02 . .100,23
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303 605A  69-29-5 6 7 8
10,  43.72 42.05 42,00 43.05 41.30 45.87
40, 4.08 4.12 4.88 2.54 6.10 4.65
A1203 10.05 13.44 13,00 10.58 13.20 10.66
Fe,0,  3.59 4.07 3.50 4.49 4.80 4.11
FeO 19,25 19,87 16.54 18,23 14,00 15,59
MnO 0.61 0.41 0.38 0.22 0.27 0.29
MgO 3.41 4.28 4.80 3.92 4.50 3.50
cao 8.15 9.61 8.60 10.37 9.60 8.28
Na,0 2.49 2.94 2,71 3.39 2,50 2.84
K,0 0.42 0.42 0.52 0.30 0.20 0.96
P,0¢ 1.83 1.64 2.43 2,95 0.92 1.70
H, Ot 1.20 1.30 L s3 0.11 o 70 1.42
H,0- 0.11 0.18 0.16 ' 0.47
co,, 0,59 0.27 0,96 n.d, n.d. n.d.
sum 99.50 99.57 100,90 100,31 98,10  100.34
T1-61-35 69-28-2 309 9 10 11

sio,  47.10 50.50  51.95 46.84 51,14 52,10
Ti0, 2.75 3.03 1.84 2.75 2,41 2,80
Al,05 13,00 14,50 13,24 13,58 13,95 - 11,50
Fo,04  3.80 3.00 3.63. 4.43 2,15 6.40
Fao 16,18 13.85 13,86 13,84 12,97 14.20
Mno 0.37 0.32 0.37 0,25 0.44 0.31
MgO 3.30 2.60 1.83 2.92 2.21 0.70
Cao 6.40 6.30 5,99 8,58 6.56 6.20
Na,0 2,92 - 4.58 4,54 3.30 3,59 3.60
X,0 1,33 0.44 0,45 2,00 2.33 1,70
P,04 1,52 1.31 0.66 1,03 - 1.59 0,91
129 136 0.0g 8% n.d. 0.22 0.60
B,0- 0,06 0.4, 0.12

co, 0.00 0,06 0.37 n.d. n.d, n.d,
Sum 100,10 101,50 99,64 100,26% 101,00

99,852

vy o o o, W e by
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69-30-2 207 — 606 12 13 14 15
si0, 53,30 53,76  56.37 55,34  55.60 56,75  56.45
T10, 1.92 1.31 1.20 1,93 1.59 1.29 1.50
AL,o,  13.80 13,51  16.44 '14.02 15,14  14.51  15.88
Fe,0,  3.00  4.20 2.9 331 6.22 2,39 2.60
FoO 12.10 12,99 8,13 8.73,  5.36  10.63 8.13
Mno 0.29  0.41  0.26 0.17  0.29 0.25 0,17
MgO 3.60 0,72 0.96 2,71 1,88 112, 1.06
Cao 6.60  5.87 3,91  6.54 5,08 4.56 4.39
Na, 0 3.44 4,09 6.37 4.54 5,95 4.02 3,56
K0 0.40  0.98 1,09 1.3 1.36 3.32 , 5.50
P,0g 0.43  0.26 0,28 0,65 0,66 0.63 ~  0.38
B 0+ g, 078 0.8 0.64 0,38 0.15  n.d.
1,0~ 0,12 ©0.08 0,18 0,14 0.03  n.d,
co, 0.74 0.30 1.49 n.d. n.d. n.d, n.d.
sum  100.60  99.27 100,37 100,09  99.65 99,65 99,62

~—

cea ot At ph—— %,
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105 210 310 110 16 17 18
sio, 62.13 64.30 68,31 69.73 59,27 61.90 62,12
Ti0, 0.85 0.41 -  0.45 0.36 1.12 0.357 > 0.80
A1,0, 13,10 .17.06 13.73. 13,23 13.68 16.75  18.16
Fo,0, 2.38 1.50 2.69 1.05 5.33 2,27 2,01
FeO 7.59 4,05 -  3.86 4,00 5,10 4.83 3,50
Mno 0.17 0.07 0.10 0,06 0.28 0.30 0.08
MgO 0.56 0.17 0.11 0.21 1.07 0.57 0.82
Cao 3,05 1,66 2,00, 1,85 4.76 2.30 3.17
Na,0 5,01 8.01 5.95 5,66 4.51 7.20 6.45
K,0 2,07 1.83 1.67 2,12 2,00 '3,25 1,49
P,0; 0.19 0.02 0.01 0.01 0.42 0.07 0.17
H,O+ . 0.97 0,32 0.30 0.54 1.42 0.20 0.68
H,0= 0.09 0.10 0,08 0,05 1.39 0.10 0.06
co, 1,73 0.13 0.20 0.80 n.d. n.d. n.d.
sum 99,89 99,63 99,44 99,67 100.35 100,07 99,51
B

19 20 21
sio, 62,70 66,18 69,80
Ti0, 0.44 0.67 0.34
A1,0, 18,41 14,55 12,90«
Fa,0, 0.63 5,55 0,70
FaO 2,37 1,59 2.40 .
MnO 0,05 . 0,11 0,08
MgO 0.40 0,38 0.21
Ca0 2,49 1,07 1.70 k
Na,0 3.85 5,91 4,80
K,0 . 7.59 2,91 - -3,10
P,0q 0.15. 0,11 6.07
H, O+ n.d, 0,96 3,40
H,0- ndert 0,26 0.40 - |
c02 n.4. n.d, n.4a.
sum 99,90

99.08 . 100,20
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A6

Olivine tholeil
(Carmichae

ita dyke. Thingmnull Volecane, Icaland

\

-

1, 1964)

Andalte-bearing olivine basalt, Galdbagoa Ialanda
(MoRirney and Williama, 1969)

Qlasa from MoKinney basalt., S8nake River Group. Idaho
(Tilley and Thomﬁaon. 1970)

Baaalt of Sunaah CQne Flow, Cratexrs of the Mooﬁ, Idaho
(filley and Thempaon, 19708 -

146

Middle fexrogabbro. Okenjeje Complexr, Namibia (Simpaon,

1954)

é

Perrodiarite. udh, Skaargaard Intruajion, B, Qreenland

(Wager and prown, 1967)

\

-
Pyke in anertheaiha. Mighikanau ano:thoaite. Labrado:
_(Bmalie, 1966)

Perrvogabbre, Doaver Bay Complex, Minnesota (Muix, 1984)

Jotunite. Roaring Byrock Valley, Adirendack Naan&ﬂ Now
Yoxk (nawaa:d. 1970)

aaea;t‘ Cinder nuhtea. cr\\sra of tha Mqon, Idaho

(Piiley and Thompadn

a70) . Toetal tngiudaa 0,12%

820, + 0,25% BaG; 0 R Fog, and 0,108

Laxrgoe &yke eutting anesthaa&ta and lawcogabbra, M&qh&kamau
anq:ehoaiﬁe. Labrador (Gmalia, 1966) (

Ioolandite, Dwnaan. :aland Gala?aqoa Aroh&gulaqa
;&gbirnay and w:x;&ama. 1%69)

Léucédiorite aclusion {n ‘einder cene. Jarvta :aland.
@Galapaged Axchipaelage . (quiwnay and Williama, 19G9)

Theloiitie andeaito, Dovil's orahard . Flow, G:atena oﬁ

*.¢ha M@qn.

A

Charnaakitq‘

Idahe (Tilley and Thempaen, 19%0)..
‘Roarin areek Va;lgy. aﬁ&eendaeka Manstt.

Naw York (Daowaard, 1970)

Andqa&ta dykq.
1964)

r

Thingmnl& Veleanq. Iealand (Ca&miehaﬂl.



.l?

18

10"

20

e |

.8cda trachyte, Jamce laland, Galapagos 1alanda

(MeBirnoy and Williamg, 1969)

Quarha-ayan&to‘ Inclusion in cinder cone. . Jorviu
Ialand, Galagagoa Arahipolaqc (Mcairnofﬂand
williama, 1969

Farasundito. Roaring Brook Vallay, Adxrondaoka Masuif,
Now York (DaWaaxd, 1970) .

Silicooun trachyto. - Jorvia lsland

alngaqoa /
Avchipolago (MeBirney and will{am

969)

Gl&nsy ma:gin of acld dyke, Thingmuli Voleano,
Icalan (chmiahaol, 1964)

e} J

\
S
N
1
Y
.
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S : APPENDIX 2 ' S
ALTERATION OF IGNEOUS RQCKS, COMPARED , .
WITH THD CHUBMISTRY OF RQCKS FROM THE DANCROFT AREA
: _ . (
. '. e , e ’ . . . . .
' . ‘ - ; "'( R : . .
< ‘ - » N ’ “. . ’ . . -




(a) Na=Ca exchangoe in wmafic rocks

1 2 3 A g O

840,  48.48 48,40 49,50  49.66  47.90  49.65 51,69

M0,  2.8¢ 2,95 1.6 1.2l 160 1,87 1,80
AL, 12,07 13,18 1474 14,77 18,38 15,18 18,47
o OOy 336 3.0 - SRS U -
. FeO 10,45 9,92  12,70* 11.07%  0.80 6,00 11,08
Mno 0,23 0.2¢  0.20 0.9 0,20 0.8 0,28
' Mgo 5.68  8.62 7.97 8,11 9,20 5,10 8,38
cao 9.36° 10,79 9,88 21,39 6,00 6,62 6,04
Nag0 488 2,87 348 218 482 4290 4.8
K0-© 0,30 0.43 0.21 0,44 0.08° -l.20 Q.22
P05 044 - 0u42 . 02 021 0,29 - 0.20
a0t 1.92 qfvo - T 060 - 3.49 e
HaO=. 038  0.78 - . = o .
coy - 042 na. - UL R
Sum. 100,53 99.76 100,01 100,00  99.69° 99,90 . 100,00

* Total Ee\qxgruaacd ag Fn& '
'} aampxe 320, Tallan hakn 8311 {thig wark)

2 oxtvino tholodita dyke, Thin mul&‘Valqanc xéulana (SampchQ Ol;
Caxmdchaocl xse&:y ' . ' %

3 Tudor voleanice matanaunltz avenage aa,aa analynnn (aunhunaman, 9?0)
Ntcoga Poninﬁula ehala&&to; ava:aqn of 6 ana;xanq (ueaaolly et.al‘.

5 ﬂatnhlenﬁa-quaritn-aumminﬁten&hq rack, aample l&l? tth&a merk;
D% Damdad, Uadwe Mandtoha, aﬁalx ) , o _

€ Avaraga eptl&ﬁo (Vallanea; 1960)...

X tvdra cd, albitiood qu unnwan banaltg nﬁera@o nt 14 anal aoa
~ l" gu’amamuu, 3 y



TN

ki ™
- o &

L

(b} Alteration of volcanic glassos
2 9 10 11 12
810, 50,92 42,22 43.24¢ 89,26  61.20
40, 1,28 2.22 2.16 1.72 - 1.64
1,04 16,29  17.72> 16,36  11.89 12,11
Fe263 9,91%  15,64%  4.99  4.93 3.54
FoO - - 17,10 9.2¢ 10,78
Mno n.d, n.4. 0.1l 0.23 0.06
MgO .17 1.99 4.63 -85.01 2,36
caQ 12.09 = 0,62 1.86 1.6l 1.82
Nag© 2,72 . 2,43 . 3.09 134 . 4.22
8a0 0.17 3,26 1,03 3,09 032
Py0q 0.9 0,04 0,78 n.d. 0,41
0% - nsd. n.d, 4,01 ;.3; 2,74
BgO= - nédy - ondd. - 0,13 00 |
fum_ 101.%4 86,14 99,96 100,13 99,89

* fTotal Fo oxprossod ao Eaaﬁa

8 Fraah
9 Palaqenite, fe:mgd b

10 CGordiorito-anthe
; (vallan@a. 196

11 Garnot=plaglioclan -hiotitq
'qncxag. ﬂnlthun%en tighla

- 12 Cordiorito-anthopk Lita-
: baaale (valxangqfllsﬁ?)

basaltie glasa,

(Mninon. 190)

analysis (Molaon,

“b

Dotueuaaqd oxuetton p:oba analyu&a

?ratiun ot

o,

qnoian ad
nda, ontay

!
{
N

Bo:acunacd eleetnan pxebe

ghyllxtq hqxntoln. !oxmcﬂ ::am h:ecniatud baaalt

iaq?nﬁ ﬁq cd:iho-ac:é&e:&ua
Lal &

Ma@nhauuu. 1969) .
qparta heantulu. #ormad !:em amygdalcidal




14
gt
16
12
20
19
20

Rh{@lttie Glded tuit, unaltored.

Ldpnan, &965)
nhiclttia waldad tuff, devitzifiod, xlqndyke quad:anglo, A:taona

Lipman, 1963)
:nt:univn rhyei&ta.
1970}

dak

Quarta-mnnaonitu
- (Banple 921 ‘Be

Faloitae with n&hiﬁtaea
- Misaound {Andordon, )

Txenﬁhjem&tng

3

(e) . . \X‘oc ol 151
13 ( 14 18\ 16 17 - 18 19 20
810, 71.46" 73.82  76.26 \*75‘19 70,95 81,60 80,10
™40, - 0,21 N\ 0,19  0.13  0.08 0.61 0.1}  0.13
A0y ' 12.72\\\}2.16 11.83 11,02 14,82 9,50 18,16
PFo,0y - 0.94 1,08 2,22 1,07 1.69 1,60 1.74
Fa0 0.31 0,14 0,31 0,99 0.72 0,08 0,86
MnO 6,07 0,08 0,03  0.02 “add, 0,02 7 n.a,
Mgo 0,22 0,20 0.03 0,75 0,11 0,00  0,2)
ca0 0.86 0,74 0,00 0,01 0.22 0.2 0,01
NagQ 3,40 1,030 0,13 .16 '7.98 2,00, 0,1
K0 4,72 197 9.32 7.0 \\ﬂi:f 3.60 0,98
Pa0q 0,03  0.02 0,01 o0.02 ad) 0,00 n.d,
HoO% 3.67 1.42 0,46 0,89 nd, 0,33  n.d,
Hgo~ 0,98 1,22 0,03 0.06 .. 0,03 n.a,
CQy 0,02 0.0 n«dy  DeQ, n.a. n.a. n.d,
gun 99,61 . 99.69 . 99,66 99.41 99,80 97, 84 99.66 \_ 90,07
13 Klendykc quadrangla. A:iaaua

at. annaain Meuﬂta&nu, Mianougdi (Andornoq.

{famplo PW2?y Bropke, 19N

Woldod tufs

Midgound -

with a4licifcd lithoph
fAndaxaon, 19%Q)

Quarka-ail&&manite neaulo.
Qnﬁanto (aamglc ca4ug nraqkn, xswx)

gflgg% Laka Platen, uautinge Co., Ontnxic
gla?toclaao‘ at. F:ancelu mountataa,.
gllont Lake Elutan, uaatinqu eq%f anta:&a

yuagé pt‘ annne&é Mountaina,

gilont Laka Pluten. ﬂaattnga ¢e.. )
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- APPENDIX 3 -
X PLAGIOCLASE COMPQSITIONS
» " ' r .
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Samplo Ang* Reamarks

i

- 117 25+31+24 Diopaide marble

217 34426 ~do~

317 26 . 8capolito marble

417 34+24 Amphibolite

517 33+24 «do=

617 33437425 «d0=

77 35+31 " .Maxble

917 34 . 8capolito marbloe-

917 29*3a¢ar  Poathor amphibolite

1017 20+22 do= , ' ‘

137 28+22 ~do=; cummingtonite-hornblonde
1217 10 .~do=; ocunningtonite-hernblonde
1317 20222 ~do=; oumm,=hornblendo=gedsite
l417. 21*26 =(Ow} hcrnblenda-gedrito

1817a 1925 \\\\\~_ Hornblende hornfols

Tallan Lake 811l '

1617 24420 ., Agsonblage L

1917 30 “do=
2017 43430 =do=
a7 q 24 Beapoltte-biot&to rouk
221 . - - 22+18 . Acsaomblaga 1
2317 . . -doz .
2417 ‘ 30#26*20 \-de
a8 T2/ (o=
e - . 1619/13  Laouconyonito dyko
a7 v N ' , Xeacmblaqa LR a

2017 . 22/16 T =dge S

‘*Esam univorsal ntng) o noasugementd on aeutiena.Lx,(naoa. llowia

and fuaonan, 196 Numbosu rafor ko ant !:am acse of

plngieelauo ovtwaxrd,

' *anctea diffuso gendng; {§qnetna @Agegnt@nueuu ﬁgn}nq :

. . I s, » . LT . .
t . . . . . . '
‘. ' N P
RS e P . .o -
N . ‘ .
L . . . . 2 - .
., g . . ‘. 3 “«
. Ll . .
.\ . . . . . N * . L. -
cow - . ) P R R . ™



154

Sample; _ Ant ‘ Remarks

3217 16+19+16 Assamblage 2

3317 Y ‘ -do~-

3317 1942622 Amphibeolita xonolith
3717 ' b R Agsomblage 2

3917 . 20+24+22 -do-

4017 20/13/0 ~-do~

40178 16/13 ~do=,

4117 20+16/13  =do-

4317 19/13 ‘ ~do-

4417 : 22+25+18 ~d0=

4817 22/14+11 -do=

4617 21/14+11 '«do-=

4717 . 13+17/11 ~daw=

4917 . 15+19/20 ~d0=
120 T a6 /21+18 Asgonblage 1
220 21+23/10 . : wdow :
320 20+16/13 | _ Asgonblage 2
420 18+19/13 _ ~do=
520 ' 18+19/13 - -do=
106 ' 16419 ~do~- L ¥
206 ' 18420713 ~do= '
306 : 16419 . =dow -
606 © MMA7/13/0 . <de= b
908 -, - - 22+26/16 . . Acpombloage L - /.
808 . . 22%26/L0 . =do= b )
708 L 20+16A03 - .~ aspomblage 2 . E

1 608D - 20+26/19%26 . =dom= -
808 . 1719418 . - mdoe
Dodes o368 T o edew

- 308 " 16/3+00 - D@

208 -\ W00 T edos - e

108 . Jd0wg0 L Aanemhlage 4
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Samplo _ Ans Remarks
1419 19423 PFoather amphibolito
121¢ 21-+26 Agsoomblage 1
1019 23718 ~do-
919 1619 | Assanblage 2
819 13+10/0 ‘ -dQ-
719A - 10/0 Aggenmblaga 4
619 , 9/0 -do-
519 ' 9/0 , ~do-
419 $/0 -do- .
319 9/0 -d0- . /.
219 9/0 " =do=
119 9/0 _ -do=
609 ’ 19+22 ' Assonblaga 1
$09 16/13+8/0 .. Assomblage 2
409, 10-+18/8 -do= '
309 16/12%9 | =dow
209 © 13+10/0 Assemblage 3
109 16/12 . Asoanblage 4
103 aa+24 Agsacnblago ‘1
203 2942407 . . =dow= '
" 303 R % 72 % s Asganblage 2
408  2L+17 o =do= '
. 108 12030426 " Acsomblage 1 :
- 208 | 43436+20 ~do= c
T 308 . 20+30/18 _ =do~ T
408 10420424421 - Aogenblago. 2- :
808 . ¢ - . 17e200 Twdo= L ‘
, 708 . 36+19/04 .77 Acacnblage 3 '
a0 16 - -dos -

01 " 110 L Anéqmbiagé:A

(13

- N £
- ~ -
. N
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a

Sample ans Ramaxks

310 8/0 Asscmblago 4

210 5/0 -do=

110 5/0 =-qo=

11l 16+20 Apgomblage 2
<

o
5 — e '

g



APPENDIX 4

THERMODYNAMIC DATA FOR UNIVARIANT REACTIONS INVOLVING THE
PHASES HORNDLENDE -CUMMINGTONITE ~HEDENDERGITE ~ALMAND INE«
ANORTHITE~QUARTE=CALCITE-WATER=-CARBON DIOXIDE AT AN
ASSUMED PRESSURE AND TEMPERATURE OF § Kb AND 627°C

v



\ [+
(a) Basio datat*

VQOO'SE? §9°°'5E§ , Formula Symbol

{(oal bar ) (cal dog ™)
6.7526 192,84 | CagPoy81y0,, (Ol1), hb,
6.6920 388,57 Ca,To AL, 84,0, (ON), hb,
6.6315 376,30 CagFayAl 8460,, (OH) , hby
6,6434 402,64 Fo.,siaou(ou)2 Coam’
1.6324 97.70 CaF091206 opx
2,788) 183,17t , Foahlzﬂé;ola . gnt
2.4090 119,38 CaAl,84,04 . an
0.5423 26,09 | 8i0, qa
0,08827 49,76 v caco, co
0.3441 33,76 N,0 W

1 0.3877 62,90 - co, * co,

— .

* 3ntro?§ data for all minorals gomputed from Robic and Waldbaum
(1968), weing assumptiona outlined in Chaptor 4, soation 3,2,
Volgwgdaaen from Rokio ot al. (1967). Ne prosaure corrogtion
app . . ’ .
Data, for N 0 £rom Burnham at.ak. (1969},

Pata for CO, computad asouming ideality.

. 4 Compare valua of §:g§a§g ;g“‘ = 67.60ul.70 cal dog~t wsing

asoumptions in thio work with nggaég %g“"- 60.343.0 eal dog™*

computad from oxporimontal werk (fon, 1973},

-

e

PR
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VTN M e s et

(B) PReactioms

1. Invariant Point (&b,, Bb,, cc, 8N~

(cox)
mwvuu
(ont ,an)
(w)

(=2
E.ﬁw

2. Invariant Point A‘nUHn gw- cc, CO

(cpx W)
tiby).
{gat)
(cz=)
(an)
+ {gz)

3.

(cox,gnt)
(5b,)
(an)

(w)

(c=2)

(az)

\gw.*@k,_.@uﬂ
" 4bby + gz ¥ unmu+wmaﬂ+mmb+bﬂ L
Ewww+nﬂ%u.onmuu+u.§+§+hﬁ ’

LA
2

Tib, + légnt + 12gz + 4w 2 1lca + l4zn

.q§+qman+§u+aﬁbanu+q§
%gﬁbwh@ﬂﬁ,wﬁuﬁ.aauﬁﬁ

Bb, +gnt + gz S cpx+an ¥ 2
hwmuu.a.umbﬂg&.u@aﬂlvdﬁ.v% )
HHDU + 4cnt S 18cpx + Tom + Lz + Lw

2)
mﬂﬂ+gw+NWN%gm.Nmﬁ
Tcpx + Ignt #1lgz + 4w £ dcm 4 Tem

uguwwmv.%qnvu.v.wnu*qg.vnﬂ.
4ab, & Topx + an + 3gz +3gnt + 4w
Thb,, +ﬁubH§+d@ﬁﬁ+§+mﬂ

Thby + 16qz- & 3cz + l4an + 4w

Tecpx + Tent + 1lgz + Lw 2 4ca + Tam

quw+waumwu H@@Bﬂ.*uumul...uue.
u&u.fvﬁu._,uwﬁ

%

] 27.55 °

de/er = &S/Lv -
20.65 bar dog T
12,632

-470203 -

27.71

. =6.10
e

/e - hm<sq
' 21.95 bar degd

HN 63
5% 3

.g!
162.59

ap/ar = Bs/Lv

" 26.29 bar dog™Y

12,63 .
2.11
'18.99
© 11.25

. -295_57

S

ﬁ.\%ﬂ Ho(o

hmm@&m@‘@u‘
nﬂw..mm.
~2.13 -

-7 .“m‘g '

-163.85
" 13,70

: @N\% x HO.\Q
45.54 deg koL

1936
.. 22.64

- lum..mm E

C-57.93 .
9.76- -

\.,.\. * n.. .
ar/er x ICTI

30.04"geg KoL

& ..m@puh
473.97

- 32567 -

. mt QW -
~3.32



T ————— - Ly vt 1 ST TR N
T o . |
. \ 4. Invariant Point (hb,, hby, Cpx) dP/dT = AS/AV dT/dP x 1000
-\ W N _ -

. (ce,CO,) 7nb, + ldgnt + 18qz + 4w & llem + ldan . 20.05 bar deg * 49.86 deg kb~ !
{gnt,an) 7hb, + 14C0, @ Scm + 16q% + l4cc + 2w -142.57 -7.01
(hb,) 7gnt + 17gz + 7¢c + 3w @ 3cm + 7an + 7CO, . 103.63 9.65
(cm) 3hb, + 5an + 11CO, ¥ Sgnt + 19gz + llcc + 3w 499.63 2.00
(w) 3hb, + 2gnt + 4CO, & 3om + 2an + 2gqz + 4cc -45.70 i -21.88
(gz) 17hb; + 16gnt + 18CO, + 2w 2 19cm + l6an + 18cc -223.90 -40,17
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APPENDIX 5

R ey 1

CRYSTALLOGRAPHY OF SOME AMPHIBOLLS
AND ONE CLINOPYROXENE

S A, i A e M i nu«,xm T
4

B o s ane
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&
309 Ferrohastingsitoe ' Cummingtonite
(oxsolved phaso)
a 9,90 A 9,59
b 18.24 18.24
c f 5.35 5.35
8 104°54" 101945
[
v 934,4 A3 916.3
1317 "Hornblende Cummingtonito Gedrite
a 9.84 A 9.50 18.67
b 18,11 18.11 17.90
c 5.32 5.32 5.29
B 105°1! 101°56" 90¢°
.}
v 915,2 AS 895 .4 1767.9
210 Ferrohastingsite 2617 Clinopyroxocne
a 9.97 A a 9.80 A
b 18,25 b 8,96
c 5.35 o] w5,27
B 105°3! B 105°40!
°3 °3
V. . 939.5A \% 445.2 A

values computed from Buerger precession photographs, calibrated

with amphiboles of known crystallographic dimensions
(collection Hawthorne)

&
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APPENDIX 6

SAMPLE PREPARATION AND CHEMICAL

ANALYTICAL PROCEDURE
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For oach sample approximatoly 1 kg of rock was split
in a jaw crushor and theon ground to pass a 150 mash siove,

Samples 120, 420, 303, 606 and 105 werc analysed for
all major clemonts-and Rb by Mr, J,R, Muysson, whorcas
dotormination of FeO, MgO, Na,0, P,0., H20+, nzo— and co,
for all romaining samples (605A, 309, 207, 310, 210, 11Q)
was performed by the same analyst, and sioz, Ti°2: Alzoa,‘
FeOtot, Mno, CaO, KZO warc determined by the author using
x~réy fluorescence spoctrography, .

Details concerning procedure,:precision and accuracy
of analysis by J.R. Muysson can be found in Shaw (1972).

Samp;e preparation for X-ray fluorescepce analysis
involved regrinding of rock powder to at 1eas; 300 mesh and
fusion with a light element flux to a glass pellet.

The flux consisted of lithium tetraborate and lithium
carbonate (in weight proportions of 19.,0:14,8) wﬁich were
fused and then ground, as recommended by Norrish and Hutton
(1969), but no hoavy abgorber was added to the flux, Of
this flux 1,50 gram8awaa added to 0.28 grams of rock powdef
and 0,02 grams df NaNO3, the latter to ensure oxidation of
transition elements.

Fluorescence analysis was performed on a ﬁhilips PW1540
X~-ray spectroscopy unit, equipped with a gasflow counter using

a methane-argon mixture,

All samples were run in sets of four, using U,S8,G,8,

P o S R
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standard W~1 as an oxternal standard in each set, In addition,

U.8.6.8. standard rocks G—Z,'GSP-l, BCR~1 and AGV~1l and tho
proviously analysed samples 120, 420, 303, 606 and 105 wero
run against W-1 and tho samplos to be analysed,

Counts wero accuﬁulatod for at loast 200 seconds, in
soparate runs of 20 soconds, for sach sample in order to
achiocve a preocision of botter than 1%, Doadtime corrections
wore made for all count rates oxceeding 5000 cps, using a
doadtime of 1,52 usec,

Initial reduction of data was achieved by expressing
count rates into abundance of the elements without taking
differences. in maaa”bsorption effapts into consideration.
Next, the masa absorption coefficlients were calculated using
values given by Heinrich (1966) and corrections for inter-
element effects, using a~coeffici