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ABSTRACT

The Granville Lake Gabbro is a strongly differentig-
ted tabular layered intrusion, approximately five miles long
and one mile wide. The intrusion crystallized in a nearly
horizontal position and has since been tilted on edge by
folding of the enclosing sediments. It consists of a basal
gabbro zone, a transition zone, and an upper granite zone.
The specific gravity of rocks of the intrusion is closely
related to their silica content, and provides an easily
determined index of dlffe?entlatvop

The differentiation trend of the parent magma closely
followed the trend of the calc-~alkaline series of igneous
rocks, as illustrated by the standard Fe0-MgO-(Na,0 + X O)

triangular diagram. In this fegava the Granville Lake 1p—
trusion is dissimilar to the Skaergaard and most other differ-
entiated intrusions. The unusual differentiation trend of the
Granville Lake CGabbro is attributed to the relatively high
water content of the undifferentiated magma.
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The Ballad of Cranstone's Mines Branch

(Ode to a Blowhard)

by G.D. Scott Brisbin
Avgust 1961
Tunes "The Ballad of John Henry!

Well, the Mines Branch they tell a story,

Of a party long ago,

Who decided to do some blastin', boys,

But they blew a mighty hole in their canoe,
Lord God!

They blew a mighty hole in their canoe.

Well, Don Cranstone, he was the party chief,

And a damn fine one he'd been,

Until the day he spotted that gabbro plug,

And he figured that a blast would be real keen,
Lord God!

Yes he figured that a blast would be real keen.

Well, some dynamite and some blastin! caps,
In a prospector's shack he found,
S0 he pilfered them and the very next day,
He headed for that gabbro ground,

Lord God!
He headed for that gabbro ground.

Well, the senior, he went with him,

And so did the juniors three,

For the thought of seeing that Gabbro blow,

Was something that they all wanted to see,
Lord God!

It was something that they 211 wanted to see.

Well, the dynamite was in the stern of the boat,
And the caps were in the bow,

When the senior, he 1it up an Export-A,

And then there was a hell of a KA-Pow,
Lord God!
And then there was a hell of a KA-Pow.

Well, they found the remains of the motor,
And a piece of the senior's jaw,
And the bodies of the party flew all over the place,
From Sasaginnigak right to The Pas,
Lord God!
From Sasaginnigak right to The Pas.



7. Well they took our senlor to the graveyard,
But they wouldn't let him in,

Sayin ' "This here place is holy buryin' ground,
And that boy hes led a 1life of sin,
Lord God!

That boy has led a life of sin't.

8. Well, the juniors they went up to heaven,
Their job on earth done well,
But the senior and the party chief,
Will rot down in the depths of hell,
Lord God!
They will rot down in the depths of hell.

9. So if your boy's Jjoining the Mines Branch,
You should sip on your beer and cry,
For the Mines Branch is Jjust like the G.S.C.,
They give you 50-50 odds you're gonna die,
Lord Godl
They give you 50-50 odds you're gonna die.
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INTRODUCTION

The Granville Lake Gabbro is a predominantly basic
intrusion at Granville Laeke in northern Manitoba, 30 miles
southeast of the nickel mining town of Lynn Lake (figure 1).
The intrusion, approximately six miles long and one mile
wide, is located along the central narrows of the northwest
arm of Granville Lake, about 1500 feet inland from the

gouthwest shoree.

The intrusion was mapped by the writer during the

- summer of 1961, while preparing the Watt Lake (east half)
nap sheet (longitude 100°30'W to 100°L5'W, latitude 56°15'N
to 56°30'N) for the Manitoba Department of Mines and

Natural Resources.

Statement of problem

While traversing the Granville Lake Gabbro, it soon
became evident that the intrusion is apparently a strongly
differentiated tabular body, presumably the result of con-
slderable fractionation during the period of cooling and
crystallization which followed its intrusion. It strikes
northwest, and the sequence cbserved in the field is a
massive medium~dark grey gabbroic zone along the northeast
side, grading through a massive pinkish grey dioritic

transition zone, which changes comparatively sharply to a
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massive pink granite zone along the southwest side of the

intrusion.

Several possible origins can be postulated for such
a sequence. The object of the present study is to provide
a satisfactory interpretation of the geology, petrology,
and petrogenesis of the Granville Lake CGabbro. Results are
presented for petrographic studies, including modal analyses,
plagioclase composition determinations with the universal
stage, and also studies of chemical variation, rock speci-

fic gravity variation, and other topics.

It is concluded that the observed sequence of rocks
represents a strongly differentiated layered intrusion,
which crystallized in a nearly horizontal position, but with
a tilt of several degrees, the present southeast end having
been structurally higher than the northwest end at the time
of crystallization. Later regional folding of the enclos-
ing sediments tilted the intrusion go that it is now lying
on edge. Erosion to the present topographic surface has re-
sulted in exposure of a complete cross-section of the Gran-

vlille Lake Gabbro.

The intrusion is compared to and contrasted with a
number of other intrusions which are known to be differen—

tiated, and an attempt is made to explain the similarities



and differences. A possible composition is proposed for
the primary magma, Finally, an attempt is made to predict
the possibility of occurrences of economic minerals in the

intrusion.

Related studies of nearby mafic intrusions

A considerable number of small- to medium=sized gab-
broic intrusions are found in the Lynn Leke district of
northern Manitoba. The Lynn Lake Gabbro, at Lynn Lake, has
been studied by Allan (1948), Hunter (1950), and Dornisn
(1950), Recently, both the Lynn Lake Gabbro and the nearby
Fraser Lake Gabbro have been studied in detail by Emslie
(1961), who concluded that both are strongly differentiated
layered intrusions, which crystallized in = horizontal posi-
tion. The Lynn Lake intrusion was subsequently tilted to 2
vertical position, and shows a seguence grading from ultra=-
mafic rocks near the base, through pyroxenites and norites,
to normal gabbro in the upper part of the intrusion. The
rocks are completely uralitized. Nickel=-copper bearing
sulphide minerals have accumulated by magmatic segregation,
and férm orebodies near the base of the Lynn Lake Gabbro.
Milligan (1960) considers formation of the orebodies by

magmatic segregation to be questionable.

Hunter (1954, 1958) studied the Tow Lake Gabbro,

about 35 miles north-northeast of the Granville Lake Gabbro.
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He found that the intrusion is zoned, with three mappable
zones, the "AM, "B", and “C" zones, respectively. The Al
and "C" zones are similar, and the "B" zone differs only
in having 5-10% apatite and a more sodic plagioclase, pre-
sumably a result of the calcium of the magma having been
taken up by apatite. All rocks have been subsequently meta-
morphosed, with alteration of pyroxene to deuteric blue-
green amphibole. The intrusion crystallized horizontally,
and has since been tilted on edge. Hunter concludes that
on the basis of his postulated petrogenesis for the intru-
sion, no concentrations of nickel=bearing sulphides will be

found.

Previous work

Little geological work has been conducted in the im=
mediate area of the Granville Lake Gabbro. Norman (1933),
and Downie (1935) mapped the Granville Lake Area on a scale
of four miles to one inch. Norman gives a brief description
of the Granville Lake Gabbro, but makes no mention of the
granitic and transitional portions of the intrusion, nor

does he offer any suggestion that it could be differentiated.

A large amount of geological mapping has been conduc-
ted a few miles to the north of the Granville Lake Gabbro,

by geologists of the Manitoba Department of Mines and



Natural Resources. The latest and most comprehensive study

ig that of Milligan (1960).

Present work

The Granville Lake Gabbro was mapped by the writer
during the month of August, 1961. MNost of the intrusion
was covered first by traverses spaced at intervals of
approximately 1500 feet. When it became evident that a
study of the petrology of the intrusion would provide a
suiltable thesis problem, it was traversed again at intervals
of one quarter mile; this interval was increased to 1500
feet at the northwest end, because of a shortage of time,
This second set of traverses was run chiefly for the purposes
of locating contacts accurately, and collecting a large suite

of .accurately located specimens,

Traverses were run by pace and compass methods, with
the use of vertical air photographs on a scale of one half
mile to the inch. It was found possible to pick out accu-
rate reference points on these photographs along the tra=
verse lines. These reference points were generally at inter-
vals of 1000 feet or less, and seldom at intervals of greater
than 2000 feet. With such points, it was possible to lo-

cate all specimens accurately.




A base map on a scale of one half mile to the inch
was prepared by the Provincial Air Photo Library, from the
alr photographs, with a sketchmaster and a slotted template
photograph laydown. The writer made a tracing of the ori-
ginal map, which was photographically enlarged to a scale
of one quarter mile to the inch. Traverses and specimen

locations were carefully plotted on this map .

Specimens were collected at 200-foot intervals along
all traverses. This interval was frequently decreased to
50 or 100 feet in the vieinity of contacts of the various
zones within the intrusion. The exposure of the intrusion
is excellent, and it was rare that specimens could not be
obtained at the desired 200-~foot intervals. Approximately
450 specimens of the rocks of the intrusion were collected
in a period of ten working days. In the opinion of the
writer, nearly all these specimens have been plotted on the
base map (1 inch = 1/b mile) within 50 to 100 feet of their

true ground location.

Petrographic and other studies on the intrusion were
carried out at the Department of Geology and Mineralogy of
The University of Manitoba during the 1961-62 term, under

the guidance of Dr. H.D.B. Wilson.
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GEOLOGY OF THE GRANVILLE LAKE AREA

Genersl geology of the ares

The rocks of the Watt Lake area (east half) are of
Precambrian age. Norman (1933) and Downie (1935) mapped
and named the Sickle series, an extensive series of grey=-
wackes or arkoses, which lies unconformably above an older
pre~-Sickle series of volcanic and sedimentary rocks. The
term Wasekwan series was proposed by Bateman (1945) for
pre-Sickle volcanic and sedimentary rocks in the McVeigh
Lake area. The Wasekwan has since been extended by wvarious
geologists, mapping for the Manitoba Department of Mines
and Natural Resources, to include similar rocks mapped by
Norman and Downie throughout the Lynn Lake area, including

the Watt Lake map area (east half).

Figure 2 is a generalized geological map of the Watt
Lake area (east half). Rocks of Wasekwan age closest to
the Granville Lake Gabbro are located about five miles to
the northeast of the intrusion, covering an area of a few
sgquare miles immediately east of Beaucage Lake. There the
Wasekwan rocks are a series of sediments (greywacke, arko-
sic greywacke, quartzite, conglomerate, iron-formation) and
intermediate to basic amphibolitic volecanic rocks; this

series is complexly interbedded, folded, and faulted.
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SCALE

1"= 2 miles

GRANVILLE LAKE GABBRO
BLACK TROUT DIORITE
GRANITIC INTRUSIVE ROCKS
SICKLE SERIES-— Volcanics
SICKLE SERIES— Sediments

WASEKWAN SERIES— Sediments and - "~
volcanics

Figure 2 . Generalized geolegical map of the Watt Lake area (east half)
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The Sickle series is a remsrkably uniform series,
consisting predominantly of well-bedded grey., to pinkish or
brownish grey, fine=grained greywackes, and their slightly
recrystallized equivalents. The latter consist mainly of
plagioclase, quartz, and biotite, and in many specimens

microcline, muscovite, and magnetite. They are granular

3
7

and coarser grained than the original non-recrystallized

greywacke, but are still fine grained and well bedded.

The unconformable contact between Sickle and Wasek-
wan rocks is marked by the Sickle basal conglomerate, which
has a2 thickness ranging from a few tens of feet to a maxi-
mom of about 1000 feet. The unconformity is also marked by
a notable increase in folding, feulting, and mebamorphic
grade, as well as a pronounced change in lithology, when

passing from the younger Sickle to the older Wasekwan.

For ten to fifteen miles south and west of Beaucage
Lake, the rocks consist almost exclusively of typical Sickle
greywacke. ©On the southwest side of the northwest arm of
Granville Lake, Sickle greywacke has been intruded by the

Granville Leake Gabbro.

Wasekwan and Sickle rocks have both been invaded by
meny types of igneous intrusive rocks. These are chiefly

granitic to granodioritic intrusions, which are found to
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The oldest exposed rocks in the vicinity of Gran-
ville Lake are sedimentary and velcanic rocks of the Wasek-
wan series, of possible Archaean age. Deposition of this
series was follcwed by folding, faulting, and regional

metamorphisn.

Lfter a peried of uplift and erosion, the rocks of
the Sickle series were laid down. The order of depcsition
within this series, from oldest to youngest, is: basal con-
glomerate; an extensive and thick sequence of well bedded

greywacke; arkose; bagsic volcanic rocks: greywacke: intra-
7 9 7 « 7

formational conglomerates; greywacke.

Wasekwan and Sickle rocks were then folded, faulted,
regionally metamorphosed, and intruded by the CGranville
Lake Gabbro, Black Trout Diorite, and some of the granitic
intrusions. Ages of the other granitic intrusions rela-
tive to the Sickle and Wasekwan series is uncertain. The
ages of the Granville Lake Gabbro, Black Trout Diorite,
and the granitic intrusions relative to each other are not

known. The internal structure of the CGranville Lake Gabbro




indicates that 1t was intruded in a near horizontal posi-
tion, and tilted into an almost vertical position by fold-
ing. Uplift, erosion, and Pleistocene glaciation have com-

bined to form the present topographic surface.



GECLOGY OF THE GRANVILLE LAKE GABBRO

Field observations

The Granville Lake Gabbro is six miles long and one i
mile wide. It is intruded concordantly slong the core of
what appears to be an overturned isoclinal anticline in
well-bedded greywacke of the Sickle series, and consists of
six or more contemporaneous intrusive masses. The main
body is almost five miles in length, and 4000 to 5000 feet
in width. Five, or possibly more, satellite intrusions
surround the main ones these range in size approximately
from 5000 feet by 000 feet to L4000 feet by 500 feet. It
is possible that both the largest and the smallest satel-
lite intrusions may actually consist of two or more smaller
bodies, but this could not be established due to POOTr eXpo=-

(in pocket)
sure. Map l,is a geoleogical map of the Granville Lake

Gabbro and the enclosing rocks.

The rocks of the intrusion are more resistant to
erosion than the sedimentary rocks. As a result, gabbro-
sediment contacts are generally marked by steep scarps, the
rocks of the intrusion standing as high as 250 feet above
the surrounding sedimentary rocks. The contacts could
therefore be located accurately by stereoscopic examination
of air photos wherever it was not possible to do so by

examination of outcrops.
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The main intrusion is a tabular body, striking
north 40 degrees west ang dipping 70 degrees to 85 degrees
to the southwest. The rocks of the Granville Lake Gabbro
were divided intosthree units during the field study and
from later examination of specimens collected in the field,
as follows:

A, Gabbro zone

B. - Transition zone

C. Granite zone

Vertical geoclogical sections across the intrusion
are shown in figure 3. Figure 4 is an index map of the in-

trusion showing the location of traverses.

Rocks of the gabbro zone are, in general, medium to
dark grey massive gabbro, composed of approximately 65 per
cent grey plagioclase, and 35 per cent black hornblende.
Slight variations in colour and composition are common.

The gabbro zone comprises about 75 per cent of the main in-
trusion, grading into the transition zone to the southwest.
The contact between these two zones is. completely grada-

tional, across a distance of 200 to 500 feet.

Transition rocks are medium grained and pinkish grey
in colour. They contain more feldspar and quartz, have a

lower mafic content than those of the gabbro zone, and are
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Figure 3 ., Vertical geological sections of the Granville Lake

Gabbro along traverses CG 16 and CG 7 , looking northwest.
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Figure 4 . Index map showing locations of traverses.



highly variable in texture and composition. The transition

zone comprises about ten per cent of the main intrusion.

The granite zone consists of medium-grained, pale to
medium orange-pink granitecomposed of pinkish feldspar,
quartz, and a small percentage of mafic minerals. The con-
tact between the granite zone and the adjacent transition
zone is relatively sharp, but the degree of sharpness is
variable. In general, this contact is gradational over a
distance of five to fifty feet. In one place the contact is
almost knife-sharp, and dips steeply to the southwest,
parallel to the plane of the intrusion. Transition rocks
immediately adjacent to the granite zone are cut by a few
small dykes of granitic material, which have very poorly de-
fined gradational contacts with the enclosing transition

rocks.

In general, the width of the granite zone is slightly
greater than that of the transition zone. Both zones are
widest at the southeast end of the main intrusion, where the
granite has a maximum width of approximately 1500 feet, and
the transition zone a maximum width of 1200 feet. Both
zones taper irregularly to the northwest, where they are

each apprecximately 100 feet wide.

In the gabbro zone, gabbro immediately adjacent to

and within as much as 200 feet or more of the northeast
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gabbro-sediment contact has a lighter grey colour than
typical medium-grey gabbro. This is due to the lower‘horn-
blende and higher plagioclase content of this rock. Little
or no evidence of chilled contacts was observed along the
edge of the main intrusion. However, the precise contact
is nearly always covered by a few feet of overburden.

Minor assimilation of greywacke by the hot gabbro magma

apparently took place along the contact.

The granite-sediment contact along the southwest
edge of the intrusion is not exposed. On traverse CG 1, an
outcrop of greywacke is exposed less than 100 feet from the
last outcrop of granite. This fine-grained greywacke con-
tains phenocrysts of dirty orange albite, up to about one
eighth inch across, which comprise about ten per cent of
the rock. The phenocryst content of the greywacke progres-

sively decreases to zero within anether hundred feet.

Small outcrops of what appears to be a shatter
breccia were observed at six separate locations along the
gabbro=sediment contacts of the various intrusions. This
breccia consists of angular greywacke fragments as much as
two inches across, cemented in one place by a highly bio-
titic matrix, in others by pulverized rock flour, and in at

least one outcrop by probable chilled magma.
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Unlike the main intrusion, the satellite intrusions
of the Granville Lake Gabbro have knife-sharp chilled con-
tacts with the enclosing sediments, with grain size in-

creasing towards the centre of each intrusion.

Rocks of the gabbro, transition, and granite zones,
as well as enclosing sediments are all cut by dykes, sills,
lenses, and irregular bodies of a variety of pegmatites.

In the main intrusion, a few short dykes of a fine-grained
white to pinkish aplite occur in the gabbro, within 100 or

200 feet of the northeast gabbro-sediment contact.

Rhythmic layering and igneous lamination were not ob-

served in the intmw sion.
Petrology

\. Gabbro zone

i

Gabbro is typically massive, uniform in composition
and texture, medium-to coarse-grained, and medium grey to
dark grey in colour. It appears in hand specimen to con-
sist of 60 to 65 per cent medium-grey plagioclase, and 35
to 40 per cent black amphibole. Plagioclase commonly shows
lath-shaped cleavage faces, but laths are not well developed
and have no preferred orientation. Amphibole grains are

irregular in shape and equidimensional. Examination of
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specimens with a hand lens reveals small qguantities of
dark brownish black biotite associated with amphibole.

Small grains of magnetite or ilmenite are common in some

specimens. Tiny specks of pyrite are rarely present.

Grain size of gabbro zone rocks is generally three
to five millimetres, with many plagioclase laths as long as
eight to ten millimetres. Colour of the weathered surface

is grey to buff.

In the gabbro zone, variations in composition,
colour, and texture from the typical gabbro are not common,
and usually consist of small variations in proportions of
plagioclase and amphibole. In the extreme cases the mafic
content of the rock is approximately 20 and 55 per cent,

the remainder of the rock being primarily plagioclase.

A slightly pink variety is found in small local
areas of the gabbro zone. The pink colour is caused by
pinkish grey plagioclase. Thin section examination indi-
cates that the pink coloration accompanies strong saussuri-
tization of plagioclase in thesge rocks, with no apparent

change in chemical composition.

lar intergrowth of moderately well developed plagioclase



23

laths and a variety of coarse to fine granular, and less
commonly fibrous, amphiboles of the hornblende group. Bio-
tite laths and grains are common in most sections. Small
quantities of quartz and opaque oxides in the form of ir-
regular grains are almost ubiquitous. Remnants of clino-
pyroxene partially altered to granular and uralitic horn-

X
lende were observed in a few sections. Apatite and sphene

o

are common accessories, with scattered pyrite grains, rare
zircon, and rare primary clinozoisite. Saussuritic altera-
tion of plagioclase is well developed in some sections, but
absent in most. In other sections, patch and vein scapolite
has formed as an alteration of plagioclase. Chlorite and

leucoxene are rare alteration products.

Major mafic constituents of the gabbroic rocks tend
to occur as irregular clusters or clumps, surrounded by an
intergrowth of plagioclase and the same mafic minerals.

Such clusters are not well developed.
Figure 5 is a photomicrograph of typical gsabbro.

An ophitic texture is commonly displayed in rocks
from the central portion of the gabbro zone, in the north-
west half of the main intrusion. WMany thin sections from
this area have irregular plagioclase laths enclosed within

large graings of hornblende.
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On the basis of the Grout classification, rocks of
the gabbro zone are gradational from gabbro to diorite,

with relatively minor quartz gabbro and quartz dierite.

Precise distinction between gabbro and diorite is impog~
sible because of strong zoning in the plagioclase. A
gabbro which 1s close to diorite in composition probably

predominates.

Mineralogy of the gabbro zone

Mineralogy of the rocks of the intrusion was
studied with the petrographic microscope. WMineral percent-
ages were determined by means of a modal analysis of one

standard-sized thin section of each specimen. Comparison of

modal analyses with corresponding hand specimens indicates
that the modal analyses are representative of the actual
compositions of the rocks. Outcrop areas of the intrusion
are uniform in texture and composition; changes within a

zone are generally gradational across a distance of at

least one hundred feet. Therefore rock compositions ob-
tained by modal analysis are probably representative of

local outcrop areas.



Figure 5. Photomicrograph of typical gabbro, specimen CG
9-21 (erossed nicols). Diameter of field of view is 7 mil-
limetres.

Figure 6. Photomicrograph of typical chilled gabbro, speci-
men CG 15-1 (crossed nicols). Diameter of field of view is
7 millimetres.
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2) Primaryv minerals

Plagioclase

Plagioclase 1s the most abundant mineral in the gab-
bro zone, and occurs both as large anhedral but definitely
lath~shaped grains, and as smaller equidimensional anhedra.
It is generally well twinned, clear and unaltered in thin
section. 1In a few sections, plagioclase is moderatelv to
strongly saussuritized. This saussuritization is best de-

veloped in the core zones of plagioclase laths.

Moderate normal zoning is invariably present.
Plagioclase composition determinations were made by measure-
ment, on a universal stage, of maximum extinction angle in
the zone perpendicular to (010). Composition diasgrams from
Winchell (1951) were used. Composition was determined for
the centres and edges of gix or more grains in each thin
section. Plagioclase determinations are listed in table 1.
The most calcic plagioclase noted in the gabbro zone ranged
from An7l at the core to An54 at the outer edge of the
grain. The most sodic plagioclase noted ranged from An53
to AHZS“ It is possible that more calecic plagioclase may
be present in any section, but not noted because the plane

of section did not transect a true grain core.
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TABLE 1

Flzgioclase composition determinations for the Cranville Leoke Gabhbro

e

Specific Meximum extinction Plagioclase
oravity angle on_ {010) composition
Specimen of rock  Grain core OCrain edge range | Zone

CC 2~ 2 2,60 15 15 in Granite zone
CG 2-10 2.65 9.5 9.5 En Granite zone
CG 6-22  2.67 12 12 tn 0 Granite zone
oG 6-25 2,64 9 12.5 An, ~An

CC 626 2,62 12 ’
CG 11- 2 2,65 13 13 in Granite zone

06 23- 1 2,65 13.5 13.5 fr Grenite zone

Grenite zone

o5 12,5 in Granite zone

CG 2-12  2.71 11 9 éngv—én Transition zone
G 2-14 2.82 14 8 ﬁngé—ﬁnBl Transition zone
oG 6-14 2.86 22 12.5 in, —in Transition zone
oG 621 2,77 2 A An
0t 10-23  2.78 31 5 ,
CG 11— 3 2,72 16.5 11

CG 12-21  2.71 15 8- én26~%n33 Transition zone
CG 23~ 3 2,76 8 5

CG 6-1 2,86 32 15.5 A

oC 6- 4 2,88 32 19 an,
oG 6~ 6 2,91 32 9.5 énég—éngg Gabbro wone
52,92 34.5 20.5 An

oG 11- 5 2.86 28 8 £n26~én Gabhbro 7one

Transition zone
Transition zone

Transition zone

6 Transition zone
Gabbro 7one

3q*%nqé Gabbro zone
[ I
39~£n63 Gabbro wone

.92 33 19.5 énBS-én Gabhro zone
2.9/, 39.5 30 An z—én Gabhro zone
e 11-21 2,91 40 255  fn,,
0 15-17 2.91 36+ 18 ﬁm56~in
CG 23-9 2,95 29 10 Anyg-in

CG 23-16 2,92 35 20 in36—£n63 CZeobbro zZone

~&n Gabbro zone
Gahbro zone

Gabhro 7one
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Plagioclase content of gabbro zone rocks ranges

from 43 to 78 per cent. The average of twenty modes is 58

ver cent.

Amphiboles

Amphibole mineralogy in the gabbro zone is relative-
ly complex. All the amphiboles are varieties of hornblende,
generally finely granular and intimately intermixed. This
complexity discouraged a program of mineral separation and

optical study of the amphiboles.

Most if not all amphibole appears to have Tormed by
deuteric alteration of primary pyroxenes, and s number of
thin sections, primarily from the northwest half of the
main intrusion, contain small remnants of partially altered

clinopyroxene.

The predominant variety of amphibole is a relatively
coarse equigranular hornblende, pleochroic from light brown
to green to blue-green, and less commonly olive shades of
these colours. The blue-green colour of this hornblende
suggests that it is a sodic variety. Birefringence is
moderate, and largely masked by the colour of the mineral.
This variety commonly contains a parallel network of mag-
netite lamellase resembling schiller structure. Although

these lamellae are commonly present in many or all grains
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to a greater or lesser extent, they may be completely ab-
sent, or present in only a few grains in aﬁy one thin sec-
tion. The quantity of the lamellae in any one grain

renges from a trace, to the extreme case seen in 2 few thin
sections, where many grains appear almost black due to an
abundance of magnetite lamellae. Tt is probable that the
lamellae are a schiller-like exsolution feature formed
during alteration of a relatively iron-rich pyroxene to 2
relatively iron-poor hornblende. If so, the lamellae may
be ghost-like remnants of the original pyroxene cleavage or
parting. However, in the one case where remnant clino=
pyroxene was present in Y"schillert hornblende, there was no
obvious relationship between the orientation of "'schiller"
inclusions in hornblende and cleavages or parting of the

clinopyroxene.

A few non-parellel lamellae appear to have formed
along cracks or fractures during alteration of pYyroxene,
Figure 7 is g photomicrograph of a grain of hornblende,
pleochroic from light brown to green to blue-green, and
showing particularly well developed magnetite lamellae.
The well-developed prismatic cleavage of the hornblende is
visible. Some lamellae appear to have formed in cracks or
fractures which transect the plane of "schiller® lamellae,

These appear to have formed in preference to Yschiller!
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lamellae, the latter being less evident in the immediate

vicinity of the fractures.

Figure 8 is a photomicrograph of diopside partially
altered to hornblende which is plééchroic from brown to
green to blue=green. The diopside (the light mineral
under the crosshairs) is surrounded by an alteration rim
ofy, and altered along fractures to, hornblende (dark

mineral).

A possible second variety of amphibole, almost as
common as the first, is a pleochroic green to blue-green
hornblende in a fine irregular granular intergrowth. This
variety is lighter in colour, much finer grained, and does
not show as pronounced a brownish and/or olive pleochroism.
Magnetite inclusions, "schiller" or otherwise, are not pre-
sent. Birefringence is relatively low and is masked by the
colour of the hornblende. This fine granular hornblende
grades to the uralitic variety described below, and is ap-

parently similar to the coarser grained hornblende,

Uralitic amphibole is common in some sections. It
varies from fine fibrous uralite to bladed uralite masses,
and is gradational To the fine granular hornblende. TUra-
litic amphibole is generally colourless to pale green and

blue=green. It is most commonly in the form of bladed



Figure 7. Photomicrograpgh of magnetite lamellae in horn-
blende, specimen CG 6-6 (plane polarized light). Diameter
of field view is 2.8 millimetres.

Figure 8. Photomicrograph of gabbre showing diopside
(light grey mineral under crosshairs) partially altered
hornblende (dark grey to black), specimen CG 11-11 (plan
polarized light). Diameter of field of view is 2.8 milli
metres. ,
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rather than fine well-developed fibres, and is apparently
a sodic variety. Plagioclase grains are slightly corroded
or invaded by the more fibrous uralite in some thin sec-

tions.

In some thin sections which contain grains of pyrox-
ene, alteration of clinopyroxene to the fine fibrous and
colourless to greenish uralite is evident. In one section
the writer noted remnants of clinopyroxene surrounded by
successive kelyphitic rims of mixed green amphibole and
brown biotite, granular pleochroic blue-green amphibole,
and colourless fibrous uralite. However, the texture of

this specimen is atypical of normal gabbro zone rocks.

The content of individual varieties of amphibole has
not been recorded in modal analyses. The range in amphi-
bole content of gabbro zone rocks is 12 per cent to 51 per
cent. The average of twenty modal analyses is 31 per cent.
In general, those rocks unusually low in amphibole contain

consilderable quantities of biotite and/or pyroxene.

The three varieties of amphibole (coarse pleochroic
hornblende commonly with schiller-like magnetite inclu-
sions, fine granular pleochroic hornblende with no magne-
tite inclusions, and uralitic hornblende) are generally

similar in appearance and colour. It is probable that they
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are all of related origin and similar chemical composition.
They all appear to be the result of deuteric alteration of

original primary pvroxene.
Biotite

Biotite is invariably present in specimens from the
gabbro zone. It is pleochroic from light brown to dark
browvm, and grain size ranges from coarse to very fine. An-
hedral grains and granular intergrowths are almost as common
as subhedral laths. Some sections contain only laths,
others only anhedral grains, but usually both occur together.
Pleochroic olive~brown and olive=-green biotites are net un-
common, but are principally confined to rocks near the tran-
gsition zone. O0live biotite almost invariably occurs as ir-
regular grains. Although most biotite is intergrown with
amphibole in clusters, there is no reason to believe that

it has formed by alteration of amphibole.

Biotite content of gabbro zone rocks ranges from a
trace to sixteen per cent. The average of twenty modes is

4,7 per cent.
Quartz

Quartz content of the rocks of the gabbro zone ranges

between zero and twelve per cent, and is generally less than



3k

five per cent. The average of twenty modal analyses ig 3.1

per cent,

Two associations of quartz are present. The chief
one is of irregular interstitial quartz grains. The other
association is tiny irregular rounded grains of quartz con-
tained in coarse granular hornblende. An average of per=-
haps one third of the cuartz in the gabbro zone is of the

second type.
Pyroxenes

Pyroxene is present in seven of the fifty thin sec-
tions of gabbro zone rockss; all seven sections are from the
northwest half of the main intrusion. The pyroxene content
of these seven thin sections ranges between & trace and six
per cent, and averages three per cent. Pyroxene was posi-
tively identified in one section as the clinopyroxene diop-
side. In some thin sections it shows a well=-developed
diallage or malacolite parting, apparently parallel to
(001). 1In other sections this is not evident, either be-
cause the section is parallel to (001), or else because the
is not present. Well-developed twinning along (100)

nartin

- g ==

is evident in several thin sections.

One thin section contains a small amount of hypers—

thene, along with a larger quantity of diopside.
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All greins of pyroxene are in various stages of al-
teration to granular and, less commonly, uralitic horn-

blende,
Opague oxides

The opaque oxides magnetite, titaniferous magnetite
and/or ilmenite are ubiguitous in gabbro zone rocks. Mag-
netite occurs as schiller-like lamellar inclusions in
hornblende. Titaniferous magnetite and/or ilmenite is in-
variably present as small irregular grains, apparently un-
related to the lamellar inclusions in hornblende. The
titaniferous nature of these grains is inferred from their
typical association with granular sphene, generally clus-
tered about the opague oxide grains, and from alteration of

some opague oxide grains to leucoxene.

The content of opaque oxide grains in gabbro zone
rocks, exclusive of the lamellar inclusions in hornblende,
varies from a trace to four per cent. It was not feasible
to determine the quantity of opvague oxides present as la-

mellar inclusions.
Lpatite

Yost sections contain from zero to two per cent apa=

tite, in the form of well developed hexagonal rods and
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rounded grains. The average apatite content from twenty

modal analyses is 0.3 per cent.
Sphene

Sphene 1s the only other common accessory. Sphene
content of the gabbro zone varies between zers and two per

cent. The average is O.lt per cent.

Pyrite, zircon, and clinozoisite

zlrcon, and clinozoisite are minor primary

accessories. Pyrite and clinozoisite occur as tiny grains,

}‘

and zircon as extremely tiny lncqulons in brown biotite.

Zircon grains can be identified only by the pleochrocic halo

zones which surround them.

b) Secondary minerals

The secondary alteration minerals are saussurite

polite, chlorite, penninite, and leucoxene.

Slight saussuritization of plagioclase is evident in
a number of thin sections. In a few sections, plagioclase

has been almost completely saussuritized, the plagioclase

grains consisting almost ept rely of a fine=grained granu-
lar intergrowth of albite, clinozoisite, epidote, sericite,

and carbonate. Saussuritization is most intense in the
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more caleic cores of zoned plagioclase grains. Tn hand
specimen, such rocks have a pink cast, due to the pink

colour of the strongly saussuritized plagioclase.

Scapolite is a common secondary alteration product
of plagioclase, and occurs in the form of patches in plagio-
clase, andi%einlets along fractures in the rock. Scapolite
is present in about one-quarter of the thin secticns from
the gabbro zone, in amounts ranging from a trace to two per
cent. It is relatively uniform in composition; has a maxi-
mum birefringence of 0.016, and is Dipyre, M637M363 (Wine

chell and Winchell, 1951, page 353).

Leucoxene is not common, and occurs as poorly de-
veloped whitish to rusty-white alteration rims around

opague oxides,

Chlorite occurs as a rare alteration of biotite
along (O01) cleavage planes. Penninite is an extremely

rare alteration product of hornblende.

Be Transition zone

The transition zone incorporates all rocks grada=-
Tional between the gabbro zone and the granite zone. Gab-

bro and granite zone rocks sre different in colour, compo-

AN

sition, and to some extent in texture. REach zone is

2
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remarkably uniform in texture andg composition. As might
be expected, rocks of the transition zone vary widely in
composition, colour and texture. On this basis the tran-
sition zone has been mapped in the field and its boundaries
plotted on the map. Rocks vhich do not resemble typical
gabbro, or typical granite, have been classed as transition

rocks.

Transition rocks can be roughly classified into two
main types, gradational into one another. The most common
type i1s a massive fine- to medium-grained uneven-textured

porphyritic variety, grev to medium pinkich grey in colour.

~

It containg 15 t O per cent poorly formed pinkish orange

O
N

feldspar phenocrysts up to four millimetres in length. The
groundmass 1s a fine=grained intergrowth of the same feld-
spar with lesser hornblende and biotite; grain size varies

from one to two millimetres.

The other variety is a massive medium-grained inter-
growth of pinkish plagiociase and black hornblende. The
texture and appearance of this type, with the exception of
the pink plagioclase, is identical to that of typical gabbro

zone rocks.

Small quantities of quartz can usually be discerned.

with a hand lens, particularly in the porphyritic variety.



All variations between the two mein (transition)
types are common. The porphyritic variety is greatly pre-
dominant, particularly in the southeast half of the main
intrusion. The pinkish gabbroic variety is predominant in
the northwest half of the main intrusion, where the transi-
tion and granite zones are thin. It is chemically inter-
mediate between the porphyritic transition rocks and rocks

of the gabbro zone.

In hand specimen, transition rocks are generally
distinctive. They are almost invariably lighter in colour
than gabbro, and considerably darker than granite, due to
their intermediate content of mafic minerals. They are dis-
Tinguished from gabbro by their pinker colour and normally
different texture; from granite by their higher mafic
mineral content. In general, little difficulty was ex-
perienced in classifying any particular specimen. However,
because of the gradational and somewhat arbitrary nature of
contacts between these zones, slight errors in the placement

of boundaries have undoubtedly occurred.

Rocks of the transition zone are a hypidiomorphic to
allotriomorphic granuler intergrowth of plagioclase with an-
hedral pleochroic green amphibole, varying from a compact
and éranular texture to a highly irregular serate inter-

growth. Subhedral to anhedral grains of biotite are




invariably present. Quartz ranges from one to ten per
cents it ocecurs commonly as highly irregular grains inter-
grown with feldspar. The intergrowth might be described as
granophyric. Microcline is present in some sections, and
may constitute as much as eleven per cent of the rock.
Sphene, opaque oxides, and apatite are common accessories.
Minor saussuritic alteration of plagioclase was observed in
some sections. Alteration of plagioclase to scapolite is
well developed in one thin section, but absent in all
others. Traces of chlorite, carbonates, leucoxene, hema-

tite, and muscovite occur rarely.

Figure 9 is a photomicrograph of a specimen from the
base of the transition zone. It contains 1.1 per gent
guartz but the field of view of the photomicrograph shows
considerably more guartz (clear white) than this. It was
chosen to show the peculiar highly irregular or grano-
phyric (?) quartz-feldspar intergrowth which is common in

the transition zone.

On the basis of the Grout classification, rocks of
the transition zone range from diorite to quartz diorite,

with minor granodicrite. Diorite predominates.

Mineralogy of the transition zone

Transition zone mineralogy is similar to that of the

gabbro zone.
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a) Primary minerals

<

Plagioclase

Plagioclase ig the major constituent. Normal

zoning is invariably present, but is not as strong as in

the gabbro zone. Some grains are lath shaped, but these

are not as numerous or as well developed as in the gabbro
zone, and invariably have serate edges. Plagioclase com-
position in the transition zone ranges from An23 to An35@
Transition zone plagioclase is considerably more sodic than
that of the gabbro zone, and compositional variation is less
pronounced. Albite twinning is not as well developed, and
twins tend to be somewhat irregular and discontinuous. Pla-
gioclase content of transition zone rocks ranges from 45 %o
89 per cent. The average of twelve modal analyses is 66

per cent.
Amphibole

One or possibly two varieties of amphibole, both va=
rieties of hornblende, are present in the transition zone.
Most hornblende is pleochroic from light brown to intense
shades of green and blue-green. It is commonly in the form
of equidimensional grains. In some specimens hornblende

grains are jagged, highly irregular in shape, and lighter
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coloured than the normal variety. These probably represent

a hornblende of slightly different composition.

Hornblende cleavage is well developed. No lamellar
magnetite inclusions are present, and pyroxene was not ob-
served. However, if the intrusion is differentiated, horn-
blende should have crystallized directly from the magma at
this stage, rather than formed by deuteric alteration of

primary pyroxene.

Hornblende content of transition zone rocks ranges

from 12 to 38 per cent, and averages 21 per cent,
Biotite

Biotite content ranges from one to fifteen per cent:
the average of twelve modes is five per cent. Most of the
biotite is pleochroic in shades of olive=brown5 olivewgreen?
and olives; in some specimens the biotite is the pleochroic
brown variety Typical of the gabbro zone. Both varieties
may be present in one specimehv but in these specilmens, the
brown biotite has = slightly olive cast. Brown biotite is
commonly in the form of subhedral laths, but the olive shad-
ed varieties are invariably in the form of highly irregular
grains. Similar olive shaded biotites occur near the top

of the gabbro zone. Olive biotite is peculiar to the vici-

nity of the transition zone. It probably represents g




compositional variation, related to residual magma composi=-

tion at the time of crvstallization.
Quartz

Quartz content of the transition zone ranges from one
te nine per cent, and averages 3.4 per cent. This average
is only slightly greater than that of the gabbro zone.
Quartz grains are highly irregular, and in a few sections
The intergrowth of quartz and feldspar could perhaps be des-

cribed as somewhat granophyric (figure 92).
Microcline

As much as eleven per cent microcline is present in
the rocks of the transition zone, but many specimens contain
little or none of this mineral. It occurs in the form of
tiny to moderately large interstitial grains, and also
intergrown with plagioclase to form a patch perthite. Some
grains exhibit typical gridiron twinning, but most are only
noorly or apparently not at all twinned. The average micro-

cline content of the zone is 2.8 per cent.
Sphene, opaque oxides, apatite, and pyrite

Sphene content of transition rocks ranges between 0.1
and three per cent. The average content is 1.5 per cent as

opposed to 0.4 per cent for the gabbro zone. In the
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transition zone, sphene is almost invariably in the form
of anhedral rounded grains and granular masses, whiie in
the gabbro zone it is often subhedral to euhedral. Sub-
hedral sphene is rare, and euhedral grains are absent in

the transition zone.

Opaque oxides, either titaniferous magnetite or il-
menite occur in the form of disseminated irregularly roun-
ded grains. They typically constitute approximately 0,8

per cent of transition rocks.

Apatite occurs as rounded to hexagonal rods and
grains identical to those in the gabbro zone, and consti-

tutes 0.3 per cent of the average transition rock.
Traces of pyrite were noted in some specimens.

b) Secondary minerals

Saussurite, scapolite, epidote, leucoxene; chlorite,
and hematite were observed as minor secondary alteration

roducts in some specimens, as deccribed for the zabbro

o
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Grani zone rocks agre invariably massive and

ally vniform in composition and texture. They are fine-to




medium-grained and dull orange-pink in colour, with scat-
tered black specks or grains of the mafic constitﬁ.entse In
hand specimen they consist of 70 to 75 per cent orange-pink
to dirty orange-pink feldspar and 25 to 20 per cent glassy
grey quartz, with zero to five per cent black hornblende
or biotite as disseminated small grains. A few specimens
contain little or no quartz, and consist almost entirely of

feldspar. Tiny specks of pyrite are rare.

1e}

Grain size of the granite is enerally one to three

93]
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millimetres. Colour of the weathered surface is rusty
brown to orange. Variations in composition, colour, and
texture are not common. Colour may vary from orange and
orange-pink to almost pink; orange-pink predominates. The
relatively minor variations in texture that do occur are
largely due to variation in distribution and grain size of
the mafic minerals, which occur as three or four millimetre
clots or clusters, or as one millimetre grains evenly dis=-

seminated throughout the rock.

Rocks of the granite zone are = highly irregular
allotriomorphic granular intergrowth of plagioclase, quartz,
and microcline, with lesser hornblende and/or biotite., A
patch perthite consisting of a highly irregular intergrowth
of plagioclase and microcline is common in some thin sec-

tions. Sphene, opague oxldes, and apatite are minor
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accessories. Traces of chlorite and leucoxene are present
in some thin sections as alteration products of Dbiotite

and sphene, respectively. Microcline content of granite is
highly variable, ranging from a trace to almost thirty per

cente.

Figure 10 is a photomicrograph of typical granite.
This specimen consists of an intergrowth of plagioclase and
quartz, with accessory microcline, hornblende, opague ox-

ides, and sphene,

2

Mineralogy of the granite zone

a) Primarv minerals

Plagioclase

Plagioclase content of granite zone rocks ranges
from 47 to 91 per cents the average of twelve modal analy-
ses is 70 per cent. Albite twinning is well=-developed.
The twins are fine, irregular, and discontinuous, rather
than broad, straight, and sharp as in the gabbro zone.
Grain boundaries are highly irregular, due to the jagged in-

tergrowth of adjacent grains.

7Q

Zoning 1s rare and very weak. The maximum composi-

tion variation observed in a single grain is AHTO to Anl3s



Figure 9. Photomicrograph of a basal transition rock sho-
wing granophyric (?) quartz-feldspar intergrowth. Quartz
appears white. Specimen CG 6-14 (crossed nicols). Dia-

meter of field view is 7 millimetres

Photomicrograph of typical granite, specimen
Diameter of field of view is 7

Figure 10,
CG 6-22 (crossed nicols).

millimetres.




Plagioclase 1s typlcally a calcic albite. The most sodic

plagioclase is An7$ the most calcic Anl3e
Quartz

Quartz is clear and free from inclusions. I nor-
mally exhibits undulating extinction or strain shadows
under crossed nicols. Quartz content is variable from zero
to 31 per cent, and averages 17 per cent. Quartz does not
occur in specimens CG 11-1 and CG 11-2, from the northwest
half of the intrusion, where the granite zone is very nar-
row. Both specimens came from within 50 to 100 feet of the
granite-sediment contact, and consist of an intergrowth of
albite (90 per cent) and hornblende (10 per cent). The sig-
nificance of this lack of quartz is uncertain. Specimens

containing normal gzmounts of quartz were collected both to

the northwest and southeast.

Quartz in the granite zone is commonly elaborately
intergrown with plagloclase and, to a lesser extent, micro-
cline. This texture might be described as granophyric in
some cages, but is not well-developned in all specimens. Its
development in any particular thin section is variable from
place to place. A similar but less well=developed texture
is present in the transition zone, and is very poorly de-

veloped in the gabbro zone. This intergrowth is not the




normal graphic or patchy graphic intergrowth which is
prevalent in the late granitic portions of many differen-
tiated intrusions, and it is gquestionable whether it should
be described as granophyric. TFigures 11 and 12 are photo-
micrographs selected to show the most extreme development

of granophyric (?) quartz.
Microcline

Granite zone rocks have an average micrccline con-
tent of ten per cent, but wide variations are normal. The
minimum and maximum microcline content noted are zero and

27 per cent.

Gridiron twinning is generally poorly developed, and
virtually nonexistent in many grains, so that sodium cobal-
tinitrite staining was necessary to permit the determina-

tion of mineral relationships and modal analyses.

Most microcline occurs in the form of irregular
grains intergrown with other minerals. A patch perthite,
consisting of albite with ragged irregular patches of micro-

cline, is common in some specimens.
Amphibole

The amphibole is hornblende, almost invariably an

intensely coloured pleochroic green to blue-green and less



Figure 11. Pronounced development of granophyric (2) quartz
in granite. Quartz appears white. Specimen CG 2-2 (crossed
nicols)@k Diameter of field of view is 7 millimetres.

Figure 12, Extreme development of granophyrie (?) quartz in
granite, OQuartz appears white. Specimen CG 6-22 (crossed
nicols). This is the same specimen as figure 10. Diameter
of field of view is 7 millimetres.
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commonly brownish green variety. It occurs normally as jag-
ged irregular grains intergrovn with the other constitutents,
but in some thin sections occurs as small rounded grains. A
paler pleochroic green hornblende is present in a few speci-
mens. Amphibole content of granite zone rocks ranges from

zero to nine per cent, and averages 4.2 per cent.
Biotite

Biotite is invariably a brown pleochroic variety.
Slight alteration to chlorite is common. Biotite content of
specimens from the granite zone ranges from zero to four per

cent, and averages 1.2 per cent.

Sphene

Sphene almost invariably occurs as rounded granules
or fine granular aggregates. Rare euhedral and anhedral
grains were noted. ©Sphene is commonly associated with the
opaque oxides, and constitutes from a trace to 1.8 per cent

of the rock, the average being 0.7 per cent.
Opague oxides

Tiny irregular and rounded grains of titaniferous mag-
netite and/or ilmenite constitute from a trace to 1.7 per

cent of the granite, with an average of 0.7 per cent.
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Apatite

Minute quantities of apatite occur as rounded grains

and less common hexagonal rods.

b) Secondary minerals

Secondary leucoxene, chlorite, saussurite, sericite,
epidote, carbonates, and dusty hematite are present in

trace quantities in some thin sections.

Metamorphism

Late deuteric alteration was an important factor in
the crystallization of the Granville Lake intrusion. This
is particularly evident in the gabbro zone. The signifi=-
cant result is the almost complete alteration of primary
pyroxenes to hornblende and minor uralite by late magmatic
solutions. The blue=green colour of the hornblendes indi-
cates that they are sodic varieties. This is consistent
with the alteration of pyroxenes by late sodic fluids from
differentiation. The intrusion shows no evidence of sig-
nificant regional metamorphism. Most of the calcic plagio-
clase shows little evidence of any metamorphic effects, ex=-
cept for a few places where relatively minor saussuritiza-
tion and scapolitic alteration has occurred. These can be

attributed to late deuteric reactions. The uralite was
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most probably formed during crystallization of the magma,
and 1s not due to regional metamorphism, because it is co-

exlsting with and has not invaded the calcic plagioclase.

<&

T,
\/

Sickle rocks of the Watt Lake area (east half) are
of upper greenschist dr lower almandine amphibolite facies.
Sickle greywacke has an unusually well developed alignment
of Tine biotite flakes. It is finely schistose in some
places in the immediate vicinity of and in a zone perhaps
1/% mile wide surrounding the intrusion. Slight assimila-
tion and possibly fusion of these sediments has occurred
along the northeast side of the main intrusion, but is con-
fined to a zone three or four feet wide. Contact meta=-
morphic effects have been confined t6 within a few feet of
the various intrusions. Where contacts of satellite in-
trusions with sediments are exposed, gabbro is seen to be
chilled against baked fine-grained greywacke. The 1/b-mile
foliated zone which surrounds the intrusion was formed by
stresses induced in the sediments by later folding. A%
this time, the solid and unyielding intrusion was tilted
from its original horizontal to its present nearly vertical

attitude.

The few small areas of brecciasted Sickle greyvacke
along gabbro-sediment contacts may represent remnants of a

cataclastic breccia zone, which acted as a zone of weakness
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along which the magma was intruded. It is more likely that
the breccia was formed by limited shattering of enclosing

sedimentary rocks by forcible injection of magma .

Mineralogical variation across the intrusion

Modal analyses of single standard-sized thin sece—
tions of Granville Lake Gabbro specimens are listed in
table 2. Modal analyses and specific gravities of speciwy
mens collected on traverses CG 2, CG 6, CG 11 are plotted
in figures 13, 14, and 15. Vertical lines indicate the
- relative position of each specimen slong the traverse, and
variation in rock type 1s indicated at the top of each dia-
gram. Specific gravity is plotted in these figures only to

facilitate comparison with modal analyses, and is discussed

eparately in a later section. Specific gravities of the

€]

specimens of which modal analyses were made are plotted as
circles, and joined by a light dotted line. Figure 4% in-

dicates the location of each traverse.
Plagioclase and Amphibole

Plagioclase and amphibole constitute the major part

joge}

of most rocks of the intrusion. It follows that in general,
increase in amphibole content is accompanied by a decrease
in plagioclase. A general correspondence between specific

gravity and amphibole content of each specimen is obvious
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4G 2-10
CG 2-11
0G 2-12
0G 2-14
G 2-15
CG 2-17
GG 2-19
CG 2-21

oG 2-23

Colour Index

1.4

5.6

5.6

9.9

6.4
12.3
20.6
33.1
34.8

7.7
Z’Bo/y
34.8
30.9
8.3
22,1
29.7
38.4
28,2
36.9
37.9
33.1
25.3

Specific Gravity

of Rock
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2,62
2.64
2.66
2.65
2.70
2,71
2.82
2.87
2777
2.92
2.86
2.87
2.81
2,86
2.88
2.91
2,82
2.90
2,86
2.78
2.7
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76.7 1.1 22,0
56.5 3.9 16.4
471 4.0 20.0
2.2 5.7 15.7
6L.1 4.8 11.9
7,.0 8.9 2.6
70.9 18.2 0.6
6.6 16,9 3.6
58,4 18.7 6.8
838.7 1.8 0.7
14,9 38.4 5.3
53.5 13,6 11.6
62,6 19.9 6.3
70.9 19.2 0.8
77.8 11.5 0.3
64.5 22,9 47
50.0 20,0 2,6
65.0 18.3 6.5
57,6 32.2 5,5
61.8 32.6 1.1
50,0 26,1 8.2
54,6 2L.4 8.7

TABLE 2

Microcline

21.5
2.2
12.3
19.6
11.1
7.6
1.5
tr
1.6
1.1

0.1
0.3
8.7
11.3

Biotite

0.5
0.8
3.3
0.1

0.1
15.0
15,4

2.2

6.3
16.0

2.1

Lo 6

6.6

7.5

7.8

8.4

L2

3.9

5.5

2.6

“phene

o]
s

0.2
0.2
0.3
0.6
1.3
1.8
Lol
0.6
0.1
2.2
2.8
0.3

-
C 2

1.0
3- a«(Y«
1.1

Opague Qxides

0.1
0.9
0.4
0.3
1.1
1.4
1.0
0.3
0.2

2@5

3.7
0.8
1.4
1.8
0.2
1.1
0.7

0.2

Mpatite
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Modal analyses, specific gravities, and colour indices,
Granville Ligke Gabbro

Pyroxene
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Specimen

6-22
6-24
6-25
6-26
9-25
10- 5
10-23

Colour Index

IONY
3.5
4o'7
31.4
42,6

35,5

P

9.3
12.1
18.1
24,7
38.5
47.8
43.0
39.9
57.3
34.9
42,3
%0.0
49,0
15.9
4543

Specific Gravity

of Rock

Plagioclase

73.5
70.7
53.4
61.5
67.9
51.7
64,0
90,6
87.9
79.7
72,8
56.3
48,5
54,0
59.6
42,7
65.0
57.5
59.1
48.8
82.3
5445

Amphibole

2.9

0.3

7.3
38.0
2ol

8.8
10.3
13.3
17.8
30.3
45,3
38.4
37.0
51.0
32.6
33.4
38.4
44,8
11.6
43.8

Quartz

16.5
22,1
23 .4
30.9
0.8
0.3
0.5
0.1
1.7
1.7
5.1
3.3
2.6
0.5

0.1
Oo2
0.8

0

o =
N

Microcline

3.9
22
19.6
2.7

0.1
0.9
tr

0.1
0.1

TABRLE 2 {concluded)

Biotite

3.3
1.5
443
0.8
4.3
7.9

1.1
1.8
7.0
1.3
3.8
0.4
5.4
0.7
1.1
1.4
3.3
1.5
0.1

Sphene

tr

0.6
C.1
1.6

0.5

2.9

i..—l
@

Opague Oxides

1.7
1.4
1.1
0.2
0.4
0.3
1.1

0.1
2.3
1.8
0.5
0.1
0.3
0.5
0.5
1.4
2,2
0.1
0.9
1.3
1.1

Apatite

0.4

Oa»!-'/

0.6
0.1
0.4
0.7
0.2
0.5
0.1
0.1

0,1
tr

0.3
0.1
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rom the diagrams. This is due to the fact that amphibole

is the dominant mineral of high specific gravity.
Quartsz

In the case of traverses CG 2 and CG 6, quartz con-
tent is highest near the top of the granite zone. However,
on traverse CG 11, the maximum quartz content is found in
the gabbro zone; the transition and granite zones contain

little quartz.
Biotite

The gabbro and transition zones have sz higher bio-

tite content than the granite zone.

appears near the middle of the gab-

t
bro zone, reaches its highest concentration in the transi-

zero near the top of the intrusion. The highest microcline
content was found on traverse CG 2 near the extreme south=-

east end of the main intrusion, where the maximum accumula=
tion of late differentiates has occurred. The granite and

transition zones become thinner toward the northwest, and

maximum microcline content decreases rapidly.




Crystallization of the opaque oxides was apparently
rhythmic or irregular, and two or three crystallization
peaks appear on each traverse. In general one peak appears
in the gabbro zone, and another near or at the trancition
zone = granite zone boundary. Concentrations of opague
iron oxides which apparently correspond to that at the tran-
sition zone = granite zone boundary are found in the Sudbury

intrusion (Collins, 1934), the Lynn Lake Gabbro (Bmslie,

1961, p.35), and the Tow Lake Gabbro (Hunter, 1958, p.18).

Maximum apatite content is found nesr the top of the
abbro zone. A similar maximum in‘PQOq content may be no-

ted in the silica variation disgram, figure 16.

Concentrations of apatite are common to many differ-
entiated gabbroic intrusions. In the well-known Sudbury
intrusion, a similar concentration of apatite occurs near
the top of the norite zone. Hunter (1958, p.10, p.19), in
his study of the Tow Lake Gabbro, found a sharp peak in
apatite content in the "B" or intermediste gabbro. A
similar concentration of apatite occurs in the upper zone

of the Lynn Lake Gabbro (Emslie, 1961, p.35).
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Sphene

& pronounced concentration of sphene cccurs in the
transition zone, and a2 similar maximum Ti02 content is evi-
dent in the silica variation diagram. In his study of the
Lynn Lake Gabbro, Emslie (1961, p.46) states that sphene is

limited almost entirely to the upper zone.

Discussion of mineralogical varistion snd petrogenesis

Mineralogical variation across the intrusion and par-
ticularly the distribution of auartz, opacue oxides, micro=-
cline, apatite, and sphene show remarkable similarity to

the distribution found in other differentisted intrusions.

Plagioclase, clinopyroxene, orthopyroxene, minor bio-
tite, and possibly some amphibole were the first minerals to
crystallize from the primary undifferentiated magma. As the
water content of progressive liguid differentiates became
higher and temperature decreased, the pyroxenes were altered
to various hornblenTizamphiboles? and hornblende began to
crystallize directly from the magme. Formation of plagio-
clase continued until crystallization of the intrusion was
complete. Crystallization of opague oxides was irregular in
the gabbro zone, reaching one or more peaks. Formation of

apatite became pronounced when about half the magma had

crystallized. The maximum accumulation of apatite occurred




near the top of the gabbro zone. Apatite then decreased
gradually to almost zero in the granitic rocks due to im-
poverishment of the residual differentiate in P205° As
apatite crystallization reached its maximum, the rate of
crystallization of sphene increased rapidly, reached a pro-

nounced pezak in the transition zone, then decreased.

By the time formation of the transition rocks was
virtually complete, the remaining magma must have become
depleted in magnesium and impoverished in calcium and to a
lesser extent in iron. As a result, the formation of horn-
blende became almost negligible. Plagioclase composition
changed abruptly from approximately An23 to Anl3@ This re-
sulted in the relatively sharp boundary between hornblende-
rich transition rocks and hornblende-poor granite. Most of
the remaining opaque minerals crystallized at about this
time, and a pronounced peak in opaque oxide content is evi-

dent.

Quartz is found in small quantities throughout the
gabbro and transition zones., With the exception of traverse
CG 11, quartz content is highest near or at the top of the
granite zone, where it becomes as great as thirty per cent.
However, on traverse CG 11, the maximum quartz content is
found in the gabbro zone, and the transition and granite

zones contaln little quartz. This may be due to floating of




albite crystals to the top of the magma chamber, where they
were trapped by irregularities in the upper surface, which
prevented their migration to the uppermost southeast por=-
tion of the intrusion. A more plausible explanation is
filter pressing and migration of the late silica=-rich dif-
ferentiate from its albite crystal mush before crvstalliza-
tion of quartz began. Such filter pressing would be the
result of downslope settling of crystal mush and consequent
displacement of the remaining fluid to the higher southesast
end of the main intrusion. This is confirmed by the progre-
ssive increase in quartz and microcline content of rocks of

traverses CG 11, CG 6, and CG 2, respectively.

Crystallization of microcline began in the upper por-
tion of the gabbro zone, and reached its maximum in the tran-
sition or lower granite zone. Microcline is absent or
present in negligible quantities at the top of the granite

zZone.

Chemical analyses and related data

Eight specimens considered to be representative of
normal variation in the intrusion were chosen for chemical
analysis. Unfortunately, it was necessary to choose these
specimens before any thin sections were available, and as a

result, the analyses do not include specimens of pyroxene
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gabbro, chilled gabbro, or of granite formed by crystalli-
zation of the latest magmatic differentiate. Iﬁ i1gs there~
fore unlikely that the available analyses represent the

maximum compositional variation. From figure 14 it is ob-
vious that the analyzed specimen highest in SiO2 (CG 6=25)

is not the most silicic rock found in the intrusion.

Chemicai analyses, molecular norms, and modes of
chemically analyzed specimens are listed in table 3. Aver-
age compositions of igneous rocks, after Daly (1933), are
given in table 4. Chemical composition of the three gabbro
zone specimens is intermediate between Daly's average gab-
bro and average diorite. The transition zone rocks vary
between diorite and granodiorite, and those from the gra-
nite zone are similar to Daly's average granite. All three
zones are relatively rich in alumina and soda, poor in mag-
nesla and potash, and slightly deficient in lime as com-

pared to Daly's average rocks.

A. Silica variation diagram

Figure 16 is a silica variation diagram for the Gran-
ville Lake intrusion. The trends of the major oxides are
consistent with what would be expected in a differentiated
intrusion. Alumina, lime, magnesia, ferrous iron, and total

iron show a generally consistent decrease with increasing




TABLE 3

Gabbro “one

CG 10-5 GG 1517
K. Ramlal ¥, Remlal
~an=lyst -analyst
530 49.6 51.2
élgg 21.1 20.1
Feh03 3.5 2.9
Fel 5.8 6,0
M0 4.9 47
a0 9.1 9.3
NasQ 3.23 2,87
Ko0 0.82 0.48
710 0.80 1.06
P05 0.17 0.15
MnO 0.11 0,13
COo tr nil
Ho0™"
150~ 0.47 0.69
99,60 99.58
Molecular Norm
q - 3 eZ;.
C -~ —
or 5.0 3.0
ab 2.0 , 6,5
an 1.0 o /1.0 “M39
WO - 2.0
en 9.3 13.4
di 3.2 -
fs 3.7 6.0
o 2.6 -
fa 1.0 -
mt 3.8 3.0
]:m - —
il 1.2 1.4
ap 0.3 0.3
ce - -
ne - -
Mode
Plagioclase 5167{ﬁn39_63) 54»5{An36_64+}
fmphibole 38.0 43.8
Quartsz 0.3 0.2
Microcline - -
Riotite L3 0.1
Sphene tr 0.2
Opagque oxides 0.3 1.1
Apatite - 0.1
Chlorite tr -
Pyrite - tr
Epidote - -
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TABLE 3 {concluded)

Transition Zone Transition Zone Granite Zone Granite Zone

GG 10-23 G 12-21 CG 6-22 G 6-25
2. M, MacKey A M, Maclsy ¥. Bamlal
D.F.G, Brown D.F.G. Brown —-analyst
~znalysts -znalyets
5102 55.93 62.15 67.0 70.3
1203 17.59 16.81 16.3 15.2
Fes03 2.73 3.76 5.7 3.8
FeQ £.88 2,23 0.39 0.39
C20 . s o Py
Nan0 5.80 6,16 7.0 5.5
K20 1.04 0,97 1.2 3.3
Ti02 0.74 0,68 0,41 0,22
Po0 0.22 0.22 0.10 0.0
100" 0.0% 0.0/ 0.05 0.02
C0o nil nil nil nil
H2O+'} 0.80 1.18 0.42 0.35
Ha0- . 1.1 o 42 NG

99,31 99,85 100,57 1.00,60
Molecular Norm
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- .3 oy 15 3 6.0 ™M1
wo o 0. - -
an 5» eZ!/ Oo?
ai - - - -

v
3
L1

W RNGRVVING I 0 RV ) S B S

mt 3.2 1.6 0.3 0.3

hm 0.3 1.8 3.7 2.5

il 1.2 1.0 0.6 0.4

ap 0.5 0.5 0.3 0.3

ce - - - -

Mode ) ( ) , }

Plagioclase 62.0{4n,, ” 82.3(4n, ) 73.5{4n 53,40 ;
fmphibole 2hok 56 11.6 26~33 2,9 10 0.3 1013
Quartz 0.5 1.9 16.5 23.4
Mierocline - - 3.9 19,6
Biotite 7.9 1.5 - 1.5
Sphene 1.7 1.2 1.2 0.6
Opacue oxides 1.1 1.3 1.7 1.1
ipatite 0.4 0.3 tr tr
Chlorite tr - 0.2 -

Pyrite - - - -
Epidote - tr tr -
Hematite - - tr tr
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silica content. Soda and potash show a general increase.
The drop in soda and corresponding increase in potash in
specimen CG 6-25 is due to the high microcline content of
this rock. The trend of ferric oxide is irregular. Titania
and PZOS show peaks which may be similar to the maxima of

apatite and sphene in the modal analysis diagrams.

B. Alkgli-lime index

Figure 17 is a plot of Cal and (NagQ + K2@> against
SiOZE These curves cross at a silica content of approxi-
mately 53 per cent. The value of the alkali-lime index is
therefore 53, and corresponds to alkali-calcic in the Pea-
cock classification (Peacock, 1931).

C. Relationship between silica content and specific
gravity

Figure 18 is a plot of percentage silica against spe-
cific gravity for the chemically analyzed rock specimens.
The relationship between these two variables is remarkable.

A1l analyses fall on or almost on a smooth curve.

Silica content of a rock is a direct measure of its
acid or basic nature, and should increase from base to Top
of a differentiated intrusion. Hence, the close relation-

ship between silica content and specific gravity of



71

3
P
42
P
5 6 1
3}
&
© e
A2
i
FATRNY

Alkeli-lime index of Granville Lake Gzbbro=53=alkali-calcic,

Fipgure 17. Aikali=lime index of the Granville Lake Gabbro,

72




72

735 7]

70

6357

60 7

Si10,

%

55 7

50 4

45 T T T Y T T T
260 265 2:70 275 2:80 2:85 2:90 2:95

SPECIFIC GRAVITY
OF ROCK

Figure 18, Helationship between silica content and specific

gravity of chemically analyzed specimens, Granville Lake Gabbro,



specimens from the Granville Lake intrusion provides a
valuable index to the differentiation of %he intrusion.
Specific gravity of any specimen is closely related to its
silica content and provides therefore an easily determined
index of differentiation. Approximately 1450 specimens
were collected in the field. Specific gravity was deter=
mined for each of these specimens, and specific gravity
profiles plotted for each traverse. Figures 19 to 27 are
specific gravity profiles across the Granville Lake intru-
sion. The various zones of the intrusion have been indi-
cated at the top of each profile to permit comparison of

specific gravity profiles to variation in rock type.

A typical traverse shows a relatively constant spe=
cific gravity in the gabbro zone, with a slightly lower
value near the base of the intrusion. Commencing either in

the upper part of the gabbro zone or in the transition =zone,

there is a relatively rapid but continuous decrease in spe=

cific gravity from perhaps 2.90 or 2.85, to about 2.70 or
2.65 at the place where the granite zone is reached. The
decrease in specific gravity then becomes more gradual, and

specific gravity becomes relatively constant at a value

close to 2.62.

Differentiation of the gatellite intrusion at the

southeast end of the main intrusion was not reccgnized in
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the field. However, the specific gravity profiles for tra-
verses C 61-1123 and C 61~1096 indicate that the base of

this intrusion has a specific gravity of about 2.85, which
gradually decreases to a value of 2.72 at the top. Differ-
entiation of the other satellite intrusions is not well de-

veloped, presumably because of their rather rapid loss of

D

heat to the surrounding colder sediments, and consequent

rapld crystallization.

Map 2 (in pocket) is a Spécific gravity contour map
for the Granville Lake intrusion and should indicste varia—
tion in silica content. The upward tilt of the present
southeast end of the intrusion during cooling is evident
from this map. Rocks of highest specific gravity are con-

centrated near the northwest end of the intrusion.

Along the lower gabbro-sediment contact of the main
intrusion, a zone of lower specific gravity is evident.
This zone is believed to represent a '"chill" zone which
either crystallized relatively rapidly, or else cooled to
an extremely viscous magma before the processes of differ-
entiation began. Little evidence of chilling is visible in
rocks from the base of the gabbro zone, with the exception
of 2 possibly slightly smaller grain size. There is no
evidence of chilling along the upper contact of the main

intrusion. However, it is probable that if a chilled zone
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were orlginally formed, it was soon remelfed by upward dis-
sipation of heat from the intrusion or disappeared by re-
action with later granitic liguid. &Emslie found a similar
"chill" zone along the base of the Lynn Lake Gabbro, and

this intrusion also lacked a chilled zone along its roof.

The specific gravity of the gabbro zone is remarkab-
ly uniform. This uniformity indicates that crystallization
of plagioclase, pyroxene, and possibly amphibole began al-
most simultaneously, with the relative proportion of feld-
spar to the two ferromagnesian minerals remaining more or
less constant until crystallization of the gabbro zone was
almost complete. If one of these minerals had begun to
crystallize before the other, then the specific gravity of
the gabbro zone would not be so uniform, and a compositional
banding would be evident in the field. There is a possi=-
bility that the rocks of lower specific gravity along the
base of the intrusion indicate that crystallization of
plagioclase was more rapid than crystallization of amphibole
in the earliest stages of differentiation. The lower spe=-
cific gravity of these rocks is in part due to a slightly
high plagioclase and a slightly low amphibole content. This
could be attributed either to chilling and crystallization
without differentiation of primsry magma, or else to enrich-

ment of plagioclase in the earliest crystal differentizte
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to form. TFurther evidence on the nature of this zone of
low specific gravity is provided by plagioclase composition

determinations as presented in figures 34+ and 35.

If plagioclase were the first mineral to crystallize
and settled to the base of the intrusion, it would be expec-
ted that the outer rims of zoned grains would have a rela-
tively high content of the anorthite molecule in the imme-
diate basai zone of the intrusion. A gradual decrease in
anorthite content of the rims would be expected from base to

top of the gabbro zone.

On the other hand, if undifferentiated primary magma
were cooled relatively quickly near the base of the intru-
sions, and as a result became viscous enough so that little
or no crystal settling with resultant separation of a more
sodic differentiate could occur, it would be expected that
rims of zoned plagioclase grains in this chilled zone would
be more sodic than those formed by differentiation involving
separation of a more sodic differentiate from rocks imme=

diately above the chilled zone. Plagioclase composition de-
terminations from traverses CG 6 and CG 11, the only traver-
ses with sufficient determinations near the base of the in-
trusion, suggest that anorthite content of grain cores is

identical near the base of the intrusion and higher up, but

that grain rims near the base are more sodic than those
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somewhat higher in the intrusion. This would indicate that
the zone of lower specific gravity along the base has for-

med by relatively rapid cooling and crystallization of pri-
mary magma, rather than by differentiation and accumulation
of early plagioclase crystals. This implies that the basal

gabbro zone rocks are indicative of the primary magmsa com-

position. It is of interest to note that the average spe-

cific gravity of this basal zone is approximately 2.85 or

2.86, whereas the average specific gravity of the 448 spe-
cimens collected from the Granville Lake Gabbro is 2.8k, It
is probable that the zone of lower specific gravity repre-

sents a chilled zone.

D, Differentiation in the satellite intrusions

Differentiation in the satellite intrusions is evi-
dent only in the satellite at the southeast end of the main

intrusion. Satellite intrusions are all chilled and finer

grained than the main intrusion, and the southeast satellite
is no exception. As a result, differentiation in this sat-
ellite is not as pronounced as that of the main body. The

uppermost rocks are fine grained, and intermediate between

those of the transition and granite zones of the main in-

trusion.
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E. Indices of differentiation

KQO + Na2o
The value of the ratio Cab + ¥ 0 F 1150 is commonly

2 2
used as an index of differentiation, and is known as the fel-
Fed + Fe, 0

. A . 273
o Simil , th 1 :
sic index. Simillarly, the value of the ratio Wz0 T Fe0 F Fe203
is commonly used for the same purpose, and is known as the ma-
e o y Mg0 . s
fic index. The ratio 20 % 610 is also used as a mafic in-

2
dex of differentiation.

Figures 28, 29, and 30 illustrate the relationship be-
tween specific gravity and the respective differentistion in-
dices for the Granville Lake intrusion. These diagrams con-
firm the usefulness of gpecific gravity in determining the de-
gree of fractionation or index of differentiation of any speci-

mene.

Colour index wag determined from modal analyses. Be-
cause of the complete lack of rhythmic banding in the Gran-
ville Legke intrusion, colour index can probably be used as a
rough ihdex of differentiation. Figure 31 shows the rela-
tionship between colour index and rock specific gravity for

the intrusion.

Figure 32 is a plot of the percentage of plagioclase
I b ¥ 3

amphibole (hornblende), and quartz plus microcline, for
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chemically analyzed specimens of the Granville Lake Gabbro.
Amphibole decreases regularly, and gquartz plus microcline
increase regularly with increasing felsic index. Plagio-
clase content increases at first, but decreases sharply in
the two granite specimenss this corresponds to the sudden

increase in gquartz plus microcline.

Varigtion in plagioclase composition

Plagioclase composition was determined for twenty-six
specimens using the universal stage, by determination of the
meximum extinction angle on (010). Compositions are listed
in table 1. Because of the strong zoning, it is possible
That more calcic plagioclase may exist in any specimen of
the transition zone and particularly the gabbro zone. It is
doubtful, however, that any major error has been incurred.
The location of each specimen for which a determination was
made is shown in figure 33. Figures 3% and 35 illustrate the
variation in plagioclase composition on traverses CG 23, 11,
2, and 6. It was not possible to determine the composition
of the plagioclase in each thin section for these traverses.
In some specimens saussuritization prevented composition de-
termination. It was impossible to determine the maximum com-
vositional range of the zoned plagioclase in many sections
with any degree of assurance, because the sections contained

an insufficient number of suitable plagioclase grains.
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Doubtful determinations are not included in the table or

illustrations.

Plagioclase composition is relatively constant on
any one traverse in the lower one-half to two-thirds of the
gabbro zone. Anorthite content gradually decreases through
the upper portion of the gabbro zone and the transition

zone, with a sharp decrease at the boundary between the

transition and granite zones. A gap in the nlagioclase com-
position range is evident at this boundary; plagioclases be-

tween An and An were not found. This mayv be an actual
23 13

9

rap, or 1t may be due to lack of a sufficient number of

"

g

closely spaced thin sections from the transition and granite
zones immediately adjacent to the boundary. Optical data on
vlagioclases presented by Collins (1934) indicates that a
compositional gap of An25 to Anfgféxiét between the tran=-

sition and micropegmatite zones of the Sudbury intrusion.

Similarly, for the Skaergaard intrusion, Wager and Deer (1939)
report a normative plagioclase Composition of Ango in speci-
men 3047 (hedenbergite granophyre), and of An9 in specimen
3058 (transgressive acid granophvre) the next differentiate
to have formed, with no plagioclase between thesgse composi=-
tions. These are normative rather than optical compositions.
Table IIT (Wager and Deer, pp.68-69) shows that normative

plagioclase compositions for the Skaergaard rocks are close-

ly related to the actual compositions. The normative and



modal analyses correspond closely in the hedenbergite gra-
nophyre, and it is therefore probable that the actual
plagioclase composition is virtually the same as the nor-
mative composition. Plagioclase is the only mineral in the
acid granophyre to incorporate the soda and lime indicated
by the analysis: therefore the normative plagioclase com~
position must represent actual plagioclase composition.

se composition observed be-

R

The sharp change in plagiocl
tween the transition and granite zones of the Granville

Lake intrusion is apparently not unigue.
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in the gabbro zone of the Granville Lske Gabbro, proceeding
from southeast to northwest (figure 33). This corresponds
to the general increase in specific gravity which is evi=-

dent in the specific gravity contour map (map 2).

The relationship between plagioclase composition and
rock specific gravity is illustrated in figure 36. An ab-
rupt change in anorthite content of plagioclase from approxi-
mately Aﬂ23 to Anl3 1ls evident over the small specific gra=-

his change is the compositional
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gap found at the transition zone - granite zone boundary.
It may be determined from the curve illustrating the rela-
ticnship between silica content and specific gravity (figure

18) that specific gravities of 2.71 and 2.68 correspond to
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contents of 63 and 66 per cent respectively. In other
t this boundary a change in silica content from 63

per cent in the transition zone to 66 per cent in the gran-

ite zone 1s accompanied by an abnormally sharp decrease in

anorthite content of plagioclase from approximately An23

to AnWEB The cause is unknowm.

Origin of the granitic and transitional phases of the in-
trusion

=
W
i

Differentiation in place o
magma seems to be the most probable explanation of 2ll the
features of the Granville Lake Gabbro. However, considera-
tion must be given to all possible origins for
zones of the intrusion. These are as follows:

(1) Upward flow of heat from gabbro magma caused fusion
of enclosing Sickle rocks to form the granite zones
the transition zone represents a mixture of the two
liguids.

(2) Crystallization of the gabbro zone ga

jav)
<
o
3
} =}
n
)

granitizing fluids, which escaped upwards, altered

the top portion of the gabbro zone to form the tran-

sition zone, and granitized the Sickle rocks immedi-

ately above the intrusion to form the granite zone.
(3) The intrusion is multiple; the earlier formed rocks

(either granite or gabbro) have been altered after
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consolidation by interaction with the later magma

was still a crystal mush: the transition zone is

the result of mixing of granite magma and gabbro

®

crystal mush. Conversely, gabbro magma may hev
been intruded a2long a contact between Sickle rocks

and partially consolidated granite.

¢

being formed by fractional crystallization of =

4

Each theorv is discussed below.

(1) The first theory, that granite was produced by fusion
of greywacke, is subject to serious criticism. Field study

<

revealed little evidence of any melting of the greywacke.

Granville Lake Gabbro is considerably poorer in slkalies and
silica, end richer in lime, magnesia, and iron oxides than

1t
=
C
+

is the granite. Simple fusion of greywvacke could not, there-

o}
o
-3

i
®

fore, have produced a cuitable granitic melt. Selective

ot

fusion of the silica and alkell rich minerals prior to the
more basic minerals could have produced a suitable liguid,

but it is unlikely that this hypothetical ligquid would have
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migrated out of the greywacke to form a layer along one

side of the gabbro intrusion. Selective fusion on a2 scale

5]

ficient to produce the large amount of granitic material

)

ST

"?:3

4

present would necessarily have resulted in a corresponding-

+

-t

y large amount of basic residue. None was observed, and
although exposure of the Sickle series is poor in the im-

mediate vicinity of the intrusion, there is sufficient out-

crop to permit the conclusion that there is no such residue.

In those few places where‘the greywacke 1s exposed
within a very short distance of the granite=greywacke con=
tact there is ne indication of melting or partial melting.
Also, heat flow from a2 magma body must radiate outwards in
all directions. Therefore fusion, if any, would be expec-
ted to occur on 21l sides of the intrusion, not only along

the top. Little evidence of fusion was found. Furthermore,

gabbro-sediment contacts along the edges of the smaller in-

O

trusions show no evidence of fusion, the contacts being

ot

knife h Do

It is concluded that sediment fusion, if any, was
minor, and that the granite was not produced by fusion of
sedimentary rocks along the upver surface of hot gabbro

magma .

(2) The second theory proposes granitization of Sickle

greywacke and alteration of gabbro to transition rocks by
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late fluids escaping upward from the crystallizing gabbro
magma. These fluids would represent a late granitic resi-
due contained in the crystal mush, with the basic consti=-
tuents of the gabbro being incorporated in the crystals.
Such a late residual fluid could not have reacted with
gabbro to form transition rocks because the fluid would
have been in eqguilibrium with the basic constituents of

the crystals.

A granitizing fluid which could produce granite by
reaction with the Sickle greywacke above the gabbro intru-
gion would have To be considerably richer in silica and al-
kalies tThan the resulting granite, because the actual gran-
ite gzone rocks are richer in these constituents than the

reywacke from which they would presumably have formed. If

0m

such a highly silicic and alkalic fluid had formed it could
equally well have accumulated above the gabbro as a grani-

tic differentiate.

No indication of extensive granitization of greywacke
was seen in The field. One obviously granitized area occurs
near the southeast end of the granite zone, but this is still
a recognizable greywacke, having a fine grained sedimentary
texture with phenocrysts or porphyroblasts of pink albite,
guite distinct from the appearance of the granite. This

area of granitized greywacke appears to be small, although
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overburden, and it is completely engulfed by g
is probable that this greywacke was enclosed in granitic
magma with which it reacted without melting, until it

gl

reached ecquilibrium.

The contact between the granite zone and the Sickle

eries is not exposed. Outcrops of granite and sedimen-

n

tary rocks occur within 40 feet where exposure is best. In
one place near the southeast end of the granite zone (approxi=-
mately 500 feet south of the location of specimen CC 2-L), a
small outcrop of light grey greywacke or impure quartzite
about 60 feet west of the last granite outcrop contains
scattered 1/8-inch phenocrysts or porphyroblasts of pink
plagioclase. These are identical to the "phenocrysts" in

the more extensive area of granitized greywacke mentioned
above. The-next outcrop, about 50 feet further west from

the granite, is normal grevwacke. No other evidence of gran-

itization was observed.

Such minor granitization of greywacke is probably the
result of interaction between granite magma and the grey-
wacke with which it was in immediate contact, and does not
represent the extensive granitization which would have taken
place if the granite zone were formed by granitization of

overlying greywacke.




It is unlikely that granitization played a signifi-

art in formation of the rocks of the granite zone.

0
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(3) The first multiple injection hypothesis proposes in-
jection of either granite or gabbro magma along the edge of
an earlier granite or gabbro intrusion which had completely
crystallized. Injection of gabbro magma along a granite-~
sediment contact might cause refusion of granite, with mix-
ing of gabbro magma and remelted granite resulting in the
transition rocks. There are two objections to this. If

the gabbro were hot enough to cause such extensive remel~
ting, it is uniikely that the granite~transition zone con-
tact would be as relatively sharp as it 1s, with no apparent

metamorphism of the unmelted granite.

Specific gravity studieg indicate apparent incomplete
diffefentiation of the small southeast satellite intrusion,
vet there is no granite along the top contact of this satel-
lite, and no evidence that there ever was any. Hence re-
fusion of earlier granite by later gabbroic magma does not

seem to explain at least the southeast satellite intrusion.

The foregoing objections may be raised to the con=-
verse theory that granitic magma was injected along a gabbro-
sediment contact. In addition, a granitic magma would not be
hot enough to cause remelting of gabbro. Formation of trans-

tion rocks by metasomatism or granitization of gabbro is
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unlikely. The gabbro=-gsediment and granite-sediment con-
tacts of the intrusion are completely coﬁcordant in the
plane of exposure (the topographic surface). It is likely
that the concordance continues to at least a reasonable
depth. In the one place where the granite zone - transition
zone contact is almost knife=sharp, it dips steeply to the
southwest, and is parallel to the plane of the intrusion.
There is no evidence to indicate a significantly larger
volume of granite at depth than that indicated at surface.
Therefore it 1s unlikely That such a relatively small amount
of granitic magma could have caused granitization or meta=-
somatic alteration of gabbro for distances as great as 1/b

N

mile, the maximum width of the transition zone.

(1) Intrusion of granite along a gabbro=sediment contact

k)

while the gabbro was in the form of a crystal mush is im=-
probable. Formation of the intrusive body in this manner
requires that an extremely delicate, and therefore unlikely,
relationship must have existed; the gabbro would have to
have been hot enough and fluid enough to react and partial-
1y mingle with the granitic magma, vet firm enough so that
extensive or complete intermixing or crosscutting by large
bodies of granite did not occur. Injection of the granite
would, of necessity, have To have been extremely gentle.

The few short, vague granitic dykes found in transition
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rocks within a few feet of the granite-transition contact,

while congistent with such a mode of formation, can equal-

JAS]

1y well be ascribed to minor injection of early differen-
tiated crystal mush by later and more granitic differen-

tiates.

(5 Finally, there is the possibility of differentiation
in place of an original gabbroic magma. Differentiation is
common to many other gabbroic and doleritic intrusions

b1

throughout the world, and therefore would seem to be a prob-

able explanation of the features of the Cranville Lake in-

o3,

Differentiation in place would explain all the fea-
tures of the intrusion which were noted in the field. The
relatively sharp contact between the transitional and gran-
itic vphases is not inconsistent with this theorys many

N

other differentiated intrusions have relatively sharp phase

.

boundariese.

Differentiation is strongly supborted by petrographic
studies, mineralogical and chemical data, and the variation
across the intrusion of specific gravity and plagioclase
composition. Differentiation is the only adequate explana-
tion of the specific gravity variation across the southeast

satellite intrusion.
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It is concluded that the CGranville Lake intrusion
originated by differentistion in place of an original gab-

broic magma.

Geologic history of the Granville Lake Gabbro

The Granville Lzke Gabbro weg intruded as a concor-

1 well=bedded arko-

;~.

dant almost horizontal sill=like mass i

w

sic greywackes of the Sickle series. It remained in
more or lesg horizontal position until crystallization was
complete. Pronounced differentiation took place during
cooling, resulting in the formation of a thick lower gabbro
layer, a transitional diorite layer, and an upper granite
layer. The granite and transitional layers are widest, and
the gabbrd layer narrowest near the southeas
trusion. This indicateg that the intrusion was not exactly

"

had a slight

- b

horigontal at the time of crystallization, but
upward tilt towards the present southeast end. As crystal=
lization proceeded from the bottom up, there was presumably
an accumulation of basic crystal mush down slope, and of
successive dioritic and then granitic differentiates up
slope. Later folding of the enclosing Sickle rocks tilted

the intrusion to its present nearly vertical position



THEORETICAL CONSIDERATIONS

Differentiation and iron enrichment in basaltic magma

Differentiation and the results of differentiation
of basaltic magma have been the subject of a great deal of

disagreement among geologists for many vears. The major

\
)
09

ol

e

vt of controversy hags been whether or not the normal czle=-

3

alkaline series of ignecus rocks can be derived from a pri-
mary basalt magma by fractional crystallization, or some

other process of differentiation.

Bowen (1928) contended that the result of the process
of differentiation of a basaltic magma would be the produc-
tion of the normal cglc-alkaline series of igneous rocks.

He reached this conclusion by experimental investigation of
simple silicate systems in the laboratory, and from evidence

obtained by field studies of rocks.

Bowen believed that normal processes of differentias=-
tion would result in a continuous decrease, in successive
rocks of a differentiated series, of magnesia, lime, and iron

oxides, and a continuous increase in silica and alkalies,

resulting in the production of iron-poor dioritic and gra-

nitic residual magmas.

Bowen's view have been cuestioned by Fenner (1929},

who considers that the normal calc-alkaline series of igneous
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rocks is not produced by fractional crystallization of ba-

salt. Tenner favours enrichment of iron oxides in the

]

inal residual licuid produced by fractional crystallization,

=

)

nd believes that residual liquids remain highly ferriferous
ght

n
ight up to the time of complete crystallization. He con-

3

cludes that the result of fractional crystallization of 2
basaltic magma is to produce a final liguid rich in iron ox~

ides and alkalies, and poor in silica, magnesia, and lime.

Bowen, Schairer, and Willems (1930) agree that iron
oxides should be enriched relative to magnesia in a series
of rocks formed by fractional crystallization, and state
that almost all calc-alkaline series of rocks will show this
enrichment. Similarly alkali feldspér should be enriched

relative to calcic feldspar.

Fenner (1931) claims that the enrichment of iron
oxides should predominate over the enrichment of alkalies

and silica; Bowen held the opposite view.

Wager and Deer (1939), in their well=known study of
the differentiated Skaergaard intrusion, show that in the
Skaergaard magma, the differentiation trend was strongly to-
ward iron enrichment, which continued until the magma was
95 per cent crystallized. At this point there was a sharp

change in the differentiation trend, and the remaining 5 per
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cent of the magma crystallized to produce a residual ligquid

rich in silica and alkalies, but poor in iron.

Wager and Deer have constructed a number of ingeni-
ous diagrams to demonstrate tThe differentiation trend of
the Skaergaard magma, and tofﬁermit comparison with the
rocks of the calc=-alkaline series, as well as with the dif-
ferentiation trends of other presumably differentiated
series. The differentiation trend ig best illustrated by a
triangular diagram with variables FeO, g0, and (NazQ + KZO>°
Figure 37a is a plot of the differentiation trends of the
Skaergaard intrusion and the Granville Lake Gabbro, and also
of the calc-alkaline series ofbigneous rocks, after Daly
(1933). This diagram and its implications will be more

fully discussed.

On the basis of their diagrams7 Wager and Deer claim
that iron enrichment, shown by the differentiation trend of
the Skaergaard intrusion, is typical of the average differ-

entiated basaltic magma.

However, differentiation of the Skaergaard magma has
resulted in the production of unusual ferrogabbros, contain-
ing as high as thirty per cent iron oxides. Similar ferro-
gabbros are rare elsewhere. These workers (p.313) consider

that

essss Lhe rarity of ferrogabbros is not due to
their production from a magma of unusual compo-
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sition but because uninterrupted, strong frac-
tionation of basic magma, such as took place in
the Skaergaard intrusion, is rare. The normal
calc-alkaline series of igneous rocks, which is
often regarded as resulting from fractional crys-
tallization of basalt, is not the sequence shown
by the Skaergaard differentiation; thus we con=-
sider some other process as well as, or in place
of, fractional crystallization has been respon-
sible for it.

They also suggest (pp.314=315) that the linear re-
lationship of the calc-alkaline series shown on the Fe0 -

Mgl - (Na20 + KQQ) diagram

sosee may be interpreted as due to mixture of
granite and hasalt in various proportions

although they do admit that such a linear relationship

mighf9 by chance, have been the result of crystal fractiona-
tioﬂ? and does not in itself indicate that the rocks are mix-
tures. However, the fact that the crystallization of basal-
tic magmas from other examples considered .by Wager and Deer
appears to follow the Skaergaard trend, is.taken by them to
support the theory that the calc-alkaline series is essen-
tially the result of mixing and hybridization between the

two end materials, granite and basalt.

It is concluded by Wager and Deer (p.335) that

The trend of the Skaergaard magma during dif-
ferentiation is believed to be essentially the
trend which would be followed by average basalt
(magma) if subjected to the same degree of
crystal fractionation ..... From the evidence
of the Skaergasrd intrusion it appeasrs that
crystal fractionation of basalt magma leads %o
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the ferrogabbros and not to intermediate

rocks of the calc~alkaline series.

However, it appears that Wager and Deer have not
considered all the factors governing the differentiation

of basaltic magma. This subject will be discussed later.

Ldwards (1942), in his study of the Tasmanian doler-
ites, states that the trend toward the enrichment of iron
relative to magnesia is strongly marked in those rocks.
This is shown by the Fel - Mg0 - (Na2Q + K2O) plot for

analyses of the Tasmanian dolerites, figure 38d.

However, a study of Edwards' analyses sodn indicates
that there was litﬁle§ if any, absolute enrichment of iron
oxides in the magma as differentiation proceeded. The iron
oxide enrichment is only relative to magnesia, and actual
percentage of iron oxides changes very little from base to

top of the differentiated Tasmanian dolerites.

This'relatively constant iron oxide content across
the individual dolerite sills should be contrasted to the
variation in iron oxide content across the Skaergaard in-
trusion, as shown by the analyses of Wager and Deer (1939,
Table XXXXIY., The Skaergaard analyses indicate a gradual
increase in total iron oxides (Fel and Fe203 behave similar-
1y) from 11 per cent at the lowest exposure, up to a maxi-

mum of over 30 per cent about two-thirds of the way from
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this point to the top, then a gradual decrease to 10 per
cent in the rocks near the top of the series. This varia-

tion represents an absolute enrichment of iron during the

majority of the crystalligzation of the magnma.

Edwards (p.605) also believes that enrichment of iron
oxides relative to magnesia

seseo 18 80 characteristic of basalts in general

that it may be regarded as the normal trend in

differentiation of basaltic magmas.

He considers 1t possible that differentiation of ba-
saltic magma taking place in a magma chamber of batholithic.
proportions, could result in the production of rocks of the

ale-alkaline series, by sinking of heavier iron silicate

Q

crystals faster than lighter alkali silicates. However, he
concurs with Wager and Deer that the great majority of the
calc=alkaline series of igneous rocks can be only the re-

sult of mixing of acid and basic material.

Walker and Polderveart (1949, pp.657-661) have con-
structed nine Fel = Mg0 w(NaZO + KzO} diagrams, with the ob-
ject of comparing the differentiation trends of various in-
trusions to that of the Skaergaard intrusion, and to the
calc=alkaline series of igneous rocks. They find that iron
enrichment is the normal trend of differentiation during the

greater part of the crystallization of basaltic magmas.




However, they consider it likely that the calc=alkaline

suite might be produced by fractionsztion of basic magma.

An examination of analyses of four of these nine
examples, for the Palisade diabase (Walker, 1940), the Kar-
roo dolerites (Walker and Poldervaart, 1949), the Insizwa
intrusion (Scholtz, 1936), and including the Tasmanian
dolerites (Edwards, 1942) alsc indicates a relatively con-
stant iron oxide content for each of these differentiated
intrusions, with iron oxide enrichment only relative to mag=-
nesia. There is no absolute enrichment in iron. These in-
trusions should alsc be contrasted to the pronounced abso=
lute iron enrichment of the Skaergaard rocks. It would, in
fact, appear that the Skaergasrd intrusion is rather unusual

in this regard.

Nevertheless, it should be noted that 211 the above

intrusions do show a pronounced decrease in magnesia from

.

bottom to top of each, and hence an enrichment of iron ox-

0

ides relative to magnesia in progressive differentiates.

oy

iron enrichment in successive differentiates, because the
original analyses had not been classified as to their rela-

tive positions in the intrusicns.

In view of the fact that successive rocks of the

Skaergaard intrusion show a pronounced absolute increase in
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total iron oxide content, which none of the other differ-
entiated series do, the writer does not believe that the

Skaergaard intrusion represents typical differentiation of

1y

basaltic magma, contrary to the opinion of Wager and Deer.

Consider again figure 37a, which is an FeO - Mg0 -
(Na2© +'KQO) diagram, the type proposed by Wager and Deer,
and used by many workers since that time. This diagram
shows the differentiation trends of the Skaergaard magma,
and the Granville Lake Gabbro. It also shows the plot of

the calc-alkaline serieg of igneous rocks (aversge basalt,

andesite, dacite, and rhyolite of Daly, 1933).

Wager and Deer, and many other geologists, have com=-
pared trends of analyses of various differentiated series
to the differentiation trend of the Skaergasard magma, and

to the plot of the calc-alkaline series.

There is a possible fallacy in such comparisons. The
differentiation trend shown for the Skaergaard intrusion is
the trend of hypothetical magma compositions which were cal-
culated by Wager and Deer. It is not the differentiation
trend followed Dby the actual rock analyses, which need not
necessarily be identical to that of the hypothetical magma.
However, the writer has found that the actual rock analyses

in fact followed The differentiation trend of Wager and
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Deer's hypothetical magma fairly closely. It is of interest
that successive analyses from bottom to top of the Skaer=-
gaard intrusion do not follow this trend in order. In other
words, a rock may fall closer to the MgO end of tThe trend
than another taken from lower in the intrusion. This may be

a result of the lavered nature of the intrusion.

Similarly, the calc-alkaline trend is for average ba-
salt, andesite, dacite, and rhyolite, which represent frozen
magma compositions. They are, however, the most suitable
because the average analyses of gabbro, dlorite, granodior-
ite, and granite would include analyses of rocks produced by
granitization and similar processes. In spite of thisg pos-
sible complication, it is found that the average gabbro,
diorite, granodiorite, and granite analyses follow closely

the trend of the frozen magma compositions.

Strictly speaking, rock compositions should not be
compared to magma compositions. In the case of the Skaer-
gasrd intrusion and the calc-alkaline series, the close
correspondence would indicate that no great error has been

incurred thereby.

Figure 37a shows that the differentiation trend of
the Granville Lake Gabbro is almost identical to the trend

of the cglc-zlkaline series. The Granville Lake intrusion
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does not show absolute or relative FeO-enrichment, as is
characteristic of the Skaergaard rocks, but instead, both
FeO and MgO decrease with z simultaneous increase in

(Na,0 + K20>&

2

Analyses of the Granville Lake Gabbro indicate a2 com-
paratively high F9203 content. It was thought tThat any iron
enrichment might not be evident in the standard Fe0 - Mgl -
(NaZO + Kzo) diagram, because of this. Figure 37b is a tri-
angular plot of (total iron as Fel) - MgO0 -(Na20 + KgO) for
the Skaergaard intrusion, the Granville Lake Gabbro, and the
calc=~alkaline series. No such iron enrichment is present,
and the Granville Lake differentiation trend still corres-

ponds closely to that of the calc-alkaline series.

Figures 38a to 38h are comparisons of differentiation
trends of several well known differentiated intrusions to
the Skaergaard differentiation trend,‘and to the trend of
the calc-alkaline series. These have been taken, with addi-

tion of a few new analyses, from Walker and Poldervaart

(1949), The analyses represented on these diagrams are from:

a. Insizwa intrusion (Scholtz, 1936)
b, XKarroo dolerites (all available analyses
as listed by Walker and Poldervaart, 19L9)
c. Palisade sill (Walker, 1940)
d. Tasmanian dolerites (Edwards, 19423 McDougall,

1962)
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a
(55 analyses) (95 analyses)

a0 + K50 Mg0  Was0+ Ky0 Mg0
Ze The Garsbal Hill=Glen Fynée he The Bushveld igneous complexe
-~ complex, (29 analyses¥ (98 analyses)
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{after Daly)

Figure 34 (continued),



e. Whin sill and related rocks (Day, 1928;
Holmes and Harwood, 1928, 1929 Tomkeieff,
19293 Smythe, 193035 Walker, 1935)

fo Hawalian lavas (Washington, 1923 I to IV
Washington and Keyes, 1926, 1928)

g. Garabal Hill - Glen Fyne complex (Nockolds, 1941)

h. Bushveld igneous complex (Hall, 1938 Nel, 1940)

Figures 38a to 384 (Insizws intrusion, Karroo doler-
ites, Palisade sill, and Tasmanian dolerites, respectively)
all show a pronounced enrichment of iron relative to mag-
nesia during the majority of the period of crystallization,
followed by later depletion in iron and enrichment in

alkaliess

Figures 38e and 38f (Whin sill and Hawaiian lavas,
respectively) show a less pronounced enrichment of iron Tre-

lative to magnesia, followed by a more pronounced longer

period of enrichment in alkalies. These intrusions apparent-

ly represent a transition to the calc-alkaline series.

Figure 38g (The Garabal Hili = Glen Fyne complex)
shows only minor enrichment of iron relative to magnesia in
the early stages of crystallization, then follows the calc-
alkaline trend toward increasing alkelies. Nockolds (1ok1,

p.508) concludes that differentiation is the only process

which can explain the rock associations found in the complex.



Figure 38h (the Bushveld igneous complex) appears to
show two trends of differentiation, one displaying enrich-
ment in iron, the other following the trend of the calc-

alkaline series,.

It appears that differentiation of basaltic magma
can result in any gradation between two main trends, which
are:

TIype Ts A differentiation trend consisting of

pronounced enrichment of iron relative to magnesia

until late stages of crystallization, followed by

a decrease in iron and enrichment of alkalies.

§

Type I1: A differentiation trend which essentially
follows the trend of the calc-alkaline series of
igneous rocks, with continuous enrichment in al-

kalies.

It also appears that type I is generally predominant,
unless the great bulk of igneous rocks comprising the calc-
alkaline series is considered to have formed by differentia-
ﬁion3 in which case typé I is definitely subordinate. The
Skaergaard intrusion illustrates the best development of
type I. The Granville Lake Gabbro is an excellent example
of type II, and its differentiation trend follows closely
the trend of the normal calc-alkaline series of igneous

rocks.




The calc-alkaline series trend followed by the dif=-
ferentiation of the Granville Lake Gabbro would indicate
that differentiation of basaltic magma of the tholeitic
type can result in the formation of normal rocks of the
calc-alkaline type. Hence, it is at least conceivable that
contrary to the conclusions of Wager and Deer, Edwards,
Fenner, and others, differentiation of basaltic magma could
have produced the great bulk of the rocks of the calc-
alkaline series, provided that it was possible for the more
basic differentiates to accumulate at great depths where
they are not exposed. This might be the case if crystalli-
zation differentiation has taken place in large bodieg of
batholithic gize.

The influence of the partial pressure of oxygen on crystal-
lization differentiation

Osborn (1959) has shown that the partiazl pressure of
oxygen QpQg) acting during the fractional crystallization
of a silicate liguid which contains iron oxide can have a
profound effect on the course of crystallization. The man-
ner of change of oxygen pressure during fractional crystal-
lization and differentiation of basaltic magmas is the chief
control determining whether liguids move toward higher
silica and lower iron oxide content (calc-alkaline trend),

or toward higher iron oxide content with little change in
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gilica content (tholeitic trend). The former occurs where
p02 remains about constant, or increases, and this entalls

addition of oxygen to the system. The lat

o

cloged system where p@g decreases during crystallization.

A high water content in basaltic magmas during dif=-
ferentiation is probably the principal factor cansing con-
stant or increasing pQ?s The equation governing the disso-

ciation of water is:

2H

—— "y
0 =—= 2H, + 0,

At temperatures and pressures prevailing at the surface of
the earth, the p@z produced by this reaction is negligible.
However, with increasing temperature and pressure, the 502
due to this reaction increases until it becomes o signifi-
cant Tactor in contributing to the ftotal p02 in the magma.
After consideration of the factors which would control the
proportion of p@2 contributed to the total p@2 by water in
the magma, Osborn concludes that if water pressure is appre-

ciable, the total pO, in the magma will remain about con-

stant or will increase as a magma crystallizes. Probably

¢

only a few per cent of water vapour is required in the

original magma at the start of crystallization.

In 2 closed system where the magma 1s essentially

dry, then sz will decrease rapidly as crystallization pro-

nt

M

.
i
P

ceeds. The Skaergasrd intrusion is considered to repres
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Where p0, remains relatively constant, or even in-
creases as crystallization proceeds, a continuocus increase
in the silica content resulte, with a continuous decrease in

iron oxide. Hence, in this case, the normal calc-zlkaline

Tion of basaltic magma. Such rocks are more typical of the
differentiates found in the orogenic belts, where the neces-

-

provided by the intruded geosynclinal sedi-

1]

ary water 1
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ments. Ocborn considers the olivine basalt to dacite series
of lavas of the Cascade orogenic belt To be an example of
this type.

The effect of the partial pressure of oxygen on the crystal=
lization of the Granville Lake Gabbro

Let us now reconsider the differentiation trend of the

Granville Lake CGabbro, as illustrated by figures 37a and 37b,
the triangular plots of the oxides Fel ~ Mgl wLNaQQ + KZQ)

and (total Fe as Fe®) - MgO =(Na, 0 + KQO)ﬁ respectively.




126

q

raard intrusion illust-

)
)
3

Differentiation trends for the.Skaer

oy

rated in these diagrams show a pronounced continuous in-

gse in iron oxide content until the late stages of cryvs-—

O
=

e

]

tallization, when enrichment in the felsic constituents be-
came predominant. However, the trend indicated for the
Grenville Lake Gabbro is similar to that of Daly's calc-
alkaline series in both diagrams. This is particularly so
in figure 37a3 the Fel - Mg0 ~(Na20 + K20) diagram, which is
the type commonly used to determine and compare differentia-
tion trends. In both disgrams the Granville Lake Gabbro
shows no increase in relative iron oxide content, but rather
a continuous decrease in iron oxides throughout crystalliza-

tion.

Rocks of the Granville Lake Gabbro appear to be fair-
ly normel, and relatively typical of those of the calc~-
alkaline series, both in hand specimen and in thin section.
They are not the ferrogabbro-grancphyre association typical
of differentiated basic intrusions such as the Skaergaard

intrusion.

The relative rarity of pyroxene, and the high horn-
blende éontent of the gabbroic portion of the Granville Lske
intrusion may be a result of deuteric alteration of magmatic
pyroxene, or possibly of direct crystallization of magmatic

hornblende. Either case would suggest a relatively high




water content in the primary magme. Similarly, scapolite
is a commen alteration product of plagicclase in the gabbro
and trensition zones. Moorhouse (1959) considers scapolite
in basic rocks to have formed by hydrothermal alteration of
calcic plagioclase. In the case of the Granville Lake in-
trusion, scapolite alteration was probably caused by the

action of deuteric fluids resulting from a wet magma.

It appears that the Granville Lake intrusion crys-
tallized under a high partial pressure of oxygen, perhaps
caused by a high water content. After considering the con-
clusions of Osborn, the calc-alkaline trend followed by the
Granville Lake Gabbro, and the nature of the rocks compris-
ing the intrusion, the writer believes that the magma which
differentiated in place to form the Granville Lake Gabbro
was not dry, but contained an appreciable amount of water.
This water may have been dissolved in the magma prior to its
emplacement, or may have been introduced from nearby sedi-
ments. The similarity of the differentiation trend of the
intrusion to the trend of the calc-alkaline series, rather
than‘the enrichment in iron oxides shown by the Skaergaard
intrusion and so many other differentiated intrusions, may

be related to its high water content.

The effect of water on the ratio FeOzFe203 in a magma

Kennedy (1948) states that the ratio of ferrous to

ferric oxlde (the ratio of Feld to Fe203) in a rock melt
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depends upon the partial pressure of oxygen (p02) with
which the magma is in ecuilibrium. The reaction involved
ise

ZFe O ——eT L"_Feo + O (o3 @ 2 -] [ o L= 3 -2 e L3 @ @ l

273 2

It has already been shown that p02 is influenced by any
water contained in the melt according to the reaction gov-
erning the dissociation of water:

2H,0 —_— DJH. + 0, e e s e e e e e e e e s a2

2

If the magma contains water, then the water contri-
butes to the partial pressure of oxygen according bto eqgua-
tion 2, and as a result, in accordance with the law of mass
é,ction3 equation 1 is driven to the left:; that is, ferrous
iron (Fed) is converted to ferric iron QFezQB) until the

equation

e
(FeO)'02
T{ p— TR A

'ﬁ1
(Fe,04)
is satisfied., Hence, the effect of water on a silicate

magma is to increase the content of ferric iron (Fe203) at

the expense of ferrous iron (FeO).

Therefore, in dry magmas it would be expected that
the FeO to Fe,0q ratio would be high, and in wet magmas it
would Dbe low. Conversely, magmas in which the ratio of Fel
to Fe203 was high must have been relatively dry, and those

in which the ratio was low must have been relatively wetb.




129

These conclusions should hold for rocks produced by crys—

tallization of such magnmas.

Significance of the FeO:FeQO% ratio for the Granville Lzke

Gabbro

Table 6 gives the value of FeO/Fe2©3 for a represen=-
tative gselection of rock analyses for the Skaergaard intrﬁ—
sion (every second analysis from Wager and Deer, 1939, table
XXAXIY. In general, the value of FeQ/Fe203 ranges frqm
approximately four to thirteen. Only in the upper border
group, the latest rocks to crystallize, does this ratio
reach a value as low as two. In contrast, the maximum value
of FeO/Fe203 for the CGranville Lake Gabbro is 2.1 (table 7).
This value is considerably exceeded in the great majority of
the Skaergsard rocks. The contrast suggests that the Skaer-

gaard magma was probably dry, and the Granville Laske magma

wel.

The value of Fel/Fe for the Granville Lske Gabbro

293
rocks ranges from 2 high of 2.1 to a low of 0.1L. It is of
interest to compute the average value of FeO/Fe2@? for the
intrusion. This was done by taking numerical averages of
the available FeO/F9203 ratios (table 7) of chemically ana-
lyzed specimens, for each of the three zones of the main in-
trusion. A planimeter measurement of the surface area of

each zone was presumed to give an approximation of the



TABLE 6

Value of FeO/Fe2Qq ratios for the Skaergasrd intrusion
(every second analysis, Wager and Deer, 1939, table XXXXI)

Specimen % Fe0 %Fe2©3 e Rock type Height above
Sae) g;“g“ . imaginary
~2 3 datum plane
3050 8.17 4,13 2.0 Upper border 555 notres
® ® e grOup‘ 2
2275 8.13 1.96 L2 Marginal
1837 9,12 0.71 12.8 border
1682 10.52  2.69 3.9 group
" ; Chilled marginal
1724 8.87 1.16 7.7 gabbro
L1136 7 .47 2.18 3. Unlaminated 2750
layered
L ;
139 23.77 5.78 L1 cories 2600
hik2 26,63  L4.05 6.6 2500
1907 16.66  3.75 L5 Layered 1800
3661 1k.86 3.4l L. L series 1200
)‘!‘077 lO e)'?"h‘ l @ 52 6 o 9 500
Lo87 9.29 2,09 L.5 Transitional 0




Valne of

TABLE 7
FeQ/Fe,0, ratios for the Granville Leke CGabbro
L

Specimen  %Fed %FeZQB FeofFeQQB Zone
CG 6"25 0939 3e8 O@l Gral’lite
G 6-22  0.39 5.7 0.1 zone
CG 12-21  2.23  3.76 0.6
CG 10-23  4.88  2.73 1.8 T?agiégi@ﬁ
CG p_l)"" 5@12 )'!’o 51 l cl
CG 15"’17 6&0 299 2@1
cG 10- 5 5.8 3.5 1.7 Giggg”
CG 9-25 4,7 4.9 1.0

et
(0
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relative volume percentage that each zone comprises of the
entire main intrusion. The relative areas of gabbro, tran-
sition, and granite zone rocks at the preseﬁt erosion sur=-
face do not necessarily represent the actual relative
volumes of the three types which formed by differentiation:
however, a good cross section of the intrusion is exposed,
and it is probable that rélative areas are falrly represen-
tative of the relative volumes of each zone. Allowance was
made for the lower specific gravities of the granite and
transition zone rocks as compared to the average specific
gravity of the gabbro zone. The average specific gravity
of the granite zone is 2.64%, the transition zone 2.79, and
the gabbro zone 2.88. The area of the granite zone was
multiplied by 2.64/2.88, and of the transition zone 2.79/

2.88, before a value of FeO/FeQO3 was computed for the en=-

tire main intrusion. The calculation followg:

Average value of FeO/Fengz

: ? 4+ T
gabbro zone = 2oL 7% l§7 1.0 - 1.6

0.6 +1.8 +1.1 _

transition zone = é = 1.2
1+ 0.1 ;
cranite zone = Q~l*§MQ“W = 0.1

Average specific gravity of each zone (main intrusion):

gabbro zone 2.88 (271 specimens)




transition zone 2.79 ( 47 specimens)
cranite zone 2.64% { 57 specimens)

Surface areas, main intrusion (planimeter measurements):

~
zabbro zone 3.13 miles” = 76.5% of main intrusion
transition zone 0.40 miles® = 9.5% of main intrusion
granite zone 0.58 miles” = 14.0% of main intrusion

Hence, average value of FeO/F‘e?QQ for the main intrusion is
(converting all zones to eguivalent areas of gabbro):

(76@5 - 2.88 v 1.6) + €9a5 2:.79 v 1.2)

100 * 2.88 100 * 2.88
1.0 _ 2.64 _ _
+ (555 * 5gg x 0.1) = 1.3

The validity of this calculated value is open to ar-
sument. The average FeO/Fe203 values for the individual zones
are only approximate. Relative surface areas do not necessa-
rily represent actual relative volumes. However, it is be-
lieved that the value obtained (1.3) 1s an approximation of
the true value of FeO/FeQQQ for the intrusion, and hence the

uncrystallized Granville Lake magma.

Tt is of further interest to calculate the value of
FeO/FezO3 for some of the various intrusions illustrated in
figure 38. Compositicng for the undifferentiated magmas

which formed the Karroo dolerites, the Tasmanian dolerites,




these intrusions. The values of FeO/FeQOQ for these intru-
= J

sione are shown in table 8.

-

In four of the five examples, the value of FeO/FeZOD
is considerably larger than that of the Granville Lake Gab-
bro. In the fifth example, the Whin Sill dolerite, the
average 1s 2.2, which is also greater than the 1.3 of the

Grenville Lake intrusion.

These examples were the only studies sufficiently com-
plete for this purpose found in the geological literatures
other studies did not include a proposed original undiffer-

entiated magma composition.

In none of the 88 Karroo dolerite analyses of Walker
and Poldervasrt does the percentage of gego3 exceed or equal
that of FeO (Walker and Poldervaart, 1949, table 15, p.646).
The Palisade diabase analyses (Walker, 1940) are similar in
this respect to those of the Karroo dolerites In the 36

avallable analyses of the Skaergaard rocks, Fe 0, exceeds

273
FeO in only one sample (Wager and Deer, 1939, table XXXYI-
Wager, 1960, 1p.370., 1.389). This is a late tranggressive

rock, that is, a very late differentiate of the original mag-
ma, end might be expected to have a relatively high water
content at such a late stage of differentiation. In the

Tasmanian dolerites, only the rare latest differentiates
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TABLE 8

Value of FeO/FeQO2 ratios for original undifferentisted
magmas of various differentiated intrusions

ki o /
%Fe0 pFeQOB FeO/Fe2O3

Average Karroo dolerite (Walker
and Poldervaart, 1949, p.667) 9.3 1.2 7.7

Average undifferentiated Tas-
menian dolerite (Edwards, 1942,
p°1{465’) 8@3 045 l.6e5

Average Whin Sill dolerite
(Holmes and Harwood, 1928,

p.539) 8.7 4.0 2,2
Average undifferentiated Pali-

sade diabase (Walker, 19%0,

p.1081) - 9.3 1.0 9.3
Original undifferentiated

Skaergaard magma (Wager, 1960,

2.375) 8.4%  1.32 6.1

Probable undifferentiated magma
of the Granville Lake intrusion 1.3
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have an FeQOQ content ecqual To or exceeding that of Fel

(Edwards, 1942: McDougall, 1962).

However, in the case of the Granville Lske Gabbro,
the content of Fe QB 1s greater than or essentially equal
to that of Fel in five anzlyvses out of eighta. The maximum
value of eQ/W 3 is 2.1, which is considerably lower than
that of nearly all the availsble snalyses of the Skaergaard
rocks. Similerly, the calculated value of FeQ/Fe Q3 for
the undifferentiated Granville Lake magma is invariably
lower than that of the undifferentiated magmas for the five
examples of differentiated intrusions which are readily
available from the literature. Reconsidering Kennedy's re-
sults (Kennedy, 1948), it is apparent that 211 five examples
have probably formed by crystallization of relatively dry
magmas, and hence have a high Fe0 and a low F6203 content.
The CGranville Lake Gabbro, with a relatively high content of
F9203 as compared to FeO, was apparently formed by crystal-
lization of a wet magma. This is further evidence

magma, which had been inferred previously from other evi-

dence.

Silica content of the nrimary magma

The silica content of the primary undifferentiated

Granville Lake magma was computed in a manner similar to
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that by which the Fe0/Fe, 0, value was computed. The calcu-
=

lation follows:

Average per cent Si0,

51.2 + 49,6 + 52,9

gabbro zone = 3 = 51.2%

y , 4
transition zone = 23227 5290 £02:2 = 57,39
granite zone = 67°02+ 70.3 = 68.7%

Average specific gravity of each zone: S

gabbro zone 2.88
transition zone 2.79
granite zone 0.6k

Surface areas:
2

gabbro zone = 3,13 niles® = 76.5% of main intrusion

traneaitior : 4O mi] 2 _ » NP .

transition zone O miles 9. 5 of main intrusion
2

I

ranite zone = 0.58 miles 1%.0% of main intrusion

Average SiOQ content of the main intrusion:

% _76.5 _ 2.88 5 9.5 . 2.79
(51.2" x B3 = 5:88) + (57.3" x §2 = 2
o o
+ (68.77 x léfog 2 88> = 5399/0

. The result is subject to the same criticisms as The

value of Feo/Fe2@q computed in the previous section. How-

w’
ever average silica content may be calculated by a different
method. A total of 448 specimens was collected from the

intrusion, and these have an average specific gravity of



2.8%. TFrom figure 18 (relationship between 3102 content

and specific gravity), it may be determined that a specific
gravity of 2.8% corresponds to a silica content of 53.8 per
cent. This is zlmost identical to ﬁhé value 53.9 per cent

calculated by the first method, and tends to verify that

value.

The validity of comparing results obtained by these
two methods is open To question, because the same eight ana-
lvses were used in both cases. If one or more of these ana-
lyses is not typical of the intrusion, then both results are
incorrect. IHowever, the exceptional regularity of the curve
in figure 18 would indicate that none of the analyses is par-
ticularly atypical. It 1s reasonable To assume that the
average silica content of the presently exposed surface of
the intrusion is close to 54 per cent. If the present sur-
face is assumed to be representative of the entire intrusion,
including that portion already removed by erosion and that
concealed at depth, the undifferentiated magma had a silica
content of 54 per cent, and was intermediate between Daly's
average gabbro and average diorite (table 4). This is only
slightly more silicic than the average of the gabbro zone
analyses. The average specific gravity of The basal 'chillh
zone in the main intrusion is 2.85 or 2.86, almost identical

to the average specific gravity of 2.84 for the entire
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Granville Lake intrusion. Such a close correspondence in-
dicates that the present erosion surface is essentially
representative of the entire intrusion, and confirms the
values calculated for the average FeOzFeZO3 ratio and

average SiQ9 content of the primary magma.

A comparison between the silica content of a speci-
men of chilled gabbro from one of the zatellife intrusions
and that calculated for the original magma would be of con=
siderable interest. Unfortunately, such an analysis is not

available to the writer at the present time.




ECONOMIC POSSIBILITIES OF THE GRANVILLE LAKE GABBRO

The association of copper-nickel sulphides with basic
and ultrabasic rocks is well known. Differentiated basic
intrusions present a particularly favourable environment for
the accumulation of copper and nickel sulphides in the form
of chalcopyrite and pentlandite, in association with pyrrho-
tite. The Sudbury, Ontario intrusion and its associated
orebodies is probably the best known intrusion of this tType.
Two others are the ultrabasic ¢ill at Rankin Inlet, North-
west Territories, and the Lynn Lake Gabbro. The zpparent
origin of the orebodies in these intrusions was that, at
the same time as, or soon after the commencement of crystal-
lization of the parent gabbroic magma, a sulphide liquid
phase separated to form immiscible droplets in the magma.
Because of their high specific gravity, these droplets sank
through the magma to the floor of the intrusion. Vhere suf-
ficient immiscible sulphide licuid separated from the parent
magma., the sulphide content became great enough to form ore-
bodies at the base of the intrusion. Where the base of the
intrusion sloped downward, the sulphide liquid flowed down
slope, and pools accumulated in depressions to form massive
sulphide orebodies. Sulphide droplets were also trapped in
the crystal mush, to form disseminated grains of pyrrhotite,

chalcopyrite, pentlandite, and other minerals.




In view of the favourable environment provided by
differentiation of basic megma, and also the economic sig-

ificance of the nickel-copper orebodies of the Lynn Lake

ntrusion, 1t would seem possible that similar sulphide

M

accunmulations might be found in the Granville Lake Gabbro.

In the field, rare tiny specks of pyrite were ob-

served in the gabbro and transition zones of the main in-
trusion. In addition, minor copper sulphides were observed
in the satellite intrusion which is located at the north-
west end of the main intrusion, between the granite zone
and the east shore of the narrow mile-and-a-half long in-
let of Granville Lake. This is the same intrusion from
which specimeng CCG 15-1 and CG 15-3 were obtained. The one
copper sulphide occurrence noted by the author is at the
rthwest end of this intrusion. It consists of a few 1/8

nch veinlets of mixed bornite and chalcopyrite along

l.l.

chloritic fractures in ga bb“o9 immediately adjacent to the

western gabbro-sediment contact. A similar occurrence,

not seen by the writer, i1s reported near the southeast end
of this same satellite intrusion. It is the opinion of the

writer that the veinlets are of hydrothermal origin, de-

1

posited at some time after the consolidation of the in-

trusion. They are of no economic value.

Not one grain of chalcopyrite, pentlandite, or py=-

rrhotite was noted in the main intrusion, either in the
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field, or in a later careful examination of 211 rock speci-
mens. The main intrusion is extremely well exposed, par=-
ticularly along its base where sulphide accumulations might

be ewpected. In contrast to this, the Lynn Lake Gabbro con-

pyrrhotite and chalcopyrite

N

tains disseminated grains o

throughout the intrusion.

The excellent exposure of the intrusion, and the

apparent complete lack of covper or nickel bearing sulphid es,

would seem to preclude The possibility of occurrence of any
economic copper-nickel sulphide accumulations in the vici=-

nity of the present exposed surface of the intrusion. TField
and petrologic evidence has indicated that the intrusion was

ly tilted at the time of crystallization. There is a

t
poasibility that more basic rocks exist at depth, but this

iec unlikely. In view of the absence of copper-nickel bear-
ing sulphides along the five mile length of the main intru-

sion, any sulphide bodies which might exist would be expec-
ted to occur at depths which would make exploration and de-

velopment prohibitively expensive, if not impossible.




SUMMARY ANMD CONCLUSIONS

The Cranville Lake Gabbro ig a strongly differen-

tiated lavered intrusion which consists of a large main

body and a number of smaller apparently undifferentiated
satellites. The main intrusion originated 88 a homogeneous
cabbroic magma, which crystallized in a nearly horizontal
position with the present southeast end being slightly
higher. Differentiation was effected by crystal settling.
The zones of the main intrusion, commencing from the base,

are:

1, A gabbro zone which is predominantly gabbro

Ul

clo ser

to diorite in composition, with le

n
®

diorite and relatively ﬁinor quartz gabbro and
quartz diorite. Specific gravity studies in-
dicate a chilled zone at the base of the gabbro
zone, but there is no evidence of chilling along

the upper contact of the main intrusion.

el
cr

2., A transition zone which varies in composition

¥

3. A granite zone consisting of albite-microcline

grenite, 2lbite granite, and minor albite syenite.




magma, and similar in many respects to other differentiated
intrusions. The specific gravity of rocks of the intrusion

ig closelv related to their silica content, and provides an
3 b

the average specific gravity of the basal chilled zone,
which would indicate that the present erosion surface 1s

essentially representative of the entire intrusion.

The intrusion does not show evidence of significant
regional metamorvhism, bulbt late deuteric alteration has
resulted in almost complete alteration of primery pyroxenes
to amphiboles. Contact metamorphism of the enclosing Sickle
sediments is minor and 1s confined to a zone a few feel in

width. A one=cugrter mile wide foliated zone in these sedi-

ments was formed by stresses induced in the sediments during

e

ater folding, with the intrusion acting as a rigid and un=-

vielding mass.

o

Specific gravity studiesg indicate that the southeast

g

satellite intrusion is partially differentiated. There is

7

no evidence of significant differentiation of any other

fou

e

satellite,
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Tt is unlikely that anv economic mineral deposits
will be found in the Granville Lake Gabbro.

Two main trends for differentiation of basaltic mag-

mae are evident. Differentiation can result in an

o
o9
=3
0
Q.
b
1

tion between the two types. The types are:
TYPE T: A differentiation trend consisting of pro-
nounced enrichment of iron relative Tto magnesia un-

'y'

til late stages of crystallization, followed b

®

decrease in iron and enrichment of alkalies.

TYPE II: A differentiation trend which essentially

o

]

follows the trend of the calc-alkaline series of 1g-

Y

¢

neous rocks, with continuous enrichment in alkalies.

Th

[0}

partial pressure of oxygen (pOZ) acting 1in a mag=
ma affects the course of differentiation. Magmas in which
p@z is low follow the type I differentiation trend, whereas
those having a high D02 follow the type II or calc-alkaline
trend. The principal factor causing constant or increasing
p02 in a basaltic»magma during differentiation is its water
content, only a small percentage of water vapour in the ori-

ginal magma being reculred. The Granville Lake Gabbro fol=-

lows the type IT differentiati T

3

end, and mineralogical

and chemical evidence indicates that the magma was wet.

The effect of water on a silicate magma is to in-

crease the content of ferric iron at the expense of ferrous



=
Ej\

iron. In rocks produced by crystallization of dry magmas

the ratio of ferrous iron to ferric iron will be high,

whereas in those rocks produced by crystallization of wet

s

magmes it will be low. The Karroo dolerites, Tasmanian

fhin Si11 dolerite,

g

alisade diabase, and the

-

et

dolerites,
Skaergaard intrusion all have relatively hign FeOaFe2@3
ratios, and are therefore presumed to have been dry. The
Granville Lske Gabbro has a relatively low FeOzFeZO3 ratio

and the magma had a correspondingly high water content.
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