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SUOMEN GEOLOGINEN SEURA

kiittda kaikkia niitd yksityisid henkiloitd, laitoksia, seuroja, yhtioitd ja
muita yhteisojd, jotka ovat osallistuneet témin julkaisun avustamiseen.

Erityisesti haluaa Suomen Geologinen Seura lausua kiitollisuutensa
Outokumpu Oy:n Saatiolle, tohtori Ernst Cloosille sekéd muille amerikka-
laisille geologeille, joiden taloudellista tukea vailla tdmén julkaisun toimit-
taminen ei olisi ollut mahdollista.

THE GEOLOGICAL SOCIETY OF FINLAND

begs to thank all those persons, establishments, societies, agsociations, and
other bodies that have contributed to this publication.

Especially the Society wishes to express its gratitude to the Founda-
tion of the Outokumpu Co., to Dr. Ernst Clocs and to other North
American geologists whose economic support has made the publication
of this volume possible.



To
THE GEOLOGICAL SOCIETY OF FINLAND

It is my very great pleasure to extend to Professor Pentti Eskola the
congratulations of the United States Geological Survey in recognition of
his notable contributions to the science of geology. It is natural, that his
friends all over the world, and those who have come to know him through
his work, should join in a sincere tribute to his fruitful career in geological
science.

Geologists are wont to meet from time to time, often in field conference,
the better to understand and appreciate the work of a colleague. It is
even more fitting that they should render in lasting form a token of their
appreciation of the work of a noted co-worker.

The United States Geological Survey, like the Geological Society of
Finland, is more than an institution; it is made up of men who have in
common with each other and with their counterparts in all nations, an
intense interest in discovering the secrets of nature and applying them to
the betterment of mankind. Co-ordination into such units in no wise
lessens the personal interest of scientists in each other’s work.

Sincerely vours,

Director
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TECTONIC TRANSPORT AND FABRIC IN A MARYLAND GRANITE
BY
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INTRODUCTION

The Ellicott City Granite, Maryland, intrudes an odd-shaped and mostly
vertical contact zone between schist and gabbro-amphibolite in the center
of a synclinal area. Its structures harmonize with those of the wall rocks
and reflect their movements. Contacts are conformable, lit-par-lit injec-
tion of schist is the rule, but schist inclusions and occasional granite dikes
establish the age of the pluton.

Lineation is shown to indicate a girdle or B-axis and converges toward
the deepest portion of the syncline from all sides, posing a difficult problem
of interpretation. The question arises in what way are these axes related
to the direction of tectonic transport?

TECTONIC ENVIRONMENT

Four anticlinal domes of Baltimore gneiss surround a synclinal de-
pression on all sides (see Broedel, 1937, and Figure 1).

1 1155/47
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The Towson dome to the northeast is almost complete except for its
faulted west end. The Chattolanee dome to the north is an elongate
asymmetrical anticline, steeper on the north than the south side. The
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Baltimore dome to the southeast is largely covered by coastal plain sedi-
ments but its western slope dips gently to the northwest under the gabbro
complex. The Woasd stock dome consists of three rather widely differing
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units: the almost circular Woodstock area, a long protrusion to the south
and a smaller anticline to the northwest which are overturned toward
the syncline.

The western two areas and the northwest side of the Towson dome are
overlain by the normal sequence of the Glenarm series (Setters quartzite,
Cockeysville marble, and Wissahickon schist). Setters quartzite also rests
on the southwest flank of the Towson dome, but the Glenarm sediments
are lacking above the Baltimore gneiss in the Baltimore dome and the
southeast flank of the Towson dome. A thin sill-like body of quartz diorite
is between the gabbro complex and the gneiss along the southeast side
of the syncline.

The largest portion of the synclinal area is occupied by the Baltimore
gabbro complex which consists largely of amphibolites with some serpen-
tine and ultrabasics. To the northwest the gabbro is in contact with schist
(see Cohen, 1937).

A strong foliation dips into the basin from the northeast and south-
east roughly following the gneiss dome outlines. In the center and along
the western margin the foliation is steep or vertical.

Lineation within the foliation planes points into the syncline and is
vertical in the vicinity of the granite.

The granite occupies a conspicuous location in the synclinal area in
that the gabbro complex is narrowest here and almost dissected by & wedge
of schist which points across the general strike to the southeast; the Balti-
more gneiss also curves normal to the general strike: foliation in gabbro,
schist, and gneiss trends northwest-southeast and is vertical; and finally,
the granite forms the contact between gabbro and schist, following its
outline. It is not a ring dike but a boundary pluton (Grenzpluton, Hans
(loos, 1928).

If the Woodstock anticlinorium were moved back to the northwest
as far as it has been thrust southeastward, the granite would appear about
in the center of a funnel, whose eastern half consists of the gabbro complex
and whose western portion is schist.

CONTACTS

The contacts between granite and schist or gabbro are sharp. A zone
of lit-par-lit injections, however, occurs between granite and schist, whereas
the gabbro begins abruptly and only three granite dikes have been ob-
served in the gabbro area. The granite affected the schist very intensely
and it seems as if its intrusion occurred largely at the expense of the schist.
Gabbro inclusions in granite are rare, schist inclusions are legion. The
contact zone toward the schist is several hundred feet wide.

All observed contacts are vertical or dip steeply.
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GRANITE STRUCTURES

Flow structures in the granite have been described and discussed in
an earlier paper (Ernst Cloos, 1933) and are briefly summarized here (Fig-
ures 2 and 3).

Fie. 2. Diagram of the Granite and its megascopic structures.

Fig. 8. Flow structures in center of granite showing inclusions, foliation, feldspar plates, schist
inclusion, pegmatite dike, and joints.
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An intense foliation is due to parallel arrangement of mica flakes, feld-
spar phenocrysts, pancake-like inclusions, and flat slabs of schist near
the contacts.

Lineation is distinet in most of the exposures but not always. It be-
comes visible due to alignment of the longest axes of inclusions (Figure 3),
chains of inclusions or biotite clusters.

Foliation is steep and parallels the contacts, lineation is in the foliation
planes and vertical or pointing toward the center of the northwest-trending
portion of the pluton. Lineation has not been seen in the rest of the pluton
due to lack of good exposures. Figure 2 is an attempt to show these con-
ditions schematically and simplified.

FABRIC

Additional information has been obtained by statistical analysis of
mineral orientations of several specimen of which three are here described:
Specimen 1 from the center of the granite pluton (Weber quarry at Ellicott
City), Specimen 2 just inside the contact at the southeast end of the pluton,
and Specimen 3 outside of the contact in a thin layer of quartzite at the
same locality.

The granite has been described by Knopf and Jonas (1929, p. 134) in
their report on Baltimore County:

»The rock is a massive biotite quartz monzonite . . . It often shows a porphyritic
texture and the phenocrysts of flesh-colored feldspar are sometimes one inch to one
and one half inches in length. The microscopic texture is coarsely granitic with
slight evidence of strain. The constituents are quartz microcline, microperthite, and
plagioclase (a sodic oligoclase) with considerable myrmekite. Biotite is the most
abundant dark colored mineral and shows fine pleochroic haloes around inclusions of
zircon. Epidote occurs frequently in large crystals with allanite centers. Titanite in
large crystals is an accessory constituent. Other accessories are zircon and apatite.»

In specimen 1 large biotite blades are well aligned in a foliation which
is parallel within and outside of the inclusions. Quartz is fractured or
undulatory and some post-crystalline deformation with reference to quartz
seems evident. There is however no mortar or granulation. Some large
quartz grains contain feldspar inclusions. Epidote is common in broken
grains.

The biotite diagram, fig. 4, shows 2 areas of maximum concentration
of cleavage poles coinciding with the poles of the foliation (S;). An in-
complete girdle shows that biotite orientation fluctuates about an axis
which coincides with the lineation (1).

Quartz orientation (Fig. 5) is less regular. One maximum is near the
pole of the foliation, a group is in the vicinity of the lineation, and several
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are near the periphery. The lineation is not as well indicated as an axis
in this diagram as in figures 7 and 11.

In specimen 2 foliation is distinct and due to parallel light and dark
bands which also parallel the contact. A strong lineation within the folia-

Fig. 4. 125 biotite grains, 1-—2—3—4—5— Fig. 5. 125 quartz grain 1,5—2—3—4—
(6—7) percent. [:lineation. Granite, center (5—T7) percent. Loc. same as 4.

of pluton. Lower half of projection net.

tion plane is almost vertical and consists in long streaky mica clusters
and elongate mica grains. The average biotite is two to three times as
long parallel to the lineation than across it within the foliation plane. In
cuts normal to the lineation the granite is almost massive but for few
widely spaced folia. ‘

Microscopically the texture is even grained, rather fine. Biotite and
muscovite are fresh, some of the biotite is slightly discolored and bent.

Fig. 6. 200 biotite grains, 1—2—4—6—9 Fig. 7. 300 quartz grains, 1—2—3-—31,
percent. 20 em inside granite at contact. percent. Granite same loc. as 6.
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Muscovite is entirely undeformed and grains are fewer but larger than
biotite. Quartz shows weak undulatory extinction. There are no large
quartz grains, granulation is lacking. The foliation is hardly detectable
under the microscope.

The biotite diagram (Fig. 6) shows a perfect girdle with / as axis. The
quartz diagram (Fig. 7) is less regular but also indicates a girdle with a

Fig. 8. Apatite, 50 grains, longest
dimensions, same loc. as 6.

maximum in the foliation plane and one almost normal to it. More im-
portant than the concentration of quartz axes in weak maxima is the lack
of grains in the center of the diagram, thus indicating an axis. 50 grains
of Sphene (Fig. 8) show a concentration of their longest dimension near
the center of the diagram at /.

WALL ROCK FABRIC

Specimen 3 is a few inches outside the granite. Biotite occurs as small
blades, brown, strongly pleocroic, grains about 1/10 of that of muscovite.
Sections normal to foliation show fluctuation of orientation about /. Mus-
covite is in large fresh blades with many inclusions. Resorption seems
considerable and droplet-shaped quartz in muscovite is common. »Worm-
eaten» grains are abundant. Quartz is even grained mostly small with
some undulatory extinction. Post-crystalline deformation of quartz is
mild, all other minerals are undeformed.

The biotite diagram (Fig. 9) shows a maximum in the pole of the folia-
tion and tendency toward an incomplete girdle. Muscovite (Fig. 10) also
tends toward a girdle but its maximum is rotated counter clockwise 10—20
degrees in respect to the biotite and foliation maximum. Similar rotation
has been described by the author (Cloos and Hietanen, 1941) and may
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indicate a rotation of fabric with respect to certain minerals representing
stages of crystallization. The quartz diagram (Fig. 11) indicates an in-

Fig. 9. 100 biotite grains, 1—2—4+—6— Fig. 10. 100 muscovite grains, 1—2—14—4
8—10—12 percent. Quartzite, just outside percent. Same loc. as 9.
contact opposite 6.

Fig. 11. 200 quartz grains, 1—2—3—4—-5
percent. Same loc. as 9. All diagrams are in
the horizontal plane with North indicated
and projected into the lower hemisphere.

complete girdle normal to lineation (/) and a maximum in the position
of maximum Il (Sahama, 1936, p. 58).

A very intense lineation in the adjacent amphibolites parallels that in
the granite. Schistosity and lineation in the schist also parallels the granite
structures. With increasing distance the lineation flattens out gradually
until it is horizontal in the gneiss domes to the northwest and dips under
the amphibolite in the southeast (Fig. 12). Beyond the Woodstock dome
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Stefansson made 79 fabric diagrams of quartz, biotite, muscovite, and
amphibole orientation in the Baltimore gneiss (1943). These show that
the lineation shown as arrows in figure 1 is a girdle axis for mica and quartz.
The amphibole maxima are in the center of the girdles.

The harmony of the fabric inside and outside of the granite is here
interpreted as an additional indication of its common origin. The granite
is syncinematic and registered movement traces common to the entire
region.

INTERPRETATION OF DIAGRAMS

The mica diagrams confirm the megascopic foliation as accumulations
of mica cleavage poles in the pole of the foliation. The lineation is shown
in the center of the diagrams as a girdle axis. Since both planar and linear
structures are flowage structures in the granite as indicated by the arrange-
ment of inclusions, the mica orientation is thought to be also an align-
ment of flaky units in a magma stream (Formregelung). The apatite orienta-
tion also suggests orientation according to shape.

The quartz orientation fits into this very simple arrangement except
the scattered maxima in figure 5. In both contact specimen, however,
the quartz girdle is visible and increasingly prominent as the contact is
reached. The girdle axis in the center co-incides with the mica girdle axis
and the megascopic lineation.

The quartz maxima in figure 11 can be interpreted as maximum II
(Sander, see: Sahama, 1936, Fig. 2).

The diagrams are identical in granite and wall rocks and confirm a
simple major plan consisting of a lineation within a foliation and a girdle
normal to the lineation. According to general usage (Sander 1930) the
lineation is a b (B) axis and the diagram represents the ac plane of Sander’s
coordinates. The girdles are ac girdles b and [ = b = B. Orientation in
space varies with location and is independent of contacts.

DIRECTION OF TECTONIC TRANSPORT

»Aus einem einwandfreien an allen zuginglichen (nicht etwa grund-
sitzlich nur an Quarz) Mineralen gemessenem Giirtel | B kann man
jedenfalls summierbare Teilbewegungen = B erschliessen (also einen B-
Tektonit). Diese konnen, miissen aber keineswegs »tektonischem Trans-
port» B entsprechen (Sander, 1936, p. 301).

Girdles | B indicate partial movement B, but this direction is not
necessarily the direction of tectonic transport. The problem thus narrows
down to the deduction of the direction of tectonic transport from girdle
axes and lineations.
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The same problem has lately been dealt with by several investigators
who found that the tectonic transport as seen in the field coincides with
the lineation (7) and that statistical investigation of the lineation produced
a girdle [, thus tectonic transport normal to the girdle plane and parallel
with its axis.

Some of the authors identify Sander’s »Teilbewegungen» with tectonic
transport and conclude that a second phase of movement resulted in the
lineation and girdle arrangement. This interpretation seems somewhat
forced in view of the obvious and widely recognized field evidence. The
present author has lately discussed this problem and collected the literature
on this subject (E. Cloos, 1946).

F. C. Phillips concluded that »there is throughout the Moine area evi-
dence that movements along a line approximating to southwest and north-
east have been associated with the general metamorphism» (1937, p. 595).
As long as this movement is not meant to represent the tectonic transport
it may be applicable to the field geology.

E. F. Osborn (1939) describes the Val Verde tonalite fabric and his
case resembles the present one in many details: »Lineation in the tonalite
parallels the dip of the gneiss planes, and flow structures in the tonalite
parallel the schistosity in the wall rock near the contact.» Statistical anal-
ysis shows girdles | to lineation and the author assumes this orientation
to be the result of movement normal to lineation. In order to accommodate
the girdles it is even suggested that maybe the flow structures in the tonalite
be a metamorphic structure. The author is rather disturbed, however,
by the arrangement of inclusions which render it difficult to date the
entire fabric as secondary.

The assumption that tectonic transport must be perpendicular to girdle
axes leads to the difficulty encountered by Osborn and Phillips. Sander’s
interpretation is very much less dogmatic and only demands partial move-
ment (Partialbewegung) normal to the girdle axis which may but does
not have to correspond with the direction of tectonic transport.

It field evidence points to tectonic transport parallel to a lineation
which upon examination turns out to be a girdle axis it would seem that
overemphasis were placed on the orientation of quartz grains and »Partial-
bewegung» versus geologic field evidence if the tectonic transport were
interpreted on the basis of the still hypothetical mechanism of quartz
orientation. To take refuge in a second act of deformation seems rather
unjustified.

Anyone who has observed an oncoming train will have seen that the
front of the engine moves in circles normal to the tracks and the beginner
who tries to throw a shovel of coal into the fire door will miss by a large
margin because of this motion. The train moves sideways and up and
down whereas forward motion is barely noticeable unless the velocity
changes. Wear and tear due to this corkscrew motion is considerable and,
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depending on the part of the undercarriage or wheels examined it would
seem the only motion. To assume, however, that the train moves only
sideways would of course be absurd.

The displacement of rock masses along the Scandinavian overthrust
and the observable path of movement have been contrasted with fabric
by Kvale (1945) and Strand (1945). These authors did not follow Phillips
interpretation in the rather similar Scottish Highlands. Kvale recognizes
the girdle as partial movements normal to the major tectonic transport.
Strand comes to a similar conclusion and states that (p. 25) »The chief
feature of the diagrams here presented is the presence of girdles in a di-
rection normal to the chief direction of movement and, as interpreted
by the writer the partial movement producing the girdles and the main
transport were integral parts of the same act of deformation.»

CONCLUSION AND DISCUSSION

The direction of tectonic transport in the Ellicott City granite is thought
to be in the direction of lineation and largely vertical because 1. the granite
intruded the schist lit-par-lit along vertical planes, 2. the shape of the
pluton necessitates intrusion in the direction of its vertical axis if dis-
cordant or transgressive intrusion of which there is no evidence is excluded.
3. inclusions are aligned in the direction of the axis at a time when the
granite permitted such orientation, that is in a mobile state, 4. elongate
apatite crystals are aligned in the flowage direction with their longest
axes, 5. tabular feldspar phenocrysts are aligned in the foliation planes
and 6. mica orientation also parallels foliation and lineation.

The only difficult point is the quartz orientation which cannot be
ascribed to form-orientation. The author has attempted an interpretation
(1946, p. 38) of quartz growth fabric in an earlier flow structure. If granite
flow structures gradually emerge as the result of crystallization of mica
and feldspar with inclusions participating, quartz will finally fill the in-
terstices which are, however, not unoriented but represent an oriented
mesh due to crystallization of the earlier components. If this mesh is
mainly linear it may well be that growth of quartz axes may be influenced
by this earlier fabric and a girdle may result. The maxima in figure 7
may thus be interpreted as quartz growing in the foliation direction and
normal to it with other grains fluctuating in a girdle. (See also: Sander,
1930, p. 159, »Einfliisse anisotroper Aufwachsungsflichen oder Einfliisse
von Gefiigeanisotropien eines Starrgefiiges in welchem der Kristall kris-
tallisierty).

The deformation plan is so similar in all rocks examined that a common
explanation is called for.
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The common factor in all diagram locations is movement in the direc-
tion of the girdle axis. Partial movements normal to these axes are prob-
able but cannot be identified as tectonic transport in the granite.

As the domes grew upward during uplift their surfaces suffered stretch-
ing and elongation. In the elongated domes (Chattolanee) this disten-
tion coincided with the long axis of the dome. In the essentially circular
Woodstock dome distention was radially outward, with due allowance
for asymmetry to the south. In the Baltimore dome it was down the dip
of the dome surface. The syncline between the domes was an area of rela-
tive subsidence and became restricted to a reduced area in which tectonic
transport was upward (or downward) as the domes rose.

This mechanism is comparable to the rise of the granite dome of the
Nierra Nevada in California where distention is evident in the center and
movements parallel to the wall result in intense elongation down dip (E.
(loos, 1937). The author has suggested the use of the terms principal
and subordinate directions of movement (E. Cloos, 1946). In the domes,
girdle axes are normal to the principal direction of movement and parallel
to the subordinate direction, on the flanks the girdle axes are parallel to
the principal direction of movement.

All orientations are thus believed to have originated from one mech-
anism due to cylindrical flow (E. Cloos, 1946, p. 34) in the direction
indicated by the lineation. Amphiboles in the gneiss and apatite in the
granite show form orientation in the center and parallel with /. Micas
also parallel / with emphasis of a foliation plane but forming a girdle.
Quartz is the last crystallized mineral and may have been oriented mainly
by the influence of an existing fabric (and growth) and some fracturing
by partial movement at a late state.

The study reveals a master plan which comprises the entire area rather
uniformly and is shown in figure 1 and reaches beyond its borders. The
granite plays only a subordinate role conforming with the plan and not
transgressive like a discordant youthful intrusion. It seems that the gneiss
domes are the dominating units which may have grown like tumors whilst
the synclinal area was sucked in by submergence.

Tue Joaxs Hopkins UNIVERSITY, BArTiMORE 18, MbD.
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2.

MINERAL ASSEMBLAGES WITH SAPPHIRINE AND
KORNERUPINE

BY

THOROLF VOGT

(TRONDHEIM, NORWAY)

The purpose of the present paper is first to point out some features of
the mineral facies relations of sapphirine. As indicated by A. Lacroix
(1929), this mineral occurs in metamorphic sedimentary rocks and in
eruptive rocks rich in magnesia and alumina, and poor in silica; lime may
be present or not.

THE SYSTEM SiO, — Al,0, — MgO.

In the first instance, only considering the system SiO, - Al,O, - MgO
(with insignificant quantities of FeO and Na,O), the mineral assemblages
eventuate in the diagram presented as fig. 1. For the sake of comparison,
the SiO, - Al,O4 - MgO diagram of the hornfels or gabbro facies of Pentti
Eskola (1920, 1939) is added, according to C. E. Tilley (1925), see fig. 2.
Some remarks on the single phases in the diagram fig. 1 will first be made.

The sapphirine is interpreted, in the usual way, as a subsilicate of
magnesia and alumina. The low content of boron, 0.16 and 0.75 pet. B,0,
in sapphirine respectively from Sakeny, Madagascar (Lacroix 1940) and
Itrongay, Madagascar (Lacroix and Gramont 1919) is not considered
constitutional. Chemical tests on sapphirine from Fiskerneset, Greenland,
performed by H. Bergh at the request of the author, gave nil B,0, (with
chinalizarine in strongly acid solution), as also nil F (method of Kiihnel
Hagen), and BeO (chinalizarine in alkalic solution). X-ray spectrograms
taken with rock salt crystal at our institution in Trondheim, displayed
only a small amount of calcium.

As emphasized by Gossner and Mussgnug (1928), the old formula for
sapphirine of Joh. Lorenzen (1884), Mg, Al,, Si, O,,, is not conformable
to the X-ray data. These authors propose the formula Mg, Al, SiO,,,
with Z = 8, the departure from this composition being accounted for by
the common substitution Mg Si = Al,. A review of the analyses of
sapphirine performed in the eighties and later confirm the latter formula.
The six analyses (from Itrongay, Vizagapatam, Sakeny, St. Urbain, two
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from Fiskerneset, details see below), the points of which appeared close
together when plotted in the SiO, - Al,O, - MgO diagram, gave the average
composition

Mg,y 56 Algs7g Sigas Oy

R, Osp Corvndum

\\\
N

Si0, G \ Mg0
) < :
Quortz Anthophyllite Hypersthene Olivine Periclose

Fig. 1. Si0, - Al,05- MgO diagram of sapphirine bearing mineral facies.

A substitution of 1.35 Al, = MgSi gives closely the formula Mg, Al,,
Sig Oge or Mg, Al, Si O,,. A substitution in the opposite direction of
2.65 MgSi = Al,, gives closely Mg,, Al,, Siy Og, or Mg, Al,, Si O,,. Seven
of the analyses dealt with appear more near to the former formula, the
eigth is nearer to the latter. The general cell formula for the sapphirine
may be expressed:

MglGAn Al32-{ 2n Si8~n 080'

The analyses give the following values for n:

Itrongay, Madagascar (Lacroix and Gramont 1919) ............. 0.68!
Vizagapatam, Madras, India (Walker and Collins 1907) ........ 0.94
Sakeny, Madagascar (Lacroix 1940) .........coooviiinniennnn.. 1.26!
Dangin, West Australia (Prider 1945) ......................... 1.48
St. Urbain, Quebec, Canada (Warren 1912) .................... 1.61
Fiskerneset, Greenland (Lorenzen 1884) ........................ 1.74}

» » (Ussing 1889 a; B) snwvsonsimssmnssmniws 1.88
Blinkwater, Transvaal (Mountain 1939) ........................ 2.231

1 A small amount of Fe,0, is reckoned as FeO.
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It seems most natural to accept the general formula for sapphirine
mentioned above, with » varying from nil to about 2.5. These values are
used in the diagram fig. 1.

The gedrite from Fiskerneset, Greenland, is extremely rich in alumina,
as it appears from the analysis of N. V. Ussing (1889 a, b), corresponding
approximately to the composition Na Mg,,.5; Al. Sij,.; O, (OH),;, which
Al, 0

5

Corunaum

Rrdolusite Spine/

Sio, Mg O

Quartz Hypersthene Olivine .« Peric/ose

Fig. 2. Si0, - Al,03-MgO diagram of gabbro facies, according to C. E. Tilley
.(1925).

is used in the diagram. The analysis of Ussing is obviously very good for
its time, the rock being also coarse and easy to separate in its pure
components. For many years this was the most aluminous gedrite known.
The gedrite from Masons Mt., North Carolina, examined by E. P. Henderson
(1931), is, however, somewhat more aluminous, corresponding approxi-
mately to the same composition.

The analysis of Joh. Lorenzen (1884) of hypersthene from Fiskerneset.
Greenland, corresponds approximately to the composition Mg,... Al Si,;.
O, which is used in the diagram fig. 1.

The following mineral assemblages with sapphirine in the SiO, - Al,O, -
MgO system have been described. From Fiskerneset, Greenland, N. V.
Ussing (1889 a, b) furnished a detailed report of the associations sapphirine
- gedrite (- pargasite) and sapphirine - bronzite - pleonast, representing
his type I and type II of paragenesis. Further he mentions the associa-
tion sapphirine - cordierite (- kornerupine), and O. B. Boggild (1905)
the association gedrite-cordierite. The association of the two rhombic
minerals gedrite and hypersthene surely should be searched for at

2 115547
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Fiskerneset. The rocks from Fiskerneset are rich in magnesia and poor in
iron. According to the analyses of Lorenzen and Ussing, the minerals
from rocks of type I contain the following percentages of FeO-components:
sapphirine 4.0 and 4.5, gedrite 5.8, and pargasite 6.2. Of minerals from
rocks of type 1I, the bronzite contains 8.6 pct. ferrosilite and the pleonast
20.7 pet. hercynite. A considerable enrichment of FeO has taken place in
the pleonast.

From the hill tracts of Vizagapatam, Madras, India, (. S. Middlemiss
(1904) and T. L. Walker and W. H. Collins (1907) described the associa-
tion sapphirine-hypersthene- a spinel mineral, corresponding to type II
from Fiskerneset. This rock is rather rich in iron, the sapphirine containing
20.0 pct. FeO-component and the spinel mineral being a pleonast -
hercynite or a hercynite. At the same locality the khondalite, a quartz-
garnet-sillimanite schist, occurs. The sapphirine and the sillimanite do not
seem, however, to appear together. The author has only seen abstracts
of the papers mentioned.

From St. Urbain, Quebec, Ch. H. Warren (1912) described an ilmenite
ore, urbainite, i. a. with sapphirine-spinel. The sapphirine from this locality
contains 25.0 pct. FeO-component, being the sapphirine richest in iron
known.

From Sakeny, Madagascar, A. Lacroix (1929, 1939, 1940) and H.
Besairie (1933) described an interesting rock series, the sakenites, with
the associations sapphirine-spinel, sapphirine-corundum and spinel-corun-
dum. Sillimanite gneiss with garnet occurs in the same locality; Besairie
also mentions the association sillimanite-cordierite. The sakenites are poor
in iron, the sapphirine containing 8.5 pct. FeO-component.

From Blinkwater. Transvaal, E. O. Mountain (1939) described sap-
phirine with 14.5 pct. FeO-component, and the association sapphirine-
corundum.

The sapphirine from Dangin, West Australia, described by R. T. Prider
(1945) does not occur with any mineral in the system SiO, - Al,O, - MgO;
the mineral contains 19.7 pet. FeO-component.

The crystals of sapphirine from Itrongay, Madagascar, described by
A. Lacroix (1912, 1929) and Lacroix and Gramont (1919), are found
detached from other minerals in soil. The source was first supposed to be
a pegmatite, but after the discovery of the sakenites, the origin is consid-
ered to perhaps be a paragneiss; the low content of FeO-component, s5.1
pet. in the sapphirine, emphasizes the similarity with sapphirine from the
sakenites, which are paragneisses.

The question of the stability in the present mineral facies either of
cordierite - corundum or of sapphirine - sillimanite must be left unde-
cided. The sakenites from Madagascar and the rocks from Madras may
be favorable for settling this point of uncertainty.
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PART OF THE SYSTEM SiO, — Al,O, — MgO — B,0,.

Modern analyses of kornerupine display a rather constant content of
boron, first discovered by A. Lacroix and A. de Gramont (1919) in
kornerupine from Itrongay, Madagascar, (3.59 pct. B,0,;). Kornerupine
from the new occurrence at Port Shepstone, Natal, contains 3.5 pet. B,O,
according to J. E. de Villiers (1940), and kornerupine from the new
occurrence in gem gravel in Ceylon contains 2.5, 2.8 and 3.6 pct. B,0,,
according to M. H. Hey, B. W. Anderson and C. J. Payne (1941). The
latter authors also found 3.0 pect. B,0, in kornerupine (»prismatine») from
the old occurrence at Waldheim, Saxony. Lacroix and Gramont (1919)
further established a boron content in kornerupine from the occurrence
first known, at Fiskerneset, Greenland. It seems very probable that boron
enters into the mineral in definite proportions as especially emphasized by
de Villiers (1940). The kornerupine may, therefore, be regarded as a boron
mineral.

The old and simple formula for kornerupine, Mg Al, SiO, was proposed
by Joh. Lorenzen (1884) a long time before the boron content in the mineral
was known. The question of the chemical composition of kornerupine on
the new basis was discussed closely by M. H. Hey, B. W. Anderson and
C. J. Payne (1941), who found the oxygen content of the empirical unite
cell lying between 82.9 and 87.5. These authors elected the value 86, and
proposed the formula

[(‘Al 1‘1‘8)20}x +y+z (N‘[g7 Fe)20mx _ 2y —y Na‘y] [SiIS—x—z :\lz B\] ()86~

The author has tried calculations with different possible values for
oxygen content in the unite cell, and found the best agreement to the data
of the analyses with O = 88, which also gives a simple formula. The four
analyses (Ceylon I and III, Waldheim and Itrongay) the points of which
appeared close together when plotted in the Si0,-Al,0,-MgO diagram.
gave the average composition:

Nay.g6 Mgu‘-ss Alys.3e Bo.go Sigsas Ogs.
After the substitution, ., NaSi = MgAl we get
Mg,s.60 Alpg.1s Ba.go Sipg.s7 Ogs.
The substitution 1,38 Al, = MgSi gives
Mgso.07 Alpy.as Bo.go Sigses Ogs.
or very near to Mg,, (Al, B),, Si;s Ogs.

The boron content, corresponding to this formula, from the analyses of
kornerupine from Ceylon I, IT and ITI, Waldheim, Itrongay and Natal are
2.45, 3.1I, 2.21, 2.66, 3.09 and 3.18 B. Presuming B = 4 and Al = 20,
we get Mg; Al; B Siy Oy, The general cell formula may be written

Mgy, Alygy, o, By Sijg , Ogs.
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Different values for n are given below, the sum (Al, B),, ., , being used:

Itrongay, Madagascar (Lacroix and Gramont 19191) ... ........ 1.30
Ceylon I (Hey, Anderson and Payne 1941) ................... 1.30
Ceylon II1 ( » » » » ¥ Vs vamniss cmmm onsneg 1.41
Waldheim ( » » » » P ) pasaarnem R eRERsan I.50

The value n = o—2 is used in the diagram fig. 3. On this diagram
are also plotted the composition of dumortierite, according to the formula

/ =) S AS)
ibelylte)

MqO

Qu. Onth  Hyp. lo/A Lor

Fig. 3. Si0,- Al,0,- MgO diagram of sapphirine bearing mineral facies with
boron minerals. Names of boron minerals in their areas of equilibrium are
encircled by a closed line.

of Schaller, and the composition of grandidierite, according to the analysis
of A. Lacroix (1922). The minerals with the names in brackets are not
known to occur in the present mineral facies.

The minerals sapphirine and kornerupine are attached for mineralogists
through their mutual occurrence at Fiskerneset, Greenland. According to
N. V. Ussing (1889 a, b) the minerals kornerupine-sapphirine-cordierite
appear together at this locality, associated with a basic plagioclase and
biotite. Whether gedrite or pargasite are found in this association is not
quite clear. In a specimen with kornerupine from this locality belonging
to the Mineralogical Museum, Oslo, and examined by the author, no
amphibole minerals have been found.

The occurrence of kornerupine (»prismatine») from Waldheim, Saxony,
is described by A. Sauer (1886), Ernst Kalkowsky (1907) and J. Uhling

1 (orrection for Fe,0, and FeO by Hey, Anderson and Payne (1941).
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(1910). The kornerupine bearing rock appears within an area of sillimanite
granulite. A specimen from this locality examined by the author contained
albite, garnet, kornerupine, tourmaline, rutile and zircon:; formed at a
later stage are minerals in reaction rims around the garnet, i.a. quartz,
further traces of biotite and muscovite, and a hydrous mineral »kryptotile»
with small individuals of dumortierite, derived from the kornerupine. This
is largely in accordance with the statements of the authors mentioned, who
also report corundum, sillimanite and other minerals associated with the
kornerupine. The kornerupine granulite from Waldheim belongs. as is
well known, to the granulite facies of Pentti Eskola.

The kornerupine from Itrongay. Madagascar, is, according to A. Lacroix
(1912, 1929), found in soil detached from other minerals. At the same
locality sapphirine occurs, and the two minerals may presumably have
been associated in the rock. According to J. E. de Villiers (1940), the
kornerupine at Port Shepstone, Natal. is associated with quartz, tourmaline,
biotite, garnet, and grandidierite enclosed in the kornerupine. Finally. the
kornerupine latest reported by M. H. Hey, B. W. Anderson and C. J.
Payne (1941) from Ceylon, occurs in gravel detached from other minerals
except mica and zircon, which appear as inclusions.

The diagram fig. 3 represents the system SiO,-Al,0,-MgO belonging
to the sapphirine-gedrite-sillimanite bearing mineral facies, with addition
of so small amounts of B,0, that none of the existing phases disappears.
This introduced boron will react with the existing minerals, and small
amounts of a single boron mineral, in equilibrium with the other minerals,
will be produced. The names of the minerals, which may be formed in
this way, are encircled by a closed line and placed in their areas of
equilibrium.

Applying the formulas Mg, Al, Si O,, for sapphirine, Mg, Al; B Si, O,,
for kornerupine, and Na Mg,, Alg Si;, O,; (OH), for gedrite, one may
present the following reaction:

4 Sapphirine + 2 Gedrite + 2 Hypersthene + 3 B,0,; =
= 6 Kornerupine -+ 2 Albite + 3 H,0.

The kornerupine, being formed by addition of boron to the association
sapphirine-gedrite-hypersthene, is supposed to exist in equilibrium with
this assemblage.

The composition of sapphirine as well as of kornerupine being change-
able, the latter mineral may be produced merely at the expense of
sapphirine, gedrite and boron. As an example may serve the following
reaction, where the cell formulas for sapphirine (n = 2) and kornerupine
(n = 0.842) are used:

6 Sapphirine -+ 28 Gedrite + 38 B,0, =
= 19 Kornerupine + 28 Albite + 42 H,O.
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Kornerupine may also be formed in the association sapphirine-gedrite-
cordierite, as displayed by for instance the following reaction. Here is
used the formula Mg, , Al, Si O,, for sapphirine, and the cell formula (n = 2)
for kornerupine:

211 Sapphirine + 48 Gedrite -+ 17 Cordierite + 104 B,0, =
= 52 Kornerupine + 48 Albite 4+ 72 H,0.

The stability of kornerupine in the assemblage sapphirine-gedrite-
cordierite is, therefore, probable. This is corroborated through the associa-
tion kornerupine-sapphirine-cordierite found at Fiskerneset, Greenland.
The stability of the kornerupine is surely not restricted to the assemblages
mentioned above, as will be seen from the associations observed. It may
be mentioned that the mineral evidently may be stable with quartz,
provided that a certain chemical composition of the surroundings exists.

The dumortierite is placed in the area quartz-sillimanite-cordierite, and
on the line sillimanite-corundum, according to several statements in the
literature. Dumortierite is not stable in the presence of both cordierite
and plagioclase.

Associations stable in the present mineral facies may then be:

1. kornerupine-sapphirine-gedrite-cordierite

2. kornerupine-sapphirine-gedrite-hypersthene
3. dumortierite-quartz-cordierite-sillimanite
4. dumortierite-sillimanite-corundum.

CONCLUDING REMARKS

When comparing the present facies with the gabbro facies of Eskola,
see figs. 1 and 2, the following reaction may be advanced:

Cordierite + 8 Spinel = 5 Sapphirine.

The formation of sapphirine according to this reaction is accompanied
by a contraction, viz. from 100 to about 92 pct. in volume. The trans-
formation of the gabbro facies to the present facies is, therefore, favored
by pressure.

Tt may be clear that the present metamorphic facies is closely related
to the amphibolite facies of Pentti Eskola (1914, 1915, 1920, 1939).
Hornblende is a characteristic mineral both at Fiskerneset, Greenland,
and at Sakeny, Madagascar. Further, the associations anorthite-cordierite
and hornblende-gedrite occur at Fiskerneset, and anorthite-aluminous
monoclinic pyroxene at Sakeny. The difference known between the
amfibolite facies and the present facies, in the case of rocks saturated
with silica, is the occurrence of gedrite, augite and sillimanite in the latter.
instead of anthophyllite, diopside and andalusite in the former. To this
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may be added that sapphirine occurs in undersaturated rocks in the present
facies; this mineral is, at least as yet, not known from the amphibolite
facies.

It may be noted that more water is bound in a gedrite rock than in an
anthophyllite-cordierite rock of the same chemical composition. The
formation of gedrite may, therefore, be favored by pressure. The trans-
formation andalusite to sillimanite is supposed to be favored by increasing
temperature and pressure. The formation of aluminous augite from
diopside may be favored by rising temperature. It is consequently pre-
sumed that the present metamorphic facies belongs to somewhat higher
pressure and also higher temperature than the amphibolite facies.

The name sakenite facies would suit well in several respects,
and may perhaps be taken into consideration. The name of a metamorphic
facies should, however, preferentially be taken from rocks saturated with
silica. Here it is difficult to find a short name, sillimanite-gedur-
ite-gneiss facies could, perhaps, be proposed. It may be discussed
if this facies should be classed as a subfacies under the amphibolite facies,
or as an independent facies.

The sapphirine bearing rocks are accompanied, at Madras and Sakeny,
Madagascar, by sillimanite-garnet rocks. The knowledge of the chemical
composition of these garnets would be of great importance for the question
of this facies. Rocks belonging to the facies discussed above probably
occur at Serlandet and at Modum in Norway.
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I. INTRODUCTION

The Donegal Memoirs of the old Geological Survey of Ireland, published
well over half a century ago, provide a wealth of invaluable clues for those
in search of field evidence to illustrate critical stages in the operation of
petrogenetic processes. In 1935 the Inishowen Memoir stimulated us to
spend a fortnight in the neighbourhood of Malin Head, the most northerly
part of TIreland. A few brief but dramatic sentences had led us to

{
)

ATLANTIC OCEAN

Fig. 1. Map of the Malin Head district, Inishowen, Co. Donegal, Eire, showing the

locality of the White Cow Rock. The outerop of the main epxdlonto sill is indicated

in black. [Imset: Index map of the Dalradian rocks of Northern Donegal (aiter
MecCallien, 1937).

anticipate that we should find there well exposed examples of the effects
of metamorphic diffusion, metasomatism, granitization and rheomorphism.
The exciting discoveries actually made far exceeded our expectations, in
consequence of which we paid another visit to this fascinating area
in 1937.

One sentence that aroused our interest reads as follows: »At Pebble
Strand, a large dyke occurs enclosing fragments of gneiss, and so highly
altered as to pass in places into hornblende schisty. (Nolan, 1890, p. 29).
The so-called »dyke» is really a thick sill of epidiorite which makes a
conspicuous feature known locally as the White Cow Rock (Fig. 1), because
of the occurrence within the sill of a large mass of white vein-quartz (enclos-
ing an »eye» of amphibole-biotite-skarn) with an outline that simulates the
form of a cow’s head, as seen from certain view-points (Fig. 2). Each of
the »fragments of gneiss» was found to be a thin sheet of highly metasom-
atized quartzite, sheared off by the intrusion from the floor-rock, into the
undisturbed part of which it visibly passes without interruption — like a
shaving curled through the stock of a smoothing plane, but still attached
to the surface of the wood where the blade has come to rest. The progr-
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essive transformation of these quartzite sheets into rock-types that converge
towards the composition of the enclosing epidiorite appears to have
occurred during regional and metasomatic metamorphism that brought
about various changes in the original basic rock of the sill. This striking
example of metamorphic diffusion will form the subject of a later paper.
The present communication, however, is concerned with the effects of
geochemical migrations that have affected the epidiorite itself and the
country-rock quertzite in its vicinity.

Fig. 2. The White Cow Rock (looking north at low tide), eastern end of Pebble

Strand, Malin Head district, Co. Donegal. The White Cow Rock, part of the nearest

of the small islets, and the elevated rock in the middle foreground form part of the
main epidiorite sill. For the upper and lower contacts compare with Fig. 3.

The sill of the White Cow is accompanied by a narrow underlying sill,
from which it is separated on the south-west by a foot and a half of quartz-
ite. Elsewhere, the separation increases owing to transgression by the
main sill.  Parts of the intervening quartzite and considerable volumes of
the underlying quartzite have been transformed into mica-schist, while
the margins of the main sill and locally the whole of the thin lower sill
have been even more conspicuously enriched in biotite. The evidence of
these and related mineralogical and chemical changes — as revealed in the
field, under the microscope and by chemical analysis — is so clear and
unequivocal that we have selected this study as a particularly appro-
priate one for the present purpose. It is a pleasure and a privilege to dedic-
ate it with respectful homage to our friend Professor Eskola.
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II. GEOLOGICAL SETTING

The peninsula of Inishowen lies between Lough Foyle and Lough Swilly
and is almost entirely built of metamorphosed sediments belonging to the
Dalradian Series. The strata have been invaded by a swarm of basic sills
and dykes which shared in the regional metamorphism and are now in the
condition of metabasites, variously described as epidiorites, amphibolites
and hornblende-schists. A few irregular masses of a reddish post-tectonic
granite also occur, notably in the country immediately to the south-west
of the Malin Head area depicted in Fig. 1 (Nolan, 1890).

The oldest sub-division of the Dalradian Series exposed in Inishowen
is the Malin Head Quartzite, which forms not only the bold and precipitous
cliffs of Malin Head itself, but also the greater part of the Malin promontory
at the extreme north of Inishowen. The Dalradian sequence and the struct-
ure of the region (and of part of the country to the west of Lough
Swilly) have recently been investigated by McCallien (1935 and 1937). The
small-scale inset map of Fig. 1 is copied from a map given in the second
of these publications by McCallien. It serves to indicate the general seq-
uence and the regional strike of the Dalradian Series.

Formations older than the Malin Head Quartzite outcrop to the west
of Lough Swilly and are indicated on the inset map of Fig. 1 by absence of
shading. Here the Malin Head Quartzite overlies the Fanad Boulder Bed
or Tillite, which in turn overlies the Fanad Limestone. These three forma-
tions can be correlated respectively with the Islay Quartzite, the Portaskaig
Boulder Bed or Tillite and the Islay Limestone (McCallien, 1935, p. 437).
Peach recognised that the upper strata of the Islay Quartzite have certain
features (e.¢g. the »Pipe Rock») in common with the Lower Cambrian
succession of Durness in the North-West Highlands of Scotland (Peach
and Horne, 1930, p. 210) and he therefore regarded the Islay Quartzite as
being probably of Lower Cambrian age. This correlation has recently been
strongly supported by Pringle (1947) who has drawn attention to the fact
that the Portaskaig Tillite »presents the same features that characterise
the corresponding deposits in Norway, Finnmark, Spitzbergen and Green-
land, namely the occurrence of two distinctive tillites separated by inter-
glacial sediments.» Moreover, the Islay Limestone includes beds of dark
oolitic limestone, characterised by an abundance of Osagia and Stromatol-
ites, algal forms identical with those found in the limestone that underlies
the tillites in the northern lands mentioned above. In these regions the
glaciation occurred just before the first appearance of typical Cambrian
faunas. Tt is therefore reasonable to infer that the age of the Malin Head
Quartzite, like that of its equivalent, the Islay Quartzite, ranges from the
extreme end of the Pre-Cambrian into the Lower Cambrian.

The Malin Head Quartzite is largely made up of massive to flaggy
quartzites with local partings and occasional thicker intercalations of
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mica-schist which is commonly garnetiferous. Near Dunaldragh (Fig. 1),
where schists are particularly strongly developed, they have been consp-
icuously enriched in albite. The quartzites are generally white, cream or
grey in colour, and of fine grain. Albite is the dominant feldspar, and
biotite, muscovite. garnet and celcite are common accessories, together
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Fig. 3. Geological map of the eastern end of Pebble Strand, Malin Head district, Co.
Donegal. Outerops of the main epidiorite sill and of the altered lower sill shown in
black. Strike of the country rocks (quartzite and mica-schist) indicated by lines. The
stippled rock to the south-east is a lamprophyre dyke. J = joint; SV = »veim» of
altered sedimentary rock caught up by the intrusion; V() = vein quartz.

with black ores that are locally concentrated along bedding planes.
Mottled pink feldspathic varieties of coarser grain also occur. Some of
these have structures suggesting that they were originally feldspathic grits
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approaching arkose. Others, though only mildly feldspathic to begin with,
have been strongly feldspathised at the contacts against the local granite
(Reynolds, 1946, p. 411).

As may be seen from Figs. 2 and 3, the main sill of the White Cow
Rock has been dissected by marine denudation into a number of isolated
segments. The upper contact is exposed on one of the small islets situated

0 0 20 30 40 sofeet

Fig. 4. An enlarged representation of part of Fig. 3 showing the outerop of the lower
sill in relation to the main epidiorite sill, and the positions of localities A, B and (.
The numbers indicate the points at which analysed specimens were collected.

at about the level of low-water mark, while the lower contact is well ex-
posed along the coast of the mainland, both on the south-eastern side of
the White Cow Rock itself, and in a few isolated inland exposures which
outerop to the south-west. Exposures of the lower sill and its relation to
parts of the main sill are indicated in the sketch-map, Fig. 4, which also
serves as an index to the localities A, B and C of the specimens described.
The lower sill at locality C is illustrated by Fig. 10.

III. EPIDIORITE OF THE MAIN SILL AND ITS ALTERATIONS

The main sill has a platy structure and a planar foliation parallel to its
upper and lower surfaces, the foliation being due to the presence of fleck-
like quartzo-feldspathic lamellae. For a short distance from both its upper
and lower contacts the sill becomes noticeably enriched in biotite. The
lower zone of enrichment, 4 to 6 inches thick, is not only particularly rich
in biotite, but also shows a distinct increase in grain size, as compared
with the normal rock of the sill.
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(A) EPIDIORITE

In thin section (Fig. 5) the normal rock of the main sill, as exemplified
by the analysed specimen (No. 94, near locality A, Fig. 4), exhibits a
marked foliation, dependent on the alternation of narrow melanocratic and

Fig. 5. Epidiorite (No. 94) of the main sill, showing the alternation of

narrow melanocratic bands rich in hastingsite, and leucocratic bands

rich in oligoclase. A garnet appears in the upper left hand corner
of the field. Ordinary light, x 33.

leucocratic bands. The former are rich in hastingsite, and contain some
iron ore, sphene, a little epidote and occasional biotite; while the latter are
composed of feldspar, small crystals of epidote and occasional garnet. The
amphibole is identified as a member of the hastingsite series from its iron-
rich composition (inferred from Table I) combined with its optical proper-
ties, which are as follows: Z = bluish green, Y = yellowish green, X =
pale straw colour; optic axial plane parallel to (o10); Z A ¢ = ca. 18°%
y = 1.678; 2V large (—ve). The feldspar is very fine grained, the indivi-
duals being intimately intergrown, with highly sinuous margins. It is
found to be oligoclase, with 9 = 1.547. This result is consistent with the
chemical composition of the rock (Table I), for the K,O content is no
more than can be readily accounted for by the amount of biotite present.

The assemblage of minerals is typical of that of epidiorite in the garnet
zone of regional metamorphism. Wiseman (1934, p. 378) has described a
similar epidiorite from the garnet zone of South Knapdale in the northern
part of the Kintyre peninsula, Argyllshire, an analysis of which is quoted
for comparison in Table I (B). In the facies classification of Eskola (1939,
p. 334) the mineral assemblage is that of the epidote-amphibolite facies,




32 Bulletin de la Commission géologique de Finlande N:o 140.

except for the presence of oligoclase instead of albite. However, Ramberg
(1945, pp. 53 and 72) has recently proposed to define this facies by the
association epidote-oligoclase, the green-schist facies being characterised
by albite and the amphibolite facies by plagioclase more calcic than oligo-
clase. According to the schemes of Th. Vogt (1927, p. 442) and Kvale
(1945, p. 109) the White Cow epidiorite would belong to the hornblende-
almandine-epidote facies.

The chemical analysis of a representative specimen of the main sill
(No 94) is recorded in Table I, together with the normative composition.
Although chemically the rock is obviously of olivine-basaltic composition,
there appear to be few analysed igneous rocks with which it can be closely
matched. This is because of the relatively high Al,O, and low MgO. One
notable rock that shares these characters is a glassy variety of olivine-
dolerite from the Hallefors Dyke (Krokstrom. 1936, p. 149) the composi-
tion of which is quoted for comparison in Table I (A). It should, of course,
be kept in mind that the present chemical composition of the White Clow
epidiorite does not necessarily represent that of the original igneous rock
of the sill; possible changes brought about during the early stages of the
regional metamorphism remain to be investigated. Amongst epidiorites of
comparable mineral composition a fairly close chemical analogue (B in
Table I) is the example from Knapdale, to which reference has already
been made.

Table I
Mol.
Percentages Props. Normative Composition
No. o4 A B of No. 94 of No. 94
Si0, 47.32 47.69 49.85 .7879 Orthoclase 3-E7
Al O, 17.39 17.04 16.90 .I706 Albite 3.07
Fe, 0, 2:36 377 1.74 .0I48 Anorthite 33.65
FeO 10.91  9.39 II.16 .ISIQ | CaSiO; 6.84 '
MgO 478 4.56  3.93 .1186 Diopside MgSiO,; 3.12 ; 13.63
(a0 10.08 9.17 8.72 .1797 FeSiO, 3.67 l
Na,O 2.73 2.89  3.45 .0440 MgSiO,; 4.98 )
K.:(-) 2 _/;4 I.50 <31 .o:j‘7 Hypersihens FeSiO; 5.87 Y0:3%
H,0-+- .06 1.20 1.00 .0533 - Mg ,Si0, 2.68
H ;()¥ .05 ) ~~  Olivine Fe,Si0, 3.47 6.15
Cco, tr. -— — Magnetite 3.42
TiO, 2.68 2.20 2.32 .0335 Ilmenite 5.08
PO, tr. .20 27 — Water 1.01
MnO .20 .20 .30 .0028 100.03
BaO .01 — — .000I

100.01 99.8I 99.95

Epidiorite, No. 94. Main Sill of White Cow Rock, Pebble Strand, Malin Head
Distriet, Co. Donegal, Eire.
Analyst: Agnes Gibbs.
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A. Glassy olivine-dolerite, Hallefors Dyke, S. E. of Jacobsberg, Sodermanland,
Sweden (Krokstrom, 1936, p. 149).
Analyst: Naima Sahlbom.

B. Biotite-epidote-albite-epidiorite (65/4); 0.2 mile N. 51° E. from northern end of
Loch-na-Craige, near Achahoish, South Knapdale., Scot!and.
Analyst: W. H. Herdsman.

(B) BIOTITE-ENRICHED EPIDIORITE

The biotite-rich marginal portions of the main sill are composed of
large biotite flakes and rarer hastingsite, set in a somewhat sparse matrix
of relatively fine-grained quartz, epidote and a little feldspar. The matrix
minerals also occur as inclusions distributed in sieve-like fashion within the
biotite. Throughout the rock calcite is a common and garnet a sparsely
distributed constituent.

In places the rock at the base of the sill exhibits an irregular spheroidal
weathering. The cores of the spheroids are characterised by a greenish-
brown biotite, but towards the margins of the spheroids a golden variety
(lepidomelane) takes its place and appears to have developed from it.
Similar biotites, having the respective properties stated on pp. 36 and 41
occur in the lower sill. In both occurrences the golden variety of biotite
is relatively friable and has been mechanically disintegrated by weathering.
It is important to notice, however, that not the slightest sign of any chem-
ical weathering is detectable in thin sections. Both biotites are associated
with a little chlorite (ripidolite, see page 44) which seems to have devel-
oped from the greenish brown biotite, as in the lower sill, where ripidolite
has formed on a considerable scale (page 44).

IV. ALTERATIONS OF EPIDIORITE IN THE LOWER SILL

In the present investigation it is the lower sill that is of special interest,
because in it the effects of the biotitisation and associated transformations
that have been superimposed on the epidiorite are particularly well dis-
played.

(A) BIOTITE-EPIDIORITE

At locality B (Figs. 4 and 6) the lower sill is composed of an upper
epidiorite zone 7.5 inches thick, and a lower zone of lesser thickness, but
having the macroscopic appearance of a biotite-rich schist (No. 348). The
boundary between these two divisions is sharp. The epidiorite zone,

3 1155/47
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moreover, has biotite-enriched margins: 2 inches thick (No. 349) against
the »biotite-rich schist» and 1.5 inches thick (No. 351) at the upper contact
against quartzite. The intervening epidiorite is represented by specimen
No. 350, which has been analysed (Table IT).

Fig. 6. Elevation of the exposure at locality B (see Fig. 4), showing the lower sill,

underlying the main sill, and the disposition of the various rock-types. Numbers

refer fo described specimens (340 in the above figure should be 349). The section
here depicted is 11 feet long.

Fig. 7. Biotite-epidiorite (No. 350) from the lower sill at locality B,

showing the development of biotite with cross-cutting relations to the

foliation. The foliation is dependent on the parallelism of prisms of
hastingsite. Ordinary light, x 33.
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This rock, No. 350, is a fine-grained biotite-epidiorite, with a somewhat
foliated structure due to the parallelism of abundant elongated prisms of
hastingsite (Fig. 7). The other minerals present are quartz, oligoclase
(y = 1.546) with abundant associated sericite, finely granular epidote,
relatively large flakes of biotite, and a little sphene, black iron-ore and
pyrite. The biotite, part of which has been altered to chlorite (ripidolite,
see page 44) replaces the original constituents of the epidiorite. Its flakes,
commonly measuring 1 mm., and rarely 2 mm. across, are developed both
parallel and at a high angle to the foliation of the rock. Prisms of hastings-
ite — large compared with the amphibole forming the main part of the
rock — also cut across the foliation and are evidently of late development.
The hastingsite in this rock has optical properties identical with those of
the hastingsite of the main sill (No. 94).

Table 11
BIOTITE-EPIDIORITE FROM THE LOWER SILL LOCALITY B, NO. 350.
Molecular
Percentages  Proportions Normative Comyposition
Si0, 4834 .8049 Quartz 1.02
AlLO, 15-49 -I520 Orthoclase S.01
Fe 0, 2.14 .0I34 Albite £6.72
FeO 10.60  .1476 Anorthite 20.40
MgO 3.56 .1379 CaSiO, o 12]
Ca0) 9.42 .1680 Diopside 1 MgSiO, 2.975 12.14
Na ,O 1.8 .0319 FeSiO, 3.05l
K,0 .36 .0I144 MgSiO, 10.87 ’
H,0 .54 .0855 Hyperathiens { FeRiO, 11.1 ]} 21.98
H,0- .16 Magnetite 3.10
cO, none Ilmenite 4.70
TiO, 2.48 .o3r10 Apatite 1.00
RO .32 .0023 Water 1.70
AMnO <34 .0048 99.77
99.73

Analyst: W. H. Herdsman

The chemical composition of No. 350 is recorded in Table 11. Compared
with the composition of No. 94 (Table I) the significant differences are
increase of MgO, K,0 and H,0, and decrease of Al,0, and Na,O.
Silica increases slightly and iron oxides remain about the same. The
differences correspond to increase of biotite and quartz at the expense,
mainly, of amphibole and albite.

(B) BIOTITE-RICH EPIDIORITE

The rock, No. 351, from the upper contact of the lower sill at locality
B, resembles No. 350 just described, but is richer in biotite, which builds
flakes up to 4 mm. across, contains more epidote relative to hastingsite,
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and more quartz relative to albite. 1t also contains apatite as a noticeable
accessory mineral. The biotite-rich epidiorite, No. 349 from the horizon
in contact with the lower part of the sill, also resembles No. 350, but again
it is richer in biotite, which in this case builds flakes up to 3 mm. across.
The biotite crosses the foliation and is obviously a replacement mineral.
It is itself cut and replaced by prisms of hastingsite which are large in
comparison with those forming the body of the rock. Garnet is a rare
constituent of this horizon (No. 349) of the sill, and some of the iron-ore
is margined by sphene.

The rock with the appearance of a biotite-schist, No. 348, forming the
lower zone of the sill, consists essentially of biotite, epidote and quartz,
with accessory garnet and hastingsite. The latter occurs as elongated
prisms, I mm. or more in length, that cut through all the other consti-
tuents, and are evidently of late development. Apart from the presence of
accessory hastingsite, this rock is very similar to No. 92 from locality A,
an analysis of which is given in Table III.

Throughout the sill the epidote is colourless, has 2V close to 90°, and
exhibits marked dispersion v >p. It shows variation in its optical sign,
however, being sometimes - ve, and sometimes — ve. It is more correctly
described as clinozoisite in the former case and epidote in the latter, but
such a distinction is without chemical significance, since in either case the
mineral falls very close to the boundary between clinozoisite and epidote
(Winchell, 1933, p. 313). Moreover, zoning with slight increase of biref-
ringence towards the rim is not uncommon. Accordingly, throughout the
paper, the term epidote will be used to describe this mineral without
further discussion of its optical properties.

(¢) BIOTITE-SKARN

At locality A (Fig. 8) the lower sill is rich in biotite throughout. The
rock at the upper contact of the sill, No. 95, has a distinctly schistose
structure, due to the parallelism of the component minerals. It is composed
of biotite, epidote, quartz and hastingsite. The rock No. 96, from the
lower contact of the sill, is characterised by the same minerals, but is not
schistose.

The rock forming the middle of the sill, No. 92 (Fig. 9) closely resembles
the biotite-rich rock, No. 348, from the lower part of the sill at locality B.
It is composed of biotite, epidote and quartz, with some calcite, aggregates
of sericite, scattered granules of sphene within both the biotite and the
quartz, and rare haematite. The biotite has X = straw colour < Y =
Z = old gold to greenish brown; 2V small; and y ranging from 1.643 to
1.645.

The rocks composing the sill at localities A and B are thus not only
highly variable, but the distribution of the varieties differs markedly at
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the two localities. The evidence is clear that the biotite-rich varieties have
developed from an amphibole-rich rock, the composition of which is most
closely approached by the biotite-epidiorite, No. 350, from the middle of
the sill at locality B (Table II). As biotite increases in amount at the

expense of amphibole, epidote shows a
corresponding increase both in amount
and in grain size. The epidote-quartz-
biotite rock is, in fact, a skarn replacing
epidiorite. At locality A there is every
gradation between biotite-rich epidiorite
and skarn, whereas at locality B there
is a sharp contact between biotite-rich
epidiorite and skarn.

The chemical composition of No. 92
is recorded in Table ITI. Disappearance
of Na,0 and marked increase of K,O
and H,O are the most notable changes
as compared with the previous analyses,
but there is also increase of total iron
oxide and decrease of CaO and MgO. An
attempt has been made to estimate the
composition of the biotite of No. 92
(Table IV). By micrometric measurement
the percentage of quartz was found to
be about 18, and that of sericite about

+ * + ¥Epidiorite ¥ * * #
* + + *
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Fig. 8. Elevation of the exposure at
locality A (see Fig. 4) showing the dis-
position of the various rock-types. Num-
bers refer to described specimens. The
height of the section depicted is 3.5 feet.

1.3. Epidote and biotite could not be satisfactorily measured because of
the abundance of minute inclusions of sphene and epidote in the biotite.
However, assuming that all the TiO, is accounted for by sphene, the
amount of epidote can be assessed by taking its composition to be go
per cent of HCa,Al;S8i;0,, and 10 per cent of HCa,Fe,Si,0,,, and allotting
to it all the CaO left over after making calcite, sphene and apatite. The
final balance, representing the approximate composition of biotite, is
given in the last three columns of Table IV, and corresponds to:

Si0, R,0, RO
600 215 530
(600) (176)  (514)

(K, Na),0 H,0
89 176
(89) (150)

This composition falls within the field of basic micas plotted by Hallimond
(1926, p. 29). If all the TiO, were in the biotite, the composition would be
as indicated above in brackets. The colour of the biotite and the profusion
of sphene shows, however, that no more than a small proportion of the
TiO, can actually be present in the biotite (Hall, 1941, p. 32). Allotting
some TiO, to the biotite would slightly increase the amount of epidote at
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the expence of the sphene and biotite, but would obviously have little
effect on the calculated composition of the biotite as given in Table TV.

Fig. 9. Biotite-skarn (No. 92) from the lower sill at locality A, showing
the association of biotite, epidote and quartz. The colourless areas
are (uartz. Ordinary light, x 33.

Table 111

EPIDOTE-QUARTZ-BIOTITE SKARN, FROM THE LOWER SILL, NO. 92,
LOCALITY A.

Mol.

Percentages Props. Normative Composition Mode from Table 11
Si0, 45.65 .760r Quartz 2.26 Biotite g5.53
Al, O, 15.50 .1526 Orthoclase 28.16  LEpidote 14.16
Fe, 04 2.55 .0I160 Albite .11 Quartz  18.00
FeO 11.21 .I1560 Anorthite 24.89 Sphene 5.65
MgO 5.01 .T243 Corundum 1.25 Caleite 4.59
(a0 7.04 .I1416 MgSiO, 12.48 Nericite 1.30
Na ,O L01 .0002 HLypersthens FeSi0, 15.00 } 27-57  Apatite R
K,O 4.77 .0506 Magnetite 3.70 T:
H,0-+- 2.35 .I1304 [lmenite A3
H,0— .10 Apatite 7
CO; 2.02  .0459 Caleite 4-59
TiO, 2.30 .0288 Water 2.45
PO .30 .002I 100.06
F none fd.

NiO tr.

MnO .23 .0032

BaO .02 .000I
100.02

Analyst: Agnes Gibbs
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MINERAL COMPOSITION

Table 1V

39

OF EPIDOTE-QUARTZ-BIOTITE-SKARN, FROM LOWER
SILL, LOCALITY A, NO. 92.

- [ ] ‘ \ [ los s Biotite
P r Quarts | Caleite | Apatite Sphene!Epidot-e‘S(‘ir'gc‘gtf)l % in | Composi-
| | ‘ | | | M.P. | 1ok tion %
Si0, 7601 = 2997 ‘ — ‘ 288 | 900‘ 98 | 3318 ‘ 19.93 35. 89
ALO; 1526 - —| - 40% 49| 1072 10.93 10.68
Fe,04 160 = — =l - 45 —| 115 1.84 L
FeO 1560 = — = - | 1560 11.21 20.19
MnO 32 = = - — — I 32 23| 41
MgO 1243 - — — - 1243 501 0.02
(a0 1417 459 70| 288 600 = = —
Na,0 2 — i ! ‘ | 2 .01 \ .02
IK,0 506 - == — - 16| 490 4.62 | 8.32
H,0+ 1304 ' = ~| 300, 33| 971! 1.75] 3.15
CO, 459 459 f oo - Lo — -
Ii0, 288 : — | 288] : - | — | —
* POy 21 - 21 —| =] 1 — | —
Total (95 of rock) 18.00 4.359 71 565 1416 1.30] 35.53) 55.53]  00.99 ‘

As may be seen from Fig. 10, much of the sill at locality C has undergone
a mechanical disintegration, cores of solid rock remaining within the
crumbled material. In the following descriptions, it is shown that some of

Fig. 10.

The lower sill at locality C (see Fig. 4), with quartzite above
and below. Cores of »solid» rock (biotite-skarn and chlorite-skarn) can
be seen in the »crumblys rock (lepidomelane-skarn) which here makes up
the greater part of the lower sill. The section photographed is 4 feet long.

the cores of solid rock are composed of biotite-skarn and others of chlorite-
skarn, while the crumbled material is lepidomelane-skarn. The positions
of the described specimens are indicated on Fig. 11.

No. 382 represents the solid rock from the middle of the sill, towards
the south-east (on the right-hand side of Fig. 11). It is a calcite-quartz-



40 Bulletin de la Commission géologique de Finlande N:o 140,

epidote-biotite-skarn (Fig. 12), very similar to that described from locality
A, No. 92. It contains rather less quartz, however, than any of the other
sectioned specimens of skarn. The biotite is lace-like in its development,

Fig. 11. Elevation of the exposure at locality C (see Fig. 4) showing the distribution
=] . . . B T N . O .

of »solid» rock (mainly biotite-skarn and chlorite-skarn) indicated by shading, and o1

(lepidomelane-skarn) left unshaded. Numbers refer to deseribed

»erumbly»  rock
specimens.  The section here depicted is 8 feet long.

Fig. 12, Biotite-skarn (No. 382) from the »solid» part of the lower sil at

locality C, showing the association of hiotite, epidote and quartz. The

dark area towards the centre of the field is a basal section of biotite,
and the colourless areas are quartz. Ordinary licht, x 33.
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owing both to the presence of abundant inclusions of epidote and to the
highly irregular margins that have resulted from its growth around
individuals of epidote. The biotite evidently developed at the expense of
the minerals of the original epidiorite other than epidote. It has a more
definitely greenish colour than the biotite characterising the analysed
biotite-skarn, No. 92, having X = pale yellow < Y = Z = olive-green or
greenish brown; 2V small; and y = 1.642. Calcite is of late development
and contains relics of the other minerals which it replaces. In addition to
the constituents already mentioned, the rock also contains a little amphibole
and scattered granules of sphene, the latter being less abundant than in
the analysed biotite-skarn, No. 92.

No. 383, collected about 24 inches north-east of No. 382, from the
lowest horizon of the sill represented by solid rock, resembles No. 382, but
contains in addition fairly abundant potash feldspar, and a very little
plagioclase. In this specimen the epidote is in part replaced by a greenish
vellow chloritic or serpentinous mineral which forms a meshwork structure
similar to that commonly seen in partly serpentinised olivine.

(D) LEPIDOMELANE-SKARN

The crumbled rock differs from the solid varieties described above. The
analysed specimen, No. 381, is epidote-quartz-lepidomelane-skarn (Fig. 13),
characterised by a different biotite from that occurring in the solid biotite-
skarn of localities A, B and C. Macroscopically, the biotite has rather the
colour of »old gold». In thin section it has X = light golden yellow <
Y = deep gold << Z = reddish gold; 2V ca. 20°; y = 1.681; and marked
dispersion » > p; it is therefore by no means a normal variety, and is
shown below to be lepidomelane. Associated with the golden biotite is a
small amount of a greenish brown or distinctly green biotite (with 2V
small and y = 1.646), which resembles the biotite of the solid biotite-
skarn, No. 382, of locality C. The greenish biotite occurs in intimate
intergrowth with the golden variety, both as cores within it and as irreg-
ular patches or wedge-like lamellae extending parallel to the cleavage. In
places it is also clearly cut by the golden variety. From these relation-
ships it is inferred that the golden variety has been formed at the expense
of the greenish variety of the solid biotite-skarn. This inference is confirmed
by the association of these two varieties of biotite in the main sill. There,
as already mentioned (page 33), the cores of the spheroids are character-
ised by the greenish biotite, while towards the rims of the spheroids this
variety is partly replaced by the golden biotite. As in the lower sill, the
rock characterised by the golden biotite is friable and has been differentially
picked out by mechanical weathering. To a very small extent the golden
biotite of No. 381 shows alteration to chlorite (ripidolite).

3% 1155/47
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Another specimen of the crumbly skarn, No. 354, resembles that just
described, but contains some hastingsite of the early generation in addi-
tion, thereby retaining a trace of its epidiorite ancestry. As in the biotite-
skarn, the lepidomelane-skarn is characterised throughout by a profusion
of minute granules of sphene occurring within both mica and quartz.

Fig. 13. Lepidomelane-skarn (No. 381) representing the »erumbly» rock

of the lower sill at locality C. The field shows the association of the

golden coloured lepidomelane with epidote and quartz (colourless). The

dark coloured basal section of lepidomelane towards the right hand

side of the field has a darker central core of greenish-brown biotite.
Ordinary light, x 33.

The chemical composition of No. 381, a typical example of the ecrumbly
rock containing the golden lepidomelane, is given in Table V. The chief
differences compared with No. 92 (Table 1II), apart from silica and calcite,
are the marked increase in Fe,O, at the expense of FeO; increase of MgO,
H,0 and Na,O, and decrease of Al,O; and K,0. These differences are
almost wholly accounted for by the change in composition from biotite to
lepidomelane. As before (page 37) the composition of the latter can be
estimated approximately by assuming it to be free from TiO,. The colour
shows that in any case the proportion of TiO, is relatively low (Hall, 1941,
p. 32). Epidote (of the same composition as in No. 92) is calculated from
the CaO left over after making apatite and sphene. Quartz is estimated
at about 20 per cent. The balance, representing the biotite, is listed in the
last three columns of Table VI, and corresponds to:

Si0,  Ry0, RO (K, Na),0 H,0
600 250 472 83 222



Suomen Geologinen Seura. N:o 20. Geologiska Sillskapet i Finland. 43

Table V
EPIDOTE-QUARTZ-LEPIDOMELANE-SKARN, FROM THE LOWER SILL,
LOCALITY ©, NO. 381I.

Mol.
Pereentages 1’/'011,15. Normative Composition Mode from Table VI
Si0, 48.13  .8or14 Quartz S8.05  Lepido-
Al O, 14.70  .1448 Orthoclase 21.20 melane gs5.41
Fe,0, 7.34  .0460 Albite 3.62  Quartz  20.00
Fe() 6.3%  .0888 Anorthite 27.76  Epidote 17.12
NgO 6.61  .1639 CaNi0, ._HI Sphene 6.33
CaO 6.18  .rroz Diopside ‘MgSiO,  .35; .83 Apatite .68
Ma ,0- .43 ..0069 lFeSi();, .04 99.54
K,0 350 .0381 ) Il\lgﬁi()3 16.10 :
H,0 282 1565 Hypersthene lFeNiO;, -~ }1(\.04
H,O0- 39 - Magnetite 10.63
CO, none —- Ilmenite 4.90
TiO, 2.58 .0323 Apatite .68
P,0, .22 .0016 Water 3.27
MnO .32 .0045 99.84
99:75

Analyst: W. H. Herdsman

Table VI

MINERAT, COMPOSITION OF EPIDOTE-QUARTZ-LEPIDOMELANE-SKARN, FROM
LOWER SILL, LOCALITY C, NO. 381I.

[ | Lepidomelane

Molecular Epidote

Quartz ‘ .
Proportions * (20 %) | Apatite Sphene

% in = Composi-
| M. P. ‘ r:)ck tion %
‘ |

Si0, 8014 333 — 323 1089 | 3272| 19.65| 3546 |
AlLO; 1448 — ‘ - 490 958 9.77  17.63 |
Fe,03 460 — | : 54| 406  6.48| 11.69 ‘
FeO 888 - - - 888  6.38 11.51
MnO 45 - = —| 45 .32 .58
MO 1639 — | 1639  6.61 I1.93 |
(a0 1102 | 53| 329 mas| - = — | —
Na,0 69 ~ - - 69 43 .78
K,0 381 — - - 381 3.39 6.48
H,O0+ 1565 - | - 363| 1202 2.18 3.93
Ti0, 3231 - - | 323 = : ' -

| P,0, 6] —| 1| =] —| — =

| o 0/ e | | | |
Total (‘;"())cl?t) 20.0 ! .68 E 6.33 1712 55.41 ‘ 5541 99.99

The golden biotite is evidently a variety of lepidomelane with high Al,0O,
and nearly equal percentages of Fe,0,, FeO and MgO. Although no similar
lepidomelane appears to have been analysed, the nearest examples having
higher Fe,04 and lower Al,O, and MgO, the estimated composition falls
well inside Hallimond’s (1926, p. 29) field of basic micas. Comparison
with the greenish brown biotite (Table IV) shows that MgO and H,O have
increased in the lepidomelane, half of the FeO has been oxidized to Fe,0,,
and Al,O, and K,O have decreased.
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(E) CHLORITE-SKARN

The biotite-skarn (No. 382) has been transformed not only to the
friable lepidomelane-skarn (No. 381), but also, in places at locality C, to
a chlorite-skarn. This rock has a grey colour and, like the biotite-skarn
from which it is derived, it forms part of the solid rock and cores of the
lower sill. No. 380, representing the residual solid rock from the upper
contact of the sill, provides a transitional type between biotite-skarn and
chlorite-skarn. It is composed of biotite, chlorite, epidote, quartz, calcite,
and a little amphibole. The amphibole forms large individuals of late
formation, which are largely replaced by calcite. The biotite is the greenish
brown variety already described from the biotite-skarn No. 382. All
stages of conversion of this greenish-brown biotite to chlorite are repres-
ented in No. 380, so that it can be concluded that the chlorite-skarn of the
lower sill is a metasomatic derivative from biotite-skarn.

A specimen of chlorite-skarn, No. 353, from the left-hand side of
locality C (Figs. 10 and 11), shows the rock to be surprisingly different
from the varieties of skarn so far described. The rock is composed of
chlorite, epidote, quartz, feldspar, sphene and calcite (Fig. 14). The chlorite
forms individuals which commonly measure 2.5 mm. across. It is optically
-ve; with X = straw coloured < Y = Z = green; y = 1.627; and anomal-
ous ultramarine to purple interference colours. These properties and the
estimated chemical composition (Table VIII) show that the chlorite is
ripidolite. A colourless mineral is intimately intergrown with the chlorite.
The contacts between the two minerals are elongated parallel to the
cleavage of the chlorite, while at right angles to the cleavage, they are
toothed and dovetailed, wedge-like portions of both minerals extending
along the cleavage direction of the chlorite. The intergrowth resembles
that so commonly seen between chlorite and biotite. The colourless mineral
is optically + ve; with a large optic axial angle; y = 1.524; and a low
birefringence. These properties suggest that it may be iso-orthoclase, but
its intergrowth with chlorite is so anomalous for a feldspar that further
investigation is necessary. The colourless mineral never extends beyond
the crystal boundaries of the chlorite, and both minerals are speckled with
minute inclusions of sphene. These facts suggest that the chlorite and the
colourless mineral together take the place of the biotite of the biotite-
skarn. Epidote occurs mainly in association with a quartzose matrix res-
embling that of the biotite-skarn, and to a lesser extent as inclusions
within the chlorite. A little albite is associated with the quartz, the latter
mineral being speckled with small inclusions of sphene, as in the biotite-
skarn. Calcite builds large individuals that show replacement relationships
to all the other constituents, relics of which, including abundant small
granules of sphene like those found within the other minerals, occur
within it.
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The chemical composition of the chlorite-skarn No. 353 is recorded in
Table VII. Compared with No. 92 (Table III) the most significant change

Fig. 14. Chlorite-skarn (No. 353) irom the »solid» part of the lower sill
at locality C, showing the intergrowth of ripidolite (grey) with a
colourless mineral provisionally identified as iso-orthoclase (crowded
with inclusions of granular sphene that appear as short dark lines and
patches in the photomicrograph). Ordinary light, x 33.

Table VII

EPIDOTE-QUARTZ-RIPIDOLITE-SKARN, FROM THE LOWER SILL, LOCALITY C,

NO. 353
Molecular Mineral Composition
Percentages Proportions from Table VIII
Si0, 14.98  .7489 Ripidolite 45-07
Al O, 14.44 .1417 Quartz 19.00
Fe,O,4 3.0z .0189 KEpidote 15.09
FeO 10.08 .r1528 Alkali Feldspar 8.66
MgO 6.08 .1508 Sphene ich
CaO 8.2 .1469 Calcite 3.96
Na,O .16 .0026 Apatite .67
K,0 1.23  .0I3I 99.62
H,04 5.19 .2881
H,0— .18
CoO, 1.74 .0396
TiO, 2.92  .0366
PO, .29 .0020
MnO .35 .0049
99.80

Analyst: W. H. Herdsman
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Table VIII

MINERAL COMPOSITION OF EPIDOTE-QUARTZ-RIPIDOLITE-SKARN FROM THE
LOWER SILL, LOCALITY ¢, NO. 353

Molecular z‘ ‘ | ) | 1 Ripidolite
g p,o';,f,mom 8‘6“02) ‘Cal('ite Apatite, Sphene Epidote Es:g o . | % in | Compo- |
| | | M. P 1ock sition % |
| [ | | | [ |
; Si0, 7489 3164 1 - - 366 | 960| 942 2057 12.36 27.42 |
ALOg 1417 — - 432 157 828 8.4y 18.73 |
| Fey,04 189 — | =1 S 48 - 141 2.25 4991
| FeO 1528 ‘ ~ 1528 10.98 24.36
: MnO 49 T 49 .33 78|
MgO 1508 I — — 1508  6.08 13.49 |
CaO 1469 - | 396 67 366 640 - - — |
Na,0 26 — — 26 - - —
K,0 131 =t =1 - 131 : -
H,0+ 2881 ‘ | — 320 2561 4.61 10,23
CO, 396 396 - =
TiO, 366 — | e 366 ‘ . =
P,0; 20 = =i a0 - — —

T0tal(%0frock)| 19.00 | 3.96‘-‘ 671 717 15.09\ 78.66\ 4307 4307| 100.00

is a marked decrease in K,O and a corresponding increase in H,0. As in
the change from biotite-skarn to lepidomelane-skarn there is increase of
MgO and decrease of Al,O,. Total iron oxides have slightly increased, but
only a little oxidation to Fe,O, has taken place. There is an increase of
TiO, in the chlorite-skarn, correlatable with an increase in the amount of
granular sphene as compared with that in the biotite-skarn. The composi-
tion of the chlorite is approximately estimated in Table VILI, by allotting
all the TiO, to sphene and all the alkalis to feldspar, taking the composi-
tion of epidote as before, and the percentage of quartz at 19. The chlorite
is evidently ripidolite (Winchell, 1933, p. 279) with the constitution:

Antegorite Ferro-antigorite Amesite Daphnite
19 21 29 31

V. ALTERATIONS OF QUARTZITE

(A) QUARTZITE TO MICA-SCHIST

The country rock within which the epidiorite sills are emplaced is
white quartzite with interlaminated layers of silvery grey muscovite-
schist. To the south-west of the White Cow Rock, a vertical section of the
rocks underlying the sills is exposed in an embayment. Here it can be seen
that the quartzite has been metasomatically replaced by biotite-muscovite-
schist. The relationships between the two contrasted rock types are clearly
illustrated by Fig. 15. Mica-schist is the main rock exposed in the section.
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but within it irregular relics of quartzite remain in undisturbed position.
The following observations have a bearing on the interpretation to be
placed on these relationships:

Tig. 15. Part of the country rocks exposed helow the sills, southwest

of the White Cow Rock, showing undisturbed relics of quartzite (light)

in mica-schist (dark). The mica-schist has been formed in situ at the

expense of the vanished quartzite. The section photographed is
about 5 feet long.

(a) The whole quartzite—mica-schist formation at this locality is
foliated parallel to what appears to be the original bedding. The dip is
uniform throughout and perfectly concordant with the base of the lower
sill, a fact indicating that the bedded structure is a genuine one which has
been followed faithfully by the later foliation.

(b) The bedding planes can be followed without interruption or disturb-
ance of any kind from schist to quartzite, through the quartzite, and into
the schist beyond.

(¢) No sign of folding or fracturing can be detected on dip slopes or in
sections at right angles or otherwise inclined to the bedding.

(d) The forms of the quartzite masses are extraordinarily irregular,
ranging from small lenticles and long narrow wisps to large masses which
may be either jagged and frayed out at their ends, or rounded and dis-
cordant with blunt and abrupt terminations against the schist.

(e) The junctions between quartzite and schist are everywhere sharp.

(f) The schist contains accessory iron ores and apatite, whereas the
quartzite in direct continuity with it (between the same pair of closely
spaced bedding planes) is free from these minerals.

The structural features (a), (b), (¢) and (d) show that the relationship
cannot be accounted for by either tectonic involutions or brecciation.
Similarly (d), (e) and (f) show that the relationships cannot be accounted
for as a result of original differences in sedimentation from point to point.
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Simultaneous deposition of sand and mud would give gradations and a
common suite of heavy minerals. It would be impossible for a hollow of

the »cut and filly type (cf. Fig. 15) to be filled on one side with mud and
on the other with sand, with a sharp junction between them. Moreover,

Fig. 16. Quartzite (No. 394) {rom the locality illustrated in Fig. 15,

showing the association of quartz with relatively line grained albite,

occasional flakes of muscovite, and calcite (in the right hand bottom
corner). (Crossed nicols, x 33.

there is no sign of differential compaction structures such as would sub-
sequently result from deposition of sand and mud side by side. Careful and
repeated study of the section in all its aspects has convinced us that the
only tenable interpretation is that the greater part of a sheet of bedded
quartzite has been metasomatically replaced by mica-schist.
Microscopically the quartzite, as exemplified by the analysed specimen
No. 394, is seen to be composed of quartz, albite, a little potash feldspar,
muscovite, a little biotite, rare garnets and a considerable proportion of
calcite (Fig. 16). Between crossed nicols, the quartz, individuals of which
measure about .3 mm. or a little less in diameter, stands in marked contrast
to the albite (y = 1.538). The latter, in association with a little potash
feldspar and quartz, occurs in aggregates within which the individuals
measure approximately .07 mm. across — that is, only about a querter
the width of the quartz grains. The rock has a slightly foliated structure
dependent on the parallelism of the muscovite flakes and the elongation
of the albite-aggregates in the same direction. The rare garnets have a
highly irregular form. Biotite is of relatively late development, for it
replaces garnet and commonly cuts across the foliation direction of the rock.

.
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The biotite-muscovite-schist, exemplified by the analysed specimen
No. 395, differs from the replaced quartzite in being richer in feldspar and
biotite and in containing iron ore and apatite as common accessories
(Fig. 17). As compared with the quartzite, moreover, there is a great

Fig. 17. Mica-schist (No. 395) from the same horizon as, and
immediately adjoining, the quartzite of Fig. 16. The biotite appears
dark. Ordinary light, x33.

ncrease in the proportion of potash feldspar both relatively to albite and
ibsolutely. Like the quartzite, the schist contains rare garnets; but, unlike
the quartzite, calcite is absent or very rare. Chlorite is not uncommonly
developed at the expense of biotite.

Table 1X

CHEMICAL COMPOSITIONS OF QUARTZITE (NO. 394) AND MICA-SCHIST (NO. 395)
FROM THE COUNTRY ROCK UNDERLYING THE WHITE COW SILLS

Quartzite Mica-schist Normative Composition

No. 394 No. 393 No. 394 No. 395
Ni0, 72.06 I1.1998 635.36 1.0883 Quartz 46.94 28.90
Al,O; 10.92 .1071 15.68 .r1538 Orthoclase 6.85 26.82
Fe,O, .04 .0003 1.49 .0093 Albite 24.78 18.25
FeO 1.40 .0I95  4.32 .0601 Anorthite 470 3.03
MgO .31 .0077 1.79 .0444 Corundum 312 6.11
a0 6.02 .1074 .83 .o148 ) MgSiOy .77 | 4 4o 4461
Na,0 2.93 .0473 2.16 .0348 L FeSiO; 2.53 . 5.07[ Q13
K,O 1.16 .0123 4.34 .0482 Magnetite .07 2.15
H,04 .84 —  2.32 Tlmenite w15 1.64
H,0— 26 . — 34 Apatite none B
co, 3.98 .0905 none Calcite 9.03 none
TiO, .08 .oo0r10 .86 .oro8 Water 1.10 2.66
P05 none .18 .oo0r13 100.06 100.24
MnO .07 .00I0 .21  .0030

100.07 100.08 Analyst: W. H. Herdsman

4 1155747
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The chemical compositions of Nos. 394 and 395 are recorded in Table
IX. Exact correlation between the two specimens is ensured by the fact
that both came from a particularly well marked bed about three inches
thick, and were originally adjacent on each side of an abrupt jundétion
between quartzite and schist.

It will be seen that the change from quartzite to schist has involved
increase of Al,Oy, iron oxides, MgO, K,0, H,0, TiO,, P,0, and MnO; and
loss of SiO,, CaO, CO, and Na,O.

(B) QUARTZITE TO SKARN-ROCKS

Between the sills, and at and near their outer contacts, the quartzite
is usually very much altered. The alterations vary considerably from point
to point and include marked enrichments in biotite, garnet or epidote
respectively, as well as in various combinations of these minerals. The
following examples illustrate the variability and complexity of the mineral
changes.

BIOTITE-SKARN

At locality B (Fig. 6), lenticular masses of dark glistening biotite-schist
have developed from the quartzite between the two sills, and a similar
phenomenon is to be seen above the upper contact of the main sill, well
exposed on one of the little islets shown in Figs. 2 and 3. Specimen 313
(Fig. 18) from one such lenticular mass at the upper contact of the main
sill is found, in microscope section, to be a calcite-quartz-biotite-skarn
with a little fine-grained epidote, some muscovite and granules of sphene.
It differs from the analysed mica-schist, No. 395, not only in the much
greater abundance of biotite, but also in the relatively large size (up to
5 mm. across) of the biotite flakes, in the presence of epidote and calcite,
and in the absence of feldspar. As in the analysed mica-schist, apatite is
common as an accessory. This biotite-skarn derived from quartzite actu-
ally resembles the biotite-skarn developed from the epidiorite of the lower
sill more closely than it resembles the mica-schist. Indeed, it resembles the
former not only in its essential minerals, but down to such detail as the
presence of small granules of sphene within the biotite. It differs from it,
however, in the presence of muscovite, in the relative paucity of epidote.
and in its highly schistose structure.

GARNET-SKARN

In microscope section many of the specimens of quartzite collected
from the upper and lower contacts of both sills are found to be considerably
enriched in garnet, which has in turn been commonly changed in part to
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biotite. In No. 91 (Fig. 19) from the lower contact of the main sill (local-
ity A), garnets, measuring .5 to 1 mm. across, form about 30 per cent of
the rock. No. 318, from one of the small islets immediately above the
main sill is also very rich in garnets; whilst No. 342, collected slightly

Fig. 18. Biotite-skarn (No. 313) developed from the quartzite at the
upper contact of the main epidiorite sill. The iield shows the association
of biotite, calcite (left centre of {ield) and quartz. Ordinary light, x 33.

Fig. 19. Garnet-skarn (No. 91) developed from the quartzite at the lower
contact of the main sill, locality A. Ordinary light, x 33.
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farther away from the same contact, still contains numerous small garnets;
and No. 344, collected about 4 or 5 yards further away from the main sill,
is distinctly less rich in garnets, being intermediate, in this respect, between
the quartzite of the contact zone and the normal quartzite of the area.

EPIDOTE-SKARN

In addition to enrichment in garnet, some parts of the quartzite in
contact with the sills contain epidote, a mineral not observed in the quart-
zite away from the contact. The quartzite, No. 379, immediately above
the narrow sill at locality C resembles the normal quartzite of the area, as
exemplified by the analysed specimen, No. 394, except that it is free from
calcite, contains epidote, is richer in biotite and considerably richer in
garnet. The garnets have a highly crystalloblastic habit, and may be quite
lace-like in their development on account of their highly irregular bound-
aries, and the presence of abundant inclusions of quartz and albite. Some
of these inclusions can be seen to be optically continuous with grains of the
corresponding mineral occurring outside the boundaries of the garnets.
From such evidence it is clear that the garnets are of late development.
The epidote, occurring as small rounded individuals, is abundant, and is
distributed fairly evenly throughout the rock. The quartzite, No. 384,
collected directly below the narrow sill at locality C' resembles the rock just
described, except that the biotite is partially converted to ripidolite.
Veinlets of ripidolite, of replacement origin, also cut the schistosity at a
high angle. No. 390, from the base of the main sill, is also rich in epidote,
in addition to biotite and garnet.

Even more advanced stages of enrichment of the quartzite in garnet
and epidote are found in inclusions of quartzite oceurring within the sills.
Such an inclusion, No. 320 from the main sill, is composed of garnet, quartz,
biotite, epidote and alkali feldspar, with iron-ore as a common accessory.
Garnet, biotite and epidote jointly form about 5o per cent of this rock,
garnet being exceedingly abundant. This rock, except for the presence of
epidote, is very like the garnet-skarn described by von Eckermann (1922,
p. 306 and Plate XXIV, Fig. 41) as occurring in a zone between amphibol-
ite and crystalline schist. An inclusion of quartzite, No. 385 from the
lower sill, is converted to epidote-skarn composed essentially of epidote and
quartz with some alkali feldspar, greenish-brown biotite and bluish green
amphibole.

Although no chemical analyses have been made of the skarn-rocks
developed from quartzite, it is clear that the abundance of garnet and
epidote implies local increase of CaO and Al,0; These constituents need
not have migrated far, since they could have been supplied partly from
(a0 in the original and neighbouring quartzite and partly as CaO and
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Al,O, liberated during the transformation of epidiorite into skarn. The
biotite-skarn which replaces quartzite is essentially an intensification of
the quartzite to mica-schist transformation, combined with slight devel-
opment of epidote.

VI. DISCUSSION OF RESULTS
(A) QUARTZITE TO MICA-SCHIST

As indicated in Table X, the metasomatic metamorphism of quartzite
to mica-schist involved increase of

AlLO,, total FeO, MgO, K,0, H,0, TiO,, P,0, and MnO

and decrease of
Si0,, CaCO,, CaO and Na,O.

A chemically similar metasomatism has been described by Billings
(1937) from Loon Mountain, New Hampshire. In that area argillaceous
sediments were recrystallised during regional metamorphism into silliman-
ite-biotite-oligoclase-schist. Subsequently the sillimanite porphyroblasts
were propressively replaced by aggregates of muscovite, and at the same
time biotite increased in amount while quartz and oligoclase decreased.
The compositions of typical examples of these two rocks are given for
comparison in Table X. The chemical changes involved increase of

Al O,, total FeO, MgO, K,O, H,0, TiO, and MnO

and decrease of
Si0, (CaO) and Na,0.

These changes are qualitatively identical with those in the quartzite to
mica-schist example, apart from the loss of CaCO, from quartzite and
the gain of P,0; by the mica-schist.

Billings suggests that »moving solutions introduced a great deal of
potash into the rock, altering the sillimanite to muscovite». As a working
hypothesis he considers certain masses of quartz-monzonite and granite
(members of the so-called New Hampshire »Magma» Series exposed several
miles away) as the most probable sources for the »potash-rich solutionsy.
These plutonic rocks contain muscovite, and it is thought that juvenile
water released during the final stages of crystallisation hydrolysed initial
orthoclase to muscovite and so liberated K,0 and six times as much SiO,,
thus providing (potash-rich solutions» that migrated through the surround-
ing country rocks and locally effected the metasomatism described.

If this were the real explanation, a similar or genetically related
metasomatic metamorphism should have transformed the country rocks
even more conspicuously in the immediate neighbourhood of the plutonic
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Table X
GAINS (+)AND LOSSES (—) IN EXAMPLES OF METASOMATIC METAMORPHISM
| ‘ DONEGAL NEW HAMPSHIRE )
| | Quartaite Mica- Sillimanite- Myt |
| No. 394 \:'C’"" B schist schist
’ No. 395 No. 2 No. 3 ’
\ \ I i
LSO J 72.06 ‘ 6536 — 66.68 | 57.43 f
1‘ A‘1203 ............. | 10.92 15.68 18.17 | 21.68
| Ee0q scarsnizsscon j .04 r49 o -90 .08\ +
fl He@lds. 2000 o059 | 1.40 4.32 4.98 6.82 | i
| MO . .cnic srivicane | .31 1.79 + I1.42 202
8 | 6.02 83 = .76 72
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No- 394 1 See Table IX. Analyst: W. H. Herdsn
No. 395 See Table 1X. Analyst: . . Herdsman.

No. 2. Sillimanite-schist. 0.2 mile N. W. of summit of South Peak of Loon Mount-
ain, New Hampshire, U. S. A. (Billings, 1937, Table I, No. 2, p. 292). Total
includes § = .05; C = .29.

Analyst: W. H. Herdsman.

No. 3. Muscovitised schist. Summit of South Peak of Loon Mountain, N. H. (Bill-

ings, 1937, Table I, No. 3, p. 292). Analyst: W. H. Herdsman.

masses. Moreover, addition of SiO, to the country rocks should have been
a more noticeable feature than increase of muscovite and biotite. Neither
inference is matched by the field evidence described from the Loon
Mountain region. Certainly no such explanation is tenable for our Donegal
example. The granite exposed at Portronan, south of Malin Head, is a
potassic granite; yet at its contact against quartzite the latter has gained
Na,O and lost FeO and MgO (Reynolds, 1946, p. 415): changes which are
the reverse of those found in the transformation of quartzite into mica-
schist. Moreover, where the same granite is in contact with epidiorite
there is no sign of the conspicuous biotitisation that has affected the
White Cow epidiorite two miles away. The geochemical migrations under
discussion cannot be related to hydrothermal solutions or other »emana-
tions» liberated during the emplacement of the Malin Head granite. More-
over, this granite is post-tectonic and appears to be of later age than the
metamorphic changes described in this paper.

The assemblage of introduced constituents is, however, one that can
be correlated with part of the stream of geochemical migration responsible
for granitisation and its attendant phenomena. Two relevant examples
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may be given; one syntectonic and regional, the other post-tectonic and
local.

The albite-schists of the Dalradian Series in Scotland and Antrim bear
witness to streams of migrating materials that were driven ahead from
regions characterised by the development of migmatites (Reynolds, 1942).
(hemical analyses of correlated specimens show that the introduction of
Na and Si into the schists (with formation of albite porphyroblasts) led to
the driving out of

Al, Fe, Mg, Ca, K, H® and Ti.

These constituents must have migrated beyond the region of albitisation
and so have enriched in biotite the rocks in which they became fixed.

The general similarity of this assemblage to that required to account
for the formation of mica-schist from quartzite is obvious. As already
mentioned (p. 29), albite-schist appears in force near Dunaldragh, north-
west of the White Cow Rock, and it is therefore possible that in the latter
locality we see the fixation of constituents driven ahead from a region of
albitisation further back.

In Goraghwood Quarry (Newry Complex, Co. Armagh) irregular but
completely isolated bodies (up to 2 or 3 feet across) of granitic rocks,
including trondhjemite, have developed metasomatically within a thick
band of hornfelsed Silurian sediments (Reynolds, 1943). In every case these
bodies cut abruptly across the bedding of the hornfels, without disturb-
ance of the normal dip and strike, and small residual patches of hornfels,
also in undisturbed position, commonly occur within them. Wherever the
granitic replacement bodies are in contact with hornfels they are bounded
by dark rims up to about half an inch thick, in which the enclosing horn-
fels (or the included hornfels) is conspicuously enriched in biotite. Each
rim is a »basic front», representing the material driven out of the hornfels
during its transformation into a granitic rock. Chemical analyses of care-
fully correlated specimens (Reynolds, 1943) show that the development of
trondhjemite from biotite-hornfels involved fixation of incoming

Na, Ca and Si
and the driving out of
Al, Fe, Mg, K, H, Ti, P and Mn.

Similarly, it is found that the development of granodiorite, adamellite and
granite pegmatite involved the driving out of

Fe, Mg, Na, H, Ti, P and Mn.

Analysis of one of the dark rims shows that the elements introduced were
Al, Fe, Mg, Na, K, H, Ti, P and Mn.

1) See footnote on page 59.
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These constituents (with the exception of some or all of the soda) are
precisely those that migrated from hornfels during the granitisation.
Here again, we have the same assemblage of constituents as that requ-
ired for the quartzite to mica-schist transformation, and, moreover, one
that can be correlated with an indubitable example of granitisation in the
solid state. In Goraghwood the expelled constituents were fixed immed-
iately around the granitic bodies, from which it can be inferred that the
gradients controlling migration were steep, as might be expected on the
margin of a post-tectonic complex. The migrations involved in the
metasomatic metamorphism of the Malin Head quartzite (and presumably
in that of the Loon Mountain schists), though involving the same constitu-
ents, were of the far-travelling type characteristic of migmatite fields and
the surrounding zones of regional metamorphism.

(B) EPIDIORITE TO SKARN

The epidiorite of the main sill of the White Cow Rock has been enriched
in biotite near its contacts with the country rocks. Biotite-epidiorite has
been changed more drastically in the lower sill: (1) to epidote-quartz-
biotite-skarn, characterised by a greenish brown biotite; and subsequently
either to (2 a) epidote-quartz-lepidomelane-skarn, characterised by a golden
biotite;or to (2 b) epidote-quartz-ripidolite-skarn, with or without a mineral
that is tentatively identified as iso-orthoclase. The successive alterations
involved considerable changes in chemical composition, the nature and
sequence of which can be readily followed by reference to Table XI. It
should be noticed that the complete sequence is as follows:

~ Lepidomelane-skarn.

Epidiorite - Biotite-epidiorite - Biotite-skarn ¢ No. 381
No. 94 No. 350 No. 92 “ Chlorite-skarn.
No. 353

The last two items may be in part simultaneous, with the change to chlor-
ite-skarn probably continuing a little longer than the change to lepidom-
elane-skarn. The final sequence of minerals in the closing stages of altera-
tion was (a) chlorite, (b) hastingsite and (c) calcite. Because of these late
changes and the resultant fluctuations in the serial variation of some of the
constituents, the gains and losses in this series are necessarily more com-
plex than in the relatively simple change from quartzite to mica-schist.
Taking the series as a whole there has been a decrease of
Al 0,4, CaO and Na,O.

SiO, has been gained at some stages and lost at others, the resultant effect
being probably insignificant. The decrease of Al,O, is progressive, except
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for a slight break from No. 350 to No. 92. Na,O decreases markedly to
No. 92, after which it comes in again on a minor scale, probably in accord-
ance with the growth of late hastingsite.

Table X1
| .
Imidioni Biotite- Biotite- | Lepidom- | Chlorite-
} Ep };Izo;ita Ep%dizreite skani [ elane-skarn | 8karn
[ === No. 350 No. 92 No. 38 No. 353 |
l { ‘ :
| | 3 { 5 |
DSI0g v 47.32 1834 | 43565 48.13 44.98 |
| AlOg vovvvvvnnnniniiniociannnn.. 17.39 | 1549 | 15.56 14.76 |  14.44 |
| Foa0y «ovvommsmmensvsonssmasisssss 2.36 2.14 | 2.55 7:34 | 3.02
| BeO s spevammmsnsesssasanmsssiass 10.91 10.60 I1.21 6.38 | 10.98
| (Motal FeQ) wosonones camasimmoisnmins (13.04) | (12.53) | (13.52)  (12.99) (13.60)
T MBO oo oo cssimie oo isiorssemssins i 4.78 ‘ 5.56 5.01 6.61 6.08
| CRO vomssmremsmmrss s s amis 10.08 9.42 7:94 6.18 8.24
| NagD oooiiiiiiniiiiiiiiiiie 273 | 1.98 .01 .43 16
b BaQ) swur o omimw s mom s R SR s b .54 1.36 4.77 3.59 1.23
HEO 5050555 b eapasadeenor e ain osagsmonssa .96 | 1.54 235 2.82 5.19
HoO— oo 08 | .16 .10 .39 a8
€Oy sumissemvmmmneavme s snesissss tr. none 2.02 none 1.74
Qg ssms smussmemss s b by 2.68 2.48 2.30 2.58 2.92
Pl vttt 658 5 6 BN 1 S mweesssensi tr. | .32 .30 22 | .29
l\ﬁl() ............................. | .20 .34 .23 32 <35
| | 100.01! 99.73|  100.02 | 99.75 99.80

No. 94. Epidiorite, Main Sill (Table I). Total includes BaO — .01.
Analyst: Agnes Gibbs.

No. 350. Biotite-epidiorite, Lower Sill, locality B (Table II).
Analyst: W. H. Herdsman.

No. 92. Epidote-quartz-biotite-skarn, Lower Sill, locality A (Table I1I).
Total includes BaO = .02; NiO = tr.; F none found.
Analyst: Agnes Gibbs.

No. 381. Epi(lote-quartz-lepi(lnmolane-s]{am. Lower Sill, locality ' (Table V).
Analyst: W. H. Herdsman.

No. 353. Epidote-quartz-ripidolite-skarn, Lower Sill, locality ' (Table VII).
Analyst: W. H. Herdsman.

The constituents that have increased most conspicuously are K,0 and
H,0. K,O shows a marked culmination in No. 92, after which it is partly
displaced by H,0, particularly in the change to chlorite-skarn. H,0 rises
continuously throughout the series and so does the sum of H,0 + K,0.
MgO increases, but not progressively. Total FeO fluctuates, but probably
increases slightly on the whole. MgO and total FeO behave antipathetic-
ally, one rising as the other falls, except in the change to chlorite-skarn in
which they increase together, with MgO rising more than total FeO. The
sum of MgO —+ total Fe increases progressively throughout the series. TiO,
decreases to No. 92 and then increases again. P,0, and MnO both increase,

though not progressively. Taking the series as a whole there has been
increase of

MgO, (total FeO - MgO), K,0, H,0, P,0, and MnO.

4% 1155/47
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This assemblage has a close family resemblance to that concerned in the
quartzite to mica-schist transformation (page 53 ). The differences suggest
that Al and most of the Fe and Ti were used up by the time the sills were
reached. In any case, the assemblage is that of a typical basic front. It
is evident that the changes in both quartzite and epidiorite are closely
related, and that they have resulted from a stream of migrating materials.
The constituents of the stream and their relative proportions would
necessarily vary from place to place at any given time, and from time to
time at any given place, according to the varying nature of the rocks
through which they passed and the exchanges of constituents effected by
reaction and fixation, as witnessed by the observed evidence of metaso-
matism.

(C) RELATION TO BASIC FRONTS

[t has long been known from field observations that the regional
metamorphism connected with major orogenies involved a chemical as
well as a mineral and structural transformation of the rocks concerned.
Associated with the development of migmatites in depth there is a con-
comitant basification of the sedimentary rocks, mainly in the peripheral
zone. The basaltic rocks (the metabasites), because they are more resistant
to granitisation, not only become basified in the peripheral zone, but also
remain, as basified relics, within the region of migmatisation itself. The
enrichment of the initial rocks in femic or cafemic materials is the ex-
pression of a basic front that proceeded in advance of one of migmatisation.
It is evidenced by the conversion of limestone to tremolite-skarn, amphibol-
ites to cummingtonite-amphibolites, and leptites to cordierite-anthophyll-
ite rocks (Eskola, 1914); the enrichment of pelitic rocks in cordierite, garnet
and biotite (Wegmann, 1935); the conversion of limestones to amphibolite
(Backlund, 1936 a); and the progressive conversion of basaltic rocks to
epidiorites, amphibolites and eclogites (Backlund, 1936 b). and at any of
these stages to skarn (Backlund, 1943).

Recently these field observations, pointing to change of composition
with change of metamorphic grade, have received corroboration from a
geochemical study by Lapadu-Hargues (1945) of rocks that were originally
sedimentary. By statistical comparison of the chemical composition of
rocks of different metamorphic grade, irrespective of their age, Lapadu-
Hargues has demonstrated that Fe® " and Mg attain their maximum con-
centration in the lowest metamorphic grades, and decrease through the
higher grades. Ca increases gradually with increase in metamorphic grade.
Total alkalis increase, but in the lower grades of metamorphism Na shows
increase and K a slight decrease, whilst in the higher grades (granitisation)
Na and K both increase, K attaining its greatest concentration in the
final granites. Lapadu-Hargues ascribes the variation in the concentra-
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tions of the various elements, in rocks of different regional metamorphic
grade, to the difference in mobility of the respective elements under meta-
morphic conditions. He finds the order of increasing mobility to be K,
(‘a, Na, Mg, Fe, and he correlates this order with the respective ionic radii
of the elements concerned. Fe and Mg, with the smallest ionic radii, are
the most mobile ions and, in consequence, they become concentrated in
the lowest metamorphic grades, that is in the least altered rocks situated
farthest from loci of granitisation.

According to Lapadu-Hargues’ statistical study, K, with the largest
ionic radius of the elements under discussion, has the lowest mobility, in
consequence of which it becomes concentrated in granites representing the
highest degree of regional metamorphism. Study of actual examples,
however, both in the field and geochemically, shows that this is not the
whole story relating to the concentration of K. Not only does K show
geochemical culmination in granite, but it also migrates with the vanguard
of Fe and Mg, and appears in the biotite of the basic fronts. On a small
scale this is exemplified by the biotite-rich rims margining the granitic
veins and pod-like bodies of migmatite regions; on a larger scale by the
biotite-enriched metamorphic aureoles that commonly surround granitic
complexes emplaced within pelitic rocks; and on a still greater scale by the
biotite enrichment that appears in advance of regions of albitisation. A
telescoped, but particularly instructive example, of the presence of K in
a basic front that advanced into limestone is depicted on Plate LXVIII of
von KEckermann’s (1922) memoir on Mansjé Mountain. The figure illustr-
ates the altered marginal zone of limestone in contact with granite pegmat-
ite. Within this zone of alteration several mineral zones are present.
Travelling outwards from the pegmatite to the calcite of the limestone
the mineral zones appear in the following sequence: plagioclase, scapolite,
diopside, apatite and phlogopite. In company with Si, the various groups
of constituents of the basic front have migrated into the limestone with
the following increasing order of mobility: Na-Ca; Ca-Mg; Ca-P and Mg-
Fe-K-H-Al

The metasomatic metamorphism of quartzite and epidiorite described
in this paper involved introduction of the same group of constituents.
including Mg, Fe, K, H ' and Al, that moved with the vanguard of the
basic front in the Mansjo limestone example. It is, moreover, a general
phenomenon that K is not only concentrated in granitic rocks, but also
migrates with the advancing basic front. A recent study (Reynolds, 1946)
of the chemical data relating to the alteration of pelitic and psammitic
sediments and basic igneous rocks (occurring in the aureoles surrounding
granite masses, and also as inclusions within the granite masses them-

1) For a discussion of the question whether H+ or (OH)— is introduced, see Bugge (1946, pp.
36 and 39). In our example the development of chlorite after biotite suggests introduction of
{OH) rather than of H.
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selves) has revealed the fact that in every example for which adequate
chemical data exist, the emplacement of granite bodies has been accompan-
ied by the introduction of one or more of the cafemic constituents
(generally all) and of the alkalis (commonly K) into both aureoles and
inclusions. With the further advance of true granitisation these initially
basified rocks themselves become granitised. There is a demonstrable
sequence both in space and time of (1) basification followed by (2) granit-
ization.

Zones of granite formation and zones of basification are thus com-
plementary phenomena, and the identification of the alterations of quart-
zite and epidiorite at Malin Head as a basic front implies the coeval devel-
opment of granite. The basic front of the Malin head area cannot be
correlated with the local granite of Portronan, for this post-tectonic granite
has caused no such biotitisation and skarn development within the adjoin-
ing epidiorites. It is, therefore, more likely that the basic front under
discussion will eventually be found to be correlatable with the development
of syntectonic migmatites such as occur in the Rosguill peninsula, farther
west. The continuation of this migmatite zone into the Malin Head
district probably extends underground.

(D) MECHANISM OF MIGRATION

The replacements that have been described in this paper have evid-
ently involved the passage through solid rocks of a stream of interchanging
constituents. These materials must either have been transported by and
through a gas or liquid phase, or they must have migrated by solid diffu-
sion along crystal boundaries and through crystal lattices. Small-scale
solid diffusion is manifestly necessary for the accomplishment of any
mineral replacement that requires penetration of crystal lattices by ions.
The essential functions of gaseous or liquid solutions at any particular
spot are to bring up the incoming ions and maintain their concentration,
and to carry away the displaced ions. As between liquid or hydrothermal
solutions and gaseous or pneumatolytic solutions, it seems probable that
these functions could be carried out more effectively by the former (Graton,
1940, p. 287; see also, Ross, 1935, pp. 46 and 60).

A gas phase would have the advantage of easy penetration along sub-
microscopic cracks through otherwise impermeable rock, but against this
it suffers from several disadvantages. Considerations of relative volatility
suggest that a gas phase is most likely to be acid. In the replacement
phenomena under discussion, however, the evidence is overwhelmingly
suggestive of the dominance of alkaline materials. Moreover, components
of widely different volatility would need to be combined in the migrating
stream. Graton (1940, pp. 282—4) has reviewed the evidence showing
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that the vapour pressures of Fe, Mg, Ca, Si and Al are anything from 102
to 1022 times less than those of K and Na. Against this point, however,
Ingerson and Morey (1940, pp. 779—780) cite experimental observations
indicating that diffusion through gas is quantitatively a more effective
process than transport by gas. However this may be, there is the third
difficulty that the degree of ionisation of a concentrated gaseous solution
under high pressure and therefore of relatively high density is likely to be
extremely low. A gas phase is therefore thought to be a feeble carrier of
the ions necessary to initiate solid diffusion through the crystals with
which it comes into contact. Crystal linings along the surfaces of cracks
and drusy cavities (rather than metasomatic replacements) are the char-
acteristic results to be expected from gaseous transport and deposition.

On the other hand, hydrothermal solutions, if of magmatic ancestry,
are likely to be strongly alkaline from the start, as a result of hydrolysis
of silicate minerals. They are also likely to have a higher degree of ionisa-
tion, though it must not be overlooked that such scanty evidence as is
available suggests that ionisation attains its maximum at a little above
200° ' and that at higher temperatures it begins to decrease again (Ingerson
and Morey, 1940, p. 783). In respect of both composition and degree of
ionisation hydrothermal solutions appear to have a definite advantage
over gaseous solutions, especially in their capacity for initiating and main-
taining metasomatic replacements of appropriate parageneses. But except
where adequate passageways are available, e. g. by way of open cracks
and fissures, their capacity for penetrating rocks is severely limited. Silica-
bearing solutions in particular seem to have a very small power of soaking
through rocks, like quartzite, in which the only passageways are the minute
interstices between closely fitting mineral grains (Ross, 1933, p. 193).

When the conditions are such that these interstices are isolated and
diseontinuous, molar transport becomes impossible, and replacement can
then be effected only by means of solid diffusion. While tight-packing
brings solutions to a standstill and excludes their introduction from outside
sources, it favours solid diffusion by ensuring close contact between adja-
cent crystals. Graton (1940, p. 287) has expressed his surprise »that there
has been such widespread neglect of diffusion in geological processes». It
is indeed surprising when it is remembered that Greenly (1903) long ago
suggested solid diffusion as a process likely to be of importance in the
transformation of schists into the rocks we now call migmatites. Only in
recent years has there been a systematic exploration of the petrogenetic
possibilities of solid diffusion.

Applying the above and other relevant considerations to the example
of metasomatic metamorphism under discussion, it can be said that the
few criteria available for discrimination suggest that solid diffusion was
probably the dominant process concerned.
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(a) The intergranular passageways were tight and almost certainly
discontinuous, since the rocks had already been recrystallised during an
earlier stage of regional metamorphism.

(b) The distribution of the alterations shows that no preferential use
was made of more continuous passageways such as may have been afforded
by bedding planes and joints. Hydrothermal solutions are demonstrably
responsible for potash metasomatism in the rocks underlying the geyser
basins of Yellowstone Park. A bore-hole core investigated by Fenner
(1936, pp. 262-5) contained an unreplaced »island» of pelitic dacite, and
it is clear from adjoining parts of the core that the first alteration proceeded
along the cracks, as would naturally be expected. In Donegal, however.
the structures betray no sign of any selective attack either along cracks or
around crystal boundaries (cf. Bugge, 1946, p. 34). Reference to Figs. 10
and 11 shows clearly that cracks were avoided during the alteration from
biotite-skarn (»solid» rock) to lepidomelane-skarn (»erumbly» rock). This
criterion has also been used by Perrin and Roubault (1941) in connection
with a metamorphic front described from the Alps of Savoy. There, a
Triassic conglomerate of quartzite pebbles in a sandy matrix appears to
rest unconformably on sericite-chlorite-schist. However, they find residual
»islands» of the conglomerate and its pebbles remaining within the schist,
and »veins» and patches of the schist developed within the conglomerate.
Before dying out, the metamorphic front barely penetrated the conglom-
erate, which evidently constituted a barrier to the further advance of the
migrating materials. Perrin and Roubault point out that the propagation
of solid diffusion and of the resultant reactions in the solid state (to which
they attribute regional metamorphism) is dependent on intimate contact
within the affected medium. A conglomerate ,with relatively poor cohesion.
would be readily permeable by molar solutions, but would form a barrier
against the further advance of solid diffusion.

(¢) Returning to Yellowstone Park, which is our standard of reference
for hydrothermal metamorphism, it is noteworthy that Fenner (1936, p.
240) observes that »the phenocrysts were little attacked, but the ground-
mass has been almost wholly metasomatized». In contrast, we find that
in our Donegal epidiorites the small matrix crystals, which provide a high
surface area, resisted alteration more effectively than the larger crystals.
and were the last to be transformed.

(d) In accord with (c) it is found that the contacts (both macroscopic
and microscopic) between biotite-skarn and residual biotite-epidiorite are
sharp (e.g. at locality B, page 33). So are those between biotite-skarn
and chlorite-skarn (Fig. 10) and so, again, are those between mica-schist
and residual »islands» of quartzite (Fig. 15). In all these examples each
rock is definitely of one type or another; there are no gradational stages
of the veining or fingering kind that would be expected to result from
permeation by liquid or gas.
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(e) The demonstrable time-sequence of basification followed by gran-
itization (page 60) has an important bearing on the problem of the mech-
anism of migration. If an attempt is made to correlate the advance of
the basic front with the work of hydrothermal solutions liberated from a
consolidating granite magma, the physico-chemical difficulties involved in
the alternating displacements and fixations of constituents with highly
contrasted properties become fantastically unmanageable. Moreover, the
hydrothermal solutions would have to be supplied not only where the
supposed granite magma was in contact with the surrounding country
rocks, but also around every inclusion within the magma itself. It is im-
possible in a limited space to discuss the matter systematically, but to us
it seems manifest that the whole process is much more elegantly explained
by progressive solid diffusion due to migration of ions through the crystal
lattices and along the crystal boundaries.

(f) Finally, it may be repeated that the Malin Head region provides no
exposures of any rock from which a magmatic source for the migrating
materials could be inferred. And, above all, it must be emphasized that,
even if there were evidence of co-existing magma, it would still remain
possible that the magma was not the source of the metasomatising mater-
ials, but was itself a consequence of change of composition and increase of
temperature brought about by ionic migrations and exothermic reactions.
Recent advances in the study of granitization phenomena and regional
metamorphism point to the serious necessity for considering:

(i) whether magma was ever present at all; and, if the evidence is
favourable to such an interpretation,

(ii) whether the magma may not have been generated by an intensifica-
tion of processes akin to those responsible for the changes witnessed
by the surrounding rocks.

The minds of most petrologists have been so conditioned by training and
practice that »granite» inevitably suggests »granite magma». This psycho-
logical tyranny should be consciously realised and deliberately resisted. If
in any given occurrence, the magmatic hypothesis is found to be supported
by evidence, it should most certainly be adopted. If it is not so supported,
then a critical examination of the relevant criteria is likely to lead to
further discovery. To avoid any possible misconception as to our own
attitude, it should perhaps be added that we are in no way prejudiced
against magma in its proper place, but only against facile and unrealised
assumptions.
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4.

THE SYSTEM ANORTHITE—LEUCITE—SILICA

BY

J. F. SCHATRER and N. L. BOWEN

GEOPHYSICAL LABORATORY, CARNEGIE INSTITUTION OF WASHINGTON,
WASHINGTON, D. C.

INTRODUCTION

The crystalline phases of the system anorthite—leucite—silica are of
notable importance as rock-forming minerals, both individually and in the
assemblages which they may form at equilibrium. As apart of our general
program of equilibrium studies designed to throw light on the genetic
relations of minerals, the present study therefore finds a natural place.

The feldspars are undoubtedly the most important rock-forming miner-
als. Two representatives of the group. lime feldspar and potash feldspar,
are among the phases whose relations this investigation seeks to unravel.
Potash feldspar is prominent in a great variety of igneous and meta-
morphic rocks. In Finland such rocks are widespread and Finnish geolo-
gists have contributed much to our knowledge of the natural history of
potash feldspars. The association of potash feldspar with free silica, one
of the phase assemblages of our system, is freely represented in the potash-
rich granites and pegmatites of Finland. Among the studies of these rocks
those of Pentti Eskola are outstanding, as are also his investigations of the
stability relations of potash feldspar in metamorphic recks.!

The association anorthite—silica, another of our phase assemblages
and therefore chemically an entirely possible association in rocks, is, nev-
ertheless, not found in igneous types for genetic reasons that have been
set down elsewhere.? In metamorphic rocks, on the other hand, genetic
controls over bulk composition are altogether different, and in these rocks
Eskola has studied some interesting examples of the anorthite—quartz
association into which he was able to read a broad geological, even a cos-
mogonic significance.?

1 P. Eskora, On the Occurrence of Orthoclase and Microcline in the Finnish Granites and
Pegmatites. Comptes rendus de la Société géologique de Finlande No. 1, p. 1. 1929.

°P. Eskora, The Mineral Facies of Rocks. Norsk Geologisk Tidskrift VI pp. 143—194. 1920.

2 N. L. Bowex, The Evolution of the Igneous Rocks. Princeton Univ ersity Press, 1928, p. 20.

3 P. Eskora, Conditions during the Earliest Geological Times. Annales” Academiae Scienti-
arum Fennicae, Series A, Vol. 36, No. 4, p. 22. 1932.
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The association lime plagioclase—potash feldspar, one of our assem-
blages, cannot fail to call to mind that remarkable relation between potash
feldspar and plagioclase that is displayed in the Rapakivi granites, even
although their plagioclase is of very different composition. Brought face
to face with the problems of rapakivi in their common homeland, Eskola
has made contributions towards the solution of these problems?.

For these and other reasons it seems not inappropriate that a report on
the system embracing these several crystal phases should appear in a
volume honoring Pentti Eskola. '

Among the ancient rocks of the shield areas of the earth, leucite-bearing
types are not represented. In some shield areas recent lavas have been
erupted. Central Africa is an example of such an area and some of the
lavas there found are leucitic. No such activity has occurred in Finland,
but if it had we may rest assured that Eskola would have brought to bear
on the problems of leucitic rocks the same powers of painstaking investiga-
tion that he has exercised in all his undertakings, and that our under-
standing of these rocks would also have been greatly increased.

PREPARATION OF COMPOSITIONS

In the preparation of silicate compositions containing K,O, special
care must be exercised on account of the volatilization of K,0 and con-
sequent departure from the desired composition. A series of K,0—SiO,
glasses of varying K,O content was prepared by melting KHCO, and
purified quartz in platinum crucibles. The loss of K,0 was minimized by
first sintering at low temperatures (around 700” C.) and then gradually
raising the temperature to about 1400° C. The small loss (usually less than
0.0I00 g. on a 20.0000 g. sample) was determined by weighing and
corrected by adding the appropriate amount of KHCO, before subsequent
fusions. At least three fusions with intermediate crushing of the quenched
glasses were necessary to obtain a homogeneous product. A series of
glasses between anorthite and silica in composition was prepared by melt-
ing together specially purified CaCO,, Al,O; and quartz.

The binary leucite—anorthite compositions and the ternary composi-
tions were prepared by fusing together in platinum crucibles one of the
several K,0—Si0, glasses, specially purified Al,O, and anorthite or an
anorthite—silica glass. Depending on the composition and consequent
viscosity of the glasses, at least three fusions, and sometimes as many as
eight, with intermediate crushing of the glasses, were necessary to effect
complete solution of the Al,O; and secure a homogeneous glass. Too much

1 P. EskoLs, On Rapakivi Rocks from the Bottom of the Gulf of Bothnia. Fennia 50, No.
27, p. 1. 1928.
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emphasis cannot be placed on the importance of obtaining a homogeneous
glass before starting equilibrium studies. The homogeneity of each of the
glasses was carefully checked under the petrographic microscope by obtain-
ing a uniform index of refraction of the glass grains. Each of the several
compositions studied was crystallized at appropriate temperatures before
proceeding with quenching experiments. Only in compositions with less
than ten per cent anorthite and with liquidus temperatures below 1200° C.
were difficulties encountered in obtaining some crystallization. It was
possible to effect complete crystallization only in melts in the binary
systems anorthite—leucite and anorthite—silica.

EQUILIBRIUM STUDIES

Investigation of the melting relations was made on twelve binary
anorthite—silica compositions, eleven binary anorthite—leucite composi-
tions and on sixty-nine ternary compositions. These studies were made by
the method of quenching,® which consists in holding a small charge of
known composition at a measured temperature for a period of time
adequate for attainment of equilibrium between the several phases, and
then chilling instantly to room temperature to »freeze» the equilibrium.
Quenched charges are examined with a petrographic microscope to deter-
mine the nature and number of crystalline and liquid phases. Crystals are
identified by their optical properties. Liquids quench to a glass.

In order to hasten the attainment of equilibrium between crystals and
liquid, special precautions were taken to have only small crystals present
in any mixture before making the quenching experiments. For those
compositions near the boundary curves leucite—anorthite and anorthite—-
tridymite, care was taken to have both kinds of crystals present in the
initial charge. It was not possible to obtain crystals of potash feldspar in
those viscous compositions in the anorthite field near the boundary curve
anorthite—potash feldspar.

Equilibrium between crystals and liquid is reached in a few hours at
temperatures near and above 1500° C., and in a few days in all compositions
at temperatures between about 1350° and 1500° C. Below 1350 C.,
equilibrium between leucite crystals and liquid and between anorthite
crystals and liquid is attained only after a period of one to two weeks.

In many silicate systems, cristobalite may crystallize and persist meta-
stably for long periods of time at temperatures within the stability range of
tridymite. In the binary system anorthite—silica and in the tridymite
field in this ternary system, only cristobalite was formed and it persisted
for more than a month, except in that portion of the tridymite field

1 E. S. SHEPHERD, G. A. RANKIN, and F. E. Wricnt, Amer. Jour. Seci., Vol. 28, p. 308.  1909.
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adjacent to the leucite—silica side line where the liquidus temperature
was above 1250° (. Former studies showed that, in the system diopside—
leucite—silica,! presumably because of the less viscous melts, tridymite
always appeared in its range of stability and grew well-developed thin
hexagonal plates, flattened parallel to the base (ooor).

Quenching experiments were conducted in platinum-wound electric
furnaces whose temperature was controlled (+ 2° C.) with a temperature
regulator—the Geophysical Laboratory furnace thermostat® — somewhat
modified from the original design but identical in principle.

The temperature was measured with a thermocouple placed nearly in
contact with (about 1 mm. distant from) the small charge wrapped in a
tiny platinum envelope, which is suspended in that part of the furnace
determined as the »hot point.» In a well insulated furnace there is a range
of about 5 mm. on either side of the »hot point» where the temperature
falls off only about one-half degree. The small platinum envelope con-
taining the charge hangs entirely within this zone.

The Pt—Pt 9o Rh 10 thermoelement was calibrated frequently at
several fixed points defined in degrees Centigrade as follows:

Palladium melting point ........... 1549.5°
Diopside melting point ............ 1391.5°
Gold melting point ................ 1062.6°

THE BINARY SYSTEMS

The ternary system anorthite —leucite—silica is bounded by the limit
ing binary systems anorthite—silica, leucite—anorthite, and leucite—silica
There are no binary systems within the ternary system.

The System Anorthite-Silica: This system was studied by Rankin and
Wright® in their work on the system CaO—Al,0,—Si0,. They found a
eutectic between anorthite and silica at 1359° C. at the composition anorth-
ite §2.5 % silica 47.5 %. Three additional compositions between anorthite
and silica were studied by Andersen,® who places the eutectic between
anorthite and tridymite at 1353° C. at the composition anorthite 52 o
silica 48 9%. Andersen called attention to the great viscosity of the melts
and difficulties in crystallization. Because cur ternary data (given later)
did not tie in well with these values for the eutectic temperature and
eutectic composition, we prepared twelve compositions between anorthite
and silica and made a new investigation of the binary system, allowing
much longer periods of time for the attainment of equilibrium between
crystals and liquid. The new data® for this system are given in Table I
and presented graphically as Fig. 1. We obtained the value 1368 =+ 2 for

1 J.F.Scuamker and N. L. Bowex, Amer. Jour. Sci., Vol. 35 A, p. 295. 1938.
2 H. S. Roserts, Jour. Opt. Soc. Amer., Vol. 11, pp. 171—186. 1925.
3 . A. Raxxiy and F. E. WricaT, Amer. Jour. Sci., Vol. 39, pp. 1—79. 1915.
4 0. ANDERSEN, Amer. Jour. Sci., Vol. 39, pp. 407—454. 1915.
5 Schairer used these data in Fig. 7, p. 252, of his paper on the system CaO-—FeO—Al,0,
—Si0, (Jour. Amer. Ceram. Soc., Vol. 25,pp. 241—274. 1942.)
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Fig. 1. Bquilibrium diagram of the binary system anorthite—silica.
Table 1
Quenching Data for the System Anorthite—Silica
Composition in | |
Refractive A Temp.
index ot03 P ' = °C. Time Phases
glass =+.0 thite | ilica !
1 ! 1
1.566 | 9o 10 1530 7 hrs. Small amount anorthite in glass
| | 1534 | 7 hrs. All glass
1.554 So 20 | 1500 | 7 hrs. Rare anorthite in glass
| 1504 7 hrs, All glass
1.542 70 30 | 1450 | 24 hrs. Small amount anorthite in glass
‘ | 1455 & 24 hrs. All glass
1.536 63 33 1432 | 24 his. Rare anorthite in glass
1435 | 24 hs. All glass
1.529 60 40 | 1410 2 days Very rare anorthite in glass
1415 2 days All glass
1.524 55 45 | 1390 2 days Rare anorthite in glass
| 1394 22 hrs. All glass
1.318 51 49 1363 7 days Anorthite and eristobalite* (all crystalline)
[ 1368 | 7 days Anorthite and cristobalite* in glass ‘
f | 1371 14 days Rare anorthite in glass |
‘ 1375 3 days All glass ‘
1517 30 50 1363 7 days Anorthite and cristobalite* (all erystalline) |
‘ 1368 7 days Anorthite and cristobalite® in glass S
[ 1369 7 days Rare cristobalite* in glass ‘
{ ‘ 1371 14 days All glass ) [
T51E 45 | 55 | 1366 | 21 days Anorthite and cristobalite* (all crystalline)
1370 7 days Cristobalite™ in glass “
| 1426 | 24 hrs. Very rare cristobalite® in glass
1430 | 24 hrs. All glass
504 40 | 60 1460 24 hrs. Small amount cristobalite* in elass
1466 ' 24 hrs. All ¢lass ‘
1.499 35 65 1503 7 hrs. Small amount cristobalite in glass
1508 7 hrs. All glass
1.403 30 70 1540 7 hrs. Very rare cristobalite in glass
| 1545 7 hs. All “glass |

* In many silicate systems, particularly in viscous melts, cristobalite crystallizes and persists
for long periods of time at temperatures within the stability range for tridymite and only the

metastable cristobalite equilibrium is obtained.
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the eutectic temperature and place the eutectic composition at anorthite
50.5 % silica 49.5 9%,. Attention is called to the fact that only cristobalite
crystals were obtained in the binary system, even with long runs in the
temperature stability range of tridymite. Only in less viscous melts in the
ternary system (described later) was it possible to realize the stable tridym-
ite liquidus. There can, however, be but little difference in temperature
and composition between the stable tridymite—anorthite eutectic and the
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Fig. 2. Equilibrinm of the binary system leucite—anorthite.

metastable cristobalite—anorthite eutectic we have measured. The melting
point of cristobalite was determined by Greig! as 1713 =4 5° and that of
anorthite by Osborn? as 1553 4 2° C.

The System Leucite—Anorthite: Since no data were available on this
system, we prepared ? eleven compositions between leucite and anorthite.
The quenching data are given in Table II and presented graphically as
Fig. 2. There is no evidence of solid solution, and the eutectic between
anorthite and leucite lies at 1413 -+ 2° C. and at the composition anorthite
45 % leucite 55%. Bowen and Schairer? determined the congruent
melting point of leucite at 1686 - 5° C.

The System Leucite—Silica: Morey and Bowen ° showed the incongru-
ent nature of the melting of potash feldspar (KAISi;Og) to leucite and
liquid and presented a partly hypothetical diagram for the system leucite
—silica. As a result of the very great viscosity of compositions between
leucite and silica, particularly at temperatures below about 1250° C., direct
completion of this system presents almost insurmountable experimental
difficulties. The best data for this system have heen obtained from quench-

L J W. GreiG, Amer. Jour. Sci., Vol. 13, pp. 7—12. 1927.
* E. F. Osborn, Amer. Jour. Sei., Vol. 240, p. 781. 1942,
® The authors wish to acknowledge with thanks the assistance of Mr. L. E. J. Brouwer in
preparmg some of these binary compositions and carrying out some of the quenching experiments.
N. L. Bowex and J. F. ScHAIRER, Amer. Jour. Sci., Vol. 18, pp- 305—306. 1929.
5 G. W. Morey and N. L. Bowen, Amer. Jour. Sci., Vol. 4, pp. 1—21. 1922,
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Table 11

Quenching Data for the System Leucite—Anorthite
\

Composition in

! l}relf;:;t:;fe | ¥ipenicart Tigl.p' Time ‘ Phases |
glass £.003 | | Anor- \
| ‘ Leuclbe‘l thite ‘
| | |
|
1.500 90 10 | 1642 | Y% hr. Small amount leucite in glass ‘
1647 | Y5 hr. All glass - !
1.507 8o 20 1590 | Y5 hr. Rare leucite in glass }
' | 1595 | % hr. All glass o ‘
1.513 70 30 | 1534 | 7 hrs. Very rare leucite in glass |
| 1540 | 7 hrs. All glass ) . ‘
L.521 60 40 | 1410 @ 6 days Leulcmeandanortlutew il yevir amount‘
glass
1415 | 6 days Leucite in glass
| 1460 | 24 hrs. Very rare leucite in glass \
| 1464 ‘ 24 hrs. All glass ) ) !‘
1.526 55 45 | 1403 7 days Leucite and anorthite (all crystalline) '
1410 | 3 days Leulciteand anorthite with very small amount ’
, glass ‘
| 1415 | 3 days | All glass
1.527 | 52.5 47.5 | 1410 | 3 days | Leucite and anorthite with very small'
(amount) glass
‘ 1415 | 3 days Anorthite in glass ‘
| 1421 4 days Very rare anorthite in glass .
| 1426 | 7 days All glass ’
1.530 50 50 # 1410 3 days Leulcite and anorthite with s mall amount|
| ass ‘
1415 | 3 days Aforthite in glass
? | 1429 | 3 days Rare anorthite in class
‘ f = f 1432 | 24 hrs. All glass
1.535 | 40 60 | 1455 l 24 hrs. ' Rare anorthite in glass
| 1460 | 24 hrs. All glass ?
1.545 | 30 70 | 1478 | 7 hrs. Moderate amount anorthite in glass ‘
“ 1483 7 hrs, i All glass
.5§6 | 2o ‘ 80 J 1500 7 hrs. | Small amount anorthite in glass
‘ | 1504 7 hrs. All glass ' |
1.565 | 10 90 | 1523 | 7 hrs. Moderate amount anorthite in glass ‘
‘ | 1529 | 7 hrs. | All glass |

ing experiments on those compositions rich in leucite and those rich in
silica. Many intermediate compositicns were prepared but no satisfactory
data have been secured from them. Tt is nearly if not quite impossible to
crystallize them dry. Crystals can easily be obtained by hydrothermal
methods, and the product can then be used for the dry quenching experi-
ments. Even then it is impossible to attainor clesely approach equilibrium
between crystals and liquid in any reasonable length of time. Arcund
their liquidus temperatures, particles of powdered glass of some of these
compositions fail to flow together in periods of several weeks duration.

Fortunately, it is possible to obtain information on these highly viscous
intermediate compositions of the binary system indirectly by a short
extrapolation from data on the very numerous compositicns studied by
Schairer and Bowen in the ternary system K,0-—Al,0,—Si0,. In a pre-

5%  1155/47
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vious paper,’ Schairer and Bowen presented a preliminary diagram for
the binary system leucite—silica. On the basis of many new data on the
system K,0—Al,0,—Si0,, particularly on compositions closer to the
binary system leucite—silica, a more accurate diagram is now available.
This diagram is given here as Fig. 3. Schairer and Bowen 2 have recently
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Fig. 3. Equilibrium diagram of the binary system leucite—silica. Broken lines indicate
the portion obtained by a short extrapolation from data in the system Ky0—Al,03—Si0,.

published a summary of the data on the ternary system K,0—Al,0,—
Si0, giving only the final ternary diagrams and not the detailed data on
which they are based. A longer manuscript on that system is in prepara-
tion which will give diagrams of the binary systems within the ternary
system (including the diagram given as Fig. 3 here) and all the data on
quenching runs.

From an inspection of Fig. 3 it may be seen that the incongruent melt-
ing temperature of potash feldspar is placed at 1150 -~ 20° C. and the
composition of the liquid formed is leucite 57.8 9% silica 42.2 %, (or potash
feldspar 73.7 9%, silica 26.3 9,). Morey and Bowen determined the incongru-
ent melting temperature as about 1170° C. but could obtain no accurate
composition for the liquid. We have placed the eutectic temperature
between potash feldspar and tridymite at gg9o - 20° C. at the composition

1 J. F. ScrAtrer and N. L. BoweN, Amer. Jour. Sci., Vol. 35 A, p. 293 (Fig. 3). 1938.
2 J. F. Scuatrer and N. L. Bowex, Amer. Jour. Sci., Vol. 245, pp. 193—204. 1947,



Suomen Geologinen Seura. N:o 20. Geologiska Sillskapet i Finland.

leucite 45.6 9, silica 54.4 % (or potash feldspar 58.2 9, silica 41.8 9%). The
portions of the liquidus curves of Fig. 3 given as broken lines indicate the
part of the diagram based on data from the system K,0—Al,0,—SiO,.

THE TERNARY SYSTEM

In order to determine the liquidus temperatures, the slopes of the
liquidus surface and the fields of stability of the primary crystalline phases

CaAl,Si,0g
45532, (ANORT.HTE)

KAI Si0g

Si0,
(LEUCITE) (POTASH WEIGHT PERCENT (siuca)
FELDSPAR)

29,
KAISi;Og

Fig. 4. Equilibrium diagram of the ternary system anorthite—leucite—silica. This
supersedes a preliminary diagram given by Bowen: 1937, Amer. Jour. Sci., Vol. 33,
Fig. 3, p. 7. 1937.

with their boundary curves, quenching experiments were made on sixty-
nine different ternary compositions. These data are assembled in Table
ITI and presented graphically as Fig. 4. All compositions are expressed in
weight per cent. Accurately determined boundary curves are indicated by
heavy lines. Broken lines indicate some uncertainty as to their precise
location. Isotherms are given as lighter lines with the temperature indi-
cated on each. The triangle representing the whole system is divided into
two smaller triangles by the tie line joining anorthite with potash feldspar.
Dots represent the compositions actually studied, and double open circles
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Table 111
Results of Quenching Experiments for the System Anorthite—Leucite——
Silica
| (Composition in
R.efrqc-l wt. per cent ‘
| tive in-j——— ——— ~| Temp. . |
dex of | Anor- | | oo | Time ; Phases |

glass ] Leucite
-.003 |

thite \ Silica

L

- — ._.
w oo

o w
w + +

-

v
-

w

-

o
n
-

-
o
—
o

—
wt
[=]
O

-~
~1

90.0*

80.0*

30.0%

Points in the Anorthite Field

1530
1534
1516
1520
1520
1525
1493
1496
1500
1504
1490
1493
1468
1472
1444
1450
1445
1450
1445
1449
1425
1430
1400 |
1405 |
1367
1371 |
1367 |
1371 |
1410 |
1415 |
1415
1420
1397
1401}
1378
1382
’355\
1360
1335
1340‘
1345 |
1395 |
1400 |
1340 |
1345 |
1305 |
1399 |
1403
1385
1391
1345
1349 |

7 hrs.
7 hrs.
7 hrs.
7 hrs.
24 hrs.
24 hrs.
24 hrs.
7 hrs.
4 days
3 days
24 hrs.
3 days
24 hrs.
24 hrs,
days
days
days
days
days
days
hrs.
hrs.
3 days
24 hrs.
4 days
8 hrs.
4 days
8 hrs.
3 days
3 days
3 days
24 hrs.
2 days
24 hrs.
8 hrs.
7 days
8 dagis
7 days
6 days
7 days
24 hrs.
8§ hrs,
3 hrs.
7 days
24 hrs.
7 days
10 days
7 days
14 days
14 days
14 days
14 days

wN
SENDONN NG

W

| Moderate amount anorthite in glass

| All glass

| Rare anorthite in glass

All glass

Small amount anorthite in glass
All glass

Small amount anorthite in glass
All glass

Small amount anorthite in glass
All glass

Rare anorthite in glass

All glass
Sma%l amount anorthite in glass
All glass

All glass

Small amount anorthite in glass
All glass

Small amount anorthite in glass
All glass

Small amount anorthite in alass
All olass '
Rare anorthite in glass

All glass

Rare anorthite in glass

All glass

Rare anorthite in glass

All glass

Rare anorthite in glass

All glass

Small amount anorthite in class
All glass -
Small amount anorthite in glass
All glass

Rare anorthite in glass

All glass

Small amount anorthite in glass
All glass

Anorthite and tridymite in glass
Very rare anorthite in glass
All ‘glass

Rare anorthite in glass

All glass )

Rare anorthite in glass

I All glass

Anorthite and rare leucite in glass
Rare anorthite in class

All glass

Rare anorthite in glass

All glass

Anorthite and rare leucite in elass
| Anorthite in glass

Moderate amount anorthite in glass
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Composition in

| |
: :.“‘ﬁ".‘c: _ wt. per cent | |
} dl(:;:? lox} — i Anor  silica E T({e}r&p. ! Time Phases
eucite’ -y »
| 2%533! thite ‘ [ ‘ ‘
| ' | 1 37;\ 7 ﬂzrxgs \ irﬁalgllaaslsnount anorthite in glass
i | I | = ‘ . .
; L5130 ‘ 30 20 ; 1%4\ 275 ﬁ;a,ys ‘ irﬁalllaasrsnount anorthite in class
‘ } 1378 5. a8 .
|1 505? 40 | 30 30 | 1367 4 days ‘ Very rare anorthite in glass
i ; 1‘ 1371 | s hrs: ‘ 3“1 glass S
| Lso3! 30 30 40 | 1350 7 da)§ : Rare anorthite in glass
| | 1355 8 da}a ‘| All glass i
1500 | 20 30 | 30 1330 7 days | Rare anorthite in glass
! 1335 7 days | All glass
| 1.467, 15 | 30 ge 1320 7 (ia.ys 1 ixlrllalfll zusnount anorthite in glass
132 3 days glas
| e 71 358.8) 25.0%| 16 2‘ 1%4; 14 days | Anorthite and rare leucite in glass
| ‘ 7 1349 | 14 days | Anorthite in glass
‘ | 1360 14 :llays | Eﬁrelansorthite in glass
| 1362 | 14 days | glas o
1.494| 20 | 25 55 } 1303| 7 glagrs ‘ Eﬁrz l:gsortlute in glass
1305 | 24 hrs. |
1.498 | 30 20 30 | 1313: 6 gays Xflrylrare anorthite in glass
1315 7 days p; ass
1.494 40 20 40 | xgog' 7 dags ‘ Rarglanorthite in glass
‘ | 130 7 days | All glass
| 1.401! 30 20 50 ; 1283 4 days | Small amount anorthite in glass
‘ 1285 24 hrs. All glass
| 1.48¢, 25 20 55 | 1283; 7 days = Rare anorthite in glass
f | 1285, 6 hrs. | All glass
1.487, 20 20 60 | 1260| 14 days | Anorthite and rare cristobalite** in o ass
| 1265 14 days | Rare anorthite in olass
| 5| 14 day g
| ‘ | 1270| 10 days | All glass
| 1.494] 355 ;1§ 30 { 1270 10 days | Small amount anorthite in glass
| 1 | 1275| 3 days | All glass
| 1.489] 45 | 1% 40 1265 14 days | Very rare anorthite in glass
‘ : i ‘ 1270 | 4 da):s All glass
1.485, 30 | 13 55 1235 | 14 days Rare anorthite in glass
\ } ‘ | 1240 7 days | All glass
1.484| 25 | 15 60 | 1240 7 days Rare anorthite in glass
' 4 i 1245 7 days | All glass
1.493| 36 | 14 30 1240 7 days | Anorthite and rare leucite in glass
| | 1245 7 days | Anorthite in glass
I 12‘501 14 days Sllnall amount anorthite in class
1255 | 14 days | All glass
| 1.488| 35 | 10 35 | 1211 ‘ 14 days Xﬁry rare anorthite in glass
! ‘ 1215, 14 days lass
1.48 30 | 10 40 Izogi 14 dags Rareg anorthite in glass
| ‘ 1208 14 days | All glass
| 1488 43 10 45 1203 14 gnys ‘I;laire 1anortlute in glass
' | 1208 14 days ass
1.483| 40 | 10 50 | 1205 I4 dagis Rareg anorthite in class
7' | J 1208 | 14 days | All glass o
| 1.481) 33 ‘ 10 55 1195 | 14 gays Eﬁtrelanorthlte in glass
i 1200 14 days | All glass
| 479 30 10 60 1185 14 days | Anorthite and rare tridymite in glass
! 1190 | 14 days | Anorthite in glass
1195| 14 dd:y': Eﬁre]anorthite in glass
1200 | 14 day All glass
| 1481 30 | 3 45 1095 | 28 days Rare anorthite in glass
1100 | 28 days | All glass
| ’~47:‘i 15 5 50 1100 | 28 days Rﬁre anorthite in glass
| | 1105/ 28 days | All glass
1.478| 40 5 55 }, 1095 | 28 gays S\Tlanl amount anorthite in glass
| ! 1100 | 28 days All glass
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Composition in

&3{:’?3: wt. per cent 1
delx of Sendite| Anor | sy T?é]_p' Time | Phases
ﬂg:.:?)soss :ucl thite 111ca ‘
Points in the Leucite Field
.503| 70 |20 | 10 1371 | 14 days | Leucite and rare anorthite in glass
' | 1375 14 days | Leucite in glass
{ | 1504 | 7 hrs. Rare leucite in glass
| 1508 | 7 hrs. All g}nss .
1.501 | 62.7| 20.0 ‘ 17.3| 1345 14 days Leucite and very rare anorthite in glass
1 | 1350 5 days | Leucite in glass
‘ 1366 | 14 days | Rare leucite in glass
| 1371| 14 days | All glass
1.497| 66.6| 15.0% f 18.4| 1312 [ 7 days | Leuc1.te qnd very rare anorthite in glass
| | 1317 7 days | Leucite in glass
| 1405/| 14 days | Very rare leucite in glass
( | 1410 | 14 days ' All glass )
1.496| 80.0| 10 | 10 | 1575‘ 12 hrs. | Very rare leucite in glass
i 1580 8 hrs, | All glass
1.404 | 70.6| 10.0* 19.4‘ 1450 2 days \ Rare leucite in glass
1 | 1453 2 days | All glass
1.489| 60 10 | 30 | 1281 14 days | Small amount leucite in glass
‘ | | | 1285 14 days ‘ All glass
| 1.487| 56 9 | 35 | 1185/ 14 days | Leucite and small amount anorthite in elass
| 1190 | 14 days i Rare leucite in glass
i \ 1195 14 days | All glass
1400 | 74.5 350%| 20.5| 1492 24 hrs. | Rare leucite in glass
‘ | 1500 | 4 days | All glass
| 1486 65 5 | 30 1335 7 days | Rare leucite in glass
‘ | 1340 7 days | All glass
| 1.485| 60 5 ‘ 35 | 1240 14 days | Rare leucite in glass
| | [ 1245 | 14 days | All glass )
| 1.483]| 55 s | 40 | 1075| 21 days | Leucite and small amount anorthite in slass
| | | ' 1080 14 days | Leucite in glass
r 1085 20 days | Rare leucite in glass
‘ | 1090| 14 days | All glass
‘ Points in the Tridymaite Field
“ 1.507 5 40 55 1351 5 days | Cristobalite** and very rare anorthitein class
‘ 1355 7 days | Cristobalite** in glass
\ 1367 7 days | Very rare cristobalite®* in glass
1372 | 7 days | All glass
1.501 5 |35 60 1415 3 days | Small amount eristobalite** in glass
] 1421 6 days | All glass
1496 10 | 30 60 1317 | 7 days | Cristobalite** and rare anorthite in glas
\ 1323 | 10 days | Cristobalite** in class
i | 1367 | 7 days | Very rare cristobalite** in class
w 1372 | 7 days | All glass
1492 15 | 25 60 | 1295| 14 days | Cristobalite** and rare anorthite in glass
! 1300 | 6 days | Cristobalite** in glass
1320 | 7 days | Rare cristobalite** in glass
1325 7 days | All glass B
1.485 10 | 20 70 1455| 2 days | Very rare tridymite in glass
‘ 1459 | 2 days | All glass
1.478| 25 | 10 65 1285 | 10 days | Very rare tridymite in glass
i 1200 | 2 days | All glass
1.477| 20 | 10 70 1377 | 7 days Very rare tridymite in glass
; 1382 | 7 days | All glass
1.476| 35 | s 60 1150 | 14 days | Rare cristobalite** in glass
1158 | 14 days | All glass
1.474| 30 ! 5 65 | 1235| 14 days | Small amount cristobalite** in glass
1240 | 14 days | All glass
I.473| 2% 5 70 1330 | 7 days Very rare tridymite in glass
| 13351 7 days | All glass

cristobalite equilibrium is obtained.

|

% C(;npositions marked with an asterisk in this table lie in the potash feldspar—anorthite join.
** In many silicate systems, particularly in viscous melts, cristobalite crystallizes and persists
for long periods at temperatures within the stability range for tridymite and only the metastable



Suomen Geologinen Seura. N:o 20. Geologiska Sillskapet i Finland. 79

the compositions of compounds. Arrows on the boundary curves indicate
the direction of falling temperature.

A marked feature of the ternary system is the extension of the field of
anorthite from pure anorthite itself nearly down to the binary bounding
system leucite—silica. Even with somewhat less than s per cent of anorth-
ite in the total composition of a melt, anorthite may be the first crystalline
phase to appear on cooling. For nearly all compositions in this system,
anorthite is removed, on ccoling, almost quantitatively (with some leucite
or some silica also for appropriate compositions), leaving a residual liquid
which is largely a mixture of potash feldspar and silica in composition.

The field of potash feldspar is quite small in the ternary system. It
has been severely restricted by the crowding down of the anorthite field
(to within less than 5 9, by weight of that component) towards the leucite—
silica side line and the extension of the leucite and tridymite fields towards
each other in compositions near the side line leucite—silica. As has been
previously noted, compositions in this region of low temperatures are ex-
ceedingly viscous,! mnearly if not quite impossible to crystallize in dry
melts, and so slow in reaching equilibrium as to be impractical experiment-
ally. The temperature of the ternary reaction point must be lower than
that of the binary reaction point 7' of Fig. 4 (1150 — 20°) in the system
leucite—silica and indeed must be lower than 1078° C., a determined
temperature on the boundary curve leucite—anorthite a short distance
from the ternary reaction point. It is probably about 1040 - 20° C. The
temperature of the ternary eutectic (V of Fig. 4) must be lower than that
of the binary eutectic U of Fig. 4 (990 -- 20°) in the system leucite—silica,
but it cannot be much lower. It is probably about 950 -~ 20° C.

The optical properties of anorthite, 2 leucite, 3 tridymite, ¢ and cris-
tobalite agreed with those reported in previous papers from this Labor-
atory. If there were, however, a limited solid solubility of potash feldspar
in anorthite, we would have been unable to detect the small change in
optical properties on the tiny laths of anorthite obtained in melts in the
anorthite field near the side line leucite-silica. No zoning of crystals or
other evidence of solid solution was encountered in these studies.

THE JOIN POTASH FELDSPAR--ANORTHITE

This join is a tie line in the ternary system and in it lie all compositions
between potash feldspar and anorthite. It is binary only in part because
of the appearance of leucite crystals whose composition does not lie in this

L For data on viscosities of silicate glasses, see N. L. Bowe~. Trans. Amer. Geophys. Union,
15 th. Annual Meeting, 249—255. 1934. :

2 H. E. MerwIx, cited by N. L. Bowen. Amer. Jour. Sci., Vol. 33, p. 564. 1912.

3 N. L. Bowex and J. F. ScHAIRER, Amer. Jour. Sci., Vol. 18, pp. 308—309. 1929.

4 C. N. FENNER, Amer. Jour. Sci., Vol. 36, pp. 3561—356. 1913.
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join. There is a consequent departure of the composition of liquids from
this line when leucite is present as a solid phase. The data on compositions
between potash feldspar and anorthite (marked with an asterisk in Table
III) are plotted in Fig. 5. Heavy curves refer to binary equilibrium and

r T
600 -"/E o0
155322
/JJLS‘T
rsoo—\\ 1500
o,
\‘h ANORTHITE AND LIQUID
1400 SR /400
LEUCITE '\
AND % .
- 14825
LIQuD T lJ
300} of 4r300
|
1200 LEUCITE ANORTHITE AND LIQUID /200
1502287
100 1100
P L 220
POTASH FELDSPAR
1000 { o POTASH FELDSPAR. AND ANORTHITE 4/000
| L _r | i, i | L L
POTASH 0 0 30 o 30 50 0 30 90 ANORTHITE
FELDSPAR WEIGHT PERCENT CaAl,S1,0q
KAIS1;0g

Fig. 5. Equilibrium diagram of the join potash feldspar—anorthite. Heavy curves refer
to binary equilibrium and light curves to ternary equilibrium.

light curves to ternary equilibrium. All compositions between potash
feldspar and anorthite become completely crystalline on cooling at the
same temperature, 1040 - 20°, which is the temperature of the ternary
reaction point R of Fig. 4or, conversely, on heating begin to melt at this
temperature. The crystallization of feldspar mixtures will be described
later in more detail, under crystallization.

INDICES OF REFRACTION OF GLASSES

Homogeneous glasses were prepared for the sixty-nine ternary composi-
tiocns studied, and the index of refraction of each glass was measured at
25° C. with the petrographic microscope by comparison with standardized
immersion liquids. The values obtained are given in the first column of
Table III. Similar data were obtained on twelve binary compositions in
the system anorthite—silica and eleven binary compositions in the system
leucite—anorthite. These data are given in the first column of Table 1
and Table II. The values are accurate to -- 0.003. No attempts were
made to obtain close accuracy, the glasses were not annealed, and the
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measurements were made in white light. The data are plotted in Fig. 6.
The compositions measured are indicated by dots, and isofracts or curves
of equal index of refraction are plotted in the composition triangle.

CaAl,Si,0,
@ ANCRAUITE

KAISi,0p Si0,
LEUCITE SILICA

Fig. 6. Refractive indices of glasses at 25°C.

CRYSTALLIZATION IN THE TERNARY SYSTEM

The crystallization of compositions within the ternary system anorthite-
—leucite—silica (Fig. 4) may be conveniently discussed by considering
those compositions in the area leucite—potash feldspar—anorthite, those
in the join anorthite—potash feldspar, and those in the area potash feldspar
—anorthite—silica.

Compositions within the Area Leucite—Potash Feld spar—Anorthite (Fig.
4). At perfect equilibrium, all compositions within the triangle leucite—
potash feldspar—anorthite, when completely crystalline, consist of leucite,
potash feldspar, and anorthite. For all these compositions melting begins
at the temperature of the ternary reaction point (1040 - 20°). Some of
the compositions in this triangle lie in the anorthite field and the remainder
of them in the leucite field: —

(1) Those compositions in the anorthite field, on cooling from a
completely molten state, first crystallize anorthite. On further cooling, the
composition of the liquid phase follows a path, which is a straight line

6 1155/41
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joining the total composition and anorthite, until it reaches the boundary
curve anorthite—leucite at some point between the binary eutectic between,
anorthite and leucite ¢ and the point S where the join potash feldspar—
anorthite cuts this boundary curve. When the composition of the liquid
reaches the boundary curve, a second solid phase, leucite, appears and,
with falling temperature, crystals of anorthite and leucite continue to
separate with the composition of the liquid following the boundary curve
to the ternary reaction point R where the temperature remains constant
until all the liquid has been exhausted by the reaction between leucite
crystals and liquid to form potash feldspar. For all mixtures within the
triangle leucite—potash feldspar—anorthite, the liquid is exhausted by
this reaction while some leucite crystals still remain. Thus, the final
completely crystalline product consists of the three solid phases leucite,
potash feldspar, and anorthite. The behavior of these compositions on
heating follows this process in reverse.

(2) For melts of those compositions within the triangle leucite—potash
feldspar—anorthite, which lie in the leucite field, leucite appears, on cool-
ing, as the primary phase and with the separation of this phase crystalliza-
tion paths are straight lines towards either the boundary curve anorthite—
leucite QR or leucite—potash feldspar 7'R. Those in the area above a line
from leucite to R reach the boundary curve QR and precipitate anorthite
and leucite while the liquid follows this boundary curve to the ternary
reaction point R, where the temperature remains constant and the liquid
is exhausted by the reaction of leucite crystals and liquid to form potash
feldspar. Those liquids of composition in the area below a line from leucite
to R reach the boundary curve leucite—potash feldspar 7R, and leucite
crystals are joined first by potash feldspar and then the liquid follows this
reaction curve 7R to the ternary reaction point B, where leucite and potash
feldspar are joined by anorthite crystals and the liquid is exhausted by
reaction at constant temperature.

Compositions in the Join Anorthite—Potash Feldspar (Figs. 4 and 5).
Those compositions which lie in the join anorthite—potash feldspar are a
limiting case. With complete equilibrium, all of these, on cooling, become
completely solid at the temperature of the ternary reaction point R (1040

- 20°), the last liquid has the composition of this point, and this last
liquid and the last leucite crystals are exhausted simultaneously by reac-
tion. With the aid of Figs. 4 and 5 we may examine the crystallization of
all mixtures in the join anorthite—potash feldspar: —

(1) From all melts between anorthite and the composition anorthite
22 %, potash feldspar 78 %, (S of Figs. 4 and 5) anorthite appears, on
cooling, as the primary phase, the liquid follows this join until it has
reached § in composition at the temperature 1348 - 5°, at which point
anorthite is joined by leucite crystals. With falling temperature, both
anorthite and leucite crystallize and the liquid follows the boundary curve
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anorthite—leucite SR (Fig. 4) to the ternary reaction point R. At the
constant temperature of this reaction point (1040 - 20°), the liquid is
exhausted by reaction to convert all the leucite to potash feldspar. Leucite
crystals and liquid are exhausted simultanecusly and below this temper-
ature the completely solid mass consists of only two phases—anorthite
and potash feldspar.

(2) From all melts between the compositions ancrthite 22 9, potash
feldspar 78 9%, (S of Figs. 4 and 5) and anorthite 1.3 9, potash feldspar
98.7 9% (R of Fig. 5), leucite appears, on cooling, as the primary phase
and the liquid follows a straight line (drawn through leucite and the total
composition) until it reaches the boundary curve anorthite—leucite SR
(Fig. 4) at some point between S and R. On reaching the boundary curve,
anorthite appears as the second solid phase and the liquid follows the
boundary curve SE to the ternary reacticn point R, where, at ccnstant
temperature, leucite is converted by reaction between liquid and crystals
to potash feldspar. With perfect equilibrium, the leucite crystals and
liquid are both exhausted simultanecusly and below this temperature the
completely solid mass consists of only two phases—ancrthite and potash
feldspar.

(3) From that small range of melts between the compcsitions potash
feldspar (7' of Fig. 5) and the composition anorthite 1.3 9, potash feldspar
98.7 % (R of Fig. 5), leucite appears, on cooling, as the primary phase
and the liquid follows a straight line (drawn thrcugh leucite and the total
composition) until it reaches the boundary curve leucite—potash feldspar
TR (Figs. 4 and 5), where leucite is joined by crystals of potash feldspar.
The liquid follows this boundary curve to the ternary reaction point R
(Fig. 4), where anorthite appears as a solid phase and leucite is converted
by reaction with the liquid at constant temperature (1040 - 20°) to potash
feldspar. With perfect equilibrium, leucite is completely resorbed and the
last liquid becomes exhausted simultanecusly. Below this temperature,
the completely solid mass consists of only two phases—potash feldspar
and anorthite.

Compositions in the Area Potash Feld spar—Anorthite—Silica (Fig. 4).
With perfect equilibrium, all melts which lie within the triangle potash
feldspar—anorthite—silica become completely crystalline, on ccoling, only
at the temperature of the ternary eutectic (950 -- 30°), where they consist
of potash feldspar, anorthite, and tridymite.

(1) If the composition of the melt lies in the leucite field, the course
of crystallizaticn is as follows: —

(a) Compositions above a line from leucite to R (Fig. 4) first crystallize
leucite and reach the boundary curve SR, where anorthite appears as the
second crystalline phase. The liquid follows the boundary curve SR (with
leucite and anorthite both separating together) to R, where at constant
temperature all leucite is resorbed by reaction with liquid to form potash




84 Bulletin de la Commission géologique de Finlande N:o 140.

feldspar. After this reaction is complete, the liquid follows the boundary
curve RV to V, where potash feldspar and anorthite are joined by tridymite.

(b) Compositions below a line from leucite to R first crystallize leucite
and go to the boundary curve T'R. Only those reach the point R which
lie between this line and a line from potash feldspar to R. Those liquids
which reach R have their leucite completely resorbed at this point and
then follow the boundary curve RV to V. For those compositions below
a line drawn from potash feldspar to R, the liquid does not reach R because
leucite resorptionalong 7'Ris complete at some pointalong this curve and the
liquid then leaves the curve 7'R and crosses the potash feldspar field to either
RV or UV (depending on the initial total composition) and thence to V.

(2) If their composition lies in one of the fields of silica (cristobalite
or tridymite), after an initial separation of cristobalite and/or tridymite
crystals, they approach the ternary eutectic ¥ along the boundary curve
tridymite—anorthite WV or tridymite—potash feldspar UV.

(3) If their composition lies in the anorthite field, after an initial separa-
tion of anorthite crystals, they may approach the ternary eutectic in three
ways: —

(a) directly along the boundary curve anorthite—tridymite WV to V,

(b) directly along the boundary curve anorthite—potash feldspar UV
to T,

(c) along the boundary curve anorthite—leucite between S and R to
reach first the ternary reaction point R, where all the leucite is redissolved
by reaction with liquid, at constant temperature, to form potash feldspar
and then, when this reaction is completed, by following the boundary
curve anorthite—potash feldspar RV to V.

So far, we have discussed the courses of crystallization with perfect
equilibrium. Under such conditions, leucite and the forms of silica are
incompatible. If, however, leucite crystals fail to react with liquid either
partially or completely because of rapid cooling, rising of crystals in melts
under control of gravity, inclusion of leucite crystals within other crystals
or other similar reasons, they might be found with quartz or tridymite
crystals. For a discussion of the potentialities of fractional crystallization
with failure of equilibrium, the reader is referred to several previous papers
from this Laboratory.!

PETROLOGIC CONSIDERATIONS

Of the various assemblages of our system, the anorthite—silica assem-
blage is found only in metamorphic rocks, as has already been noted in the
introduction. The mutual melting relations as given in Fig. 1 are therefore
of little significance in petrogenesis.

U N. L. Bowen, J. F. Scnamer, and H. W. V. WiLens, Amer. Jour. Sei., Vol. 20, pp- 405—
455. 1930.
E. F. OsBorx and J. F. ScHAIRER, Amer. Jour. Seci., Vol. 239, pp. 738—760. 1941.
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Anorthite and leucite, on the other hand, do occur together in some
igneous rocks and their melting relations may be regarded as of some
importance. The rocks referred to are certain Italian lavas that have been
termed leucitites.! Other minerals, notably pyroxene and to a lesser
extent olivine, are prominent constituents, and for a better approach to
the problems of these rocks it is necessary to combine the information
furnished by the present investigation with that from the system leucite—
diopside—silica.? This we expect to do in a subsequent publication.

In view of the abundance of the feldspars in the crust of the earth, the
individual and the mutual relations of the three principal members of that
group are of much concern to the petrologist. It is only to be expected,
therefore, that these questions should have received much attention and
that every resource should be brought to bear on their solution. The light
shed by the relations of the feldspars displayed in rocks is the first approach.
As is so often true, the evidence from rocks is subject to alternative
interpretation, and several different diagrams have been drawn up to
illustrate the relations between the feldspars. :

Laboratory investigation of the effects of the various environmental
factors may be a fruitful approach to the solution of this question. The
influence of the chemical environment, in other words, of the presence of
various other substances, is one aspect that is susceptible of laboratory
attack. For example, a cardinal feature of the properties of one of the
feldspars, namely, orthoclase, is its incongruent melting point, and the
effects on this relation of addition of other substances can be investigated
experimentally. It has been found that addition of diopside has substan-
tially no effect.®> On the other hand, the addition of water has a marked
effect. At a pressure of some 2600 atmospheres, water will dissolve in
orthoclase liquid to the extent of about 6 per cent, and from this liquid,
orthoclase crystallizes directly. In other words, the incongruent relation
is destroyed.*

The effects of adding other feldspars to orthoclase are naturally of
great importance. It has been determined that addition of albite has the
same effect as addition of water, though the potency of albite in this respect
isnot so great as that of water. A little more than 50 per cent albite must
be present to insure that potash-rich alkali feldspar shall separate directly
from the melt without previous separation of the feldspathoid leucite.s
Now, as a result of the present investigation, we find that addition of
anorthite has no such effect but is analogous to addition of diopside. It

1 H. S. WasaiNvgTtoN, The Roman Comagmatic Region. Carnegie Institution of Washington
Publ. No. 57, pp. 128—136. 1906. ’ - -

2 J. F. ScrATRER and N. L. Bowex, Amer. Jour. Sci., Vol. 35—A, pp. 289—309. 1938.

3 See ref. 24,

4 R. W. Goraxsox, Amer. Jour. Sci., Vol. 35—A, p. 88. 1938.

® J. F. Scmamrer and N. L. Bowex, Trans. Amer. Geophys. Union, 16th Annual Meeting,
p. 328. 1935. ’ )
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is of much interest that one end member of the plagioclase series should
have an effect opposite to that of the other end member. It raises the
question as to where in the plagioclase series the one relation gives place
to the other. Since water has such a marked effect, the position of this
point may be expected to show notable dependence on the water content
of the natural magmas.

We do not find evidence of the early separation of leucite from most
orthoclase-rich natural magmas. In most instances the reason for this
situation is, no doubt, that albite, water, and other substances, notably
free silica, have been present in sufficient quantity to prevent the formation
of leucite. In some magmas, however, there is reason to believe that leu-
cite has formed and has later been resorbed. This is the normal fate of
leucite that separates in excess of its stoichiometric proportion, as has
been shown in the discussion of courses of crystallization on an earlier page.
There is also reason to believe that as a result of local accumulation of
leucite, a composition may be produced which renders possible the forma-
tion of rocks in which the other common feldspathoid, nepheline, is devel-
oped. The details of this development and the pseudo-leucite reaction
effect whereby it is rendered possible have been discussed elsewhere.!

In spite of the complications introduced into the situation by virtue of
the incongruent melting of orthoclase, the results of the present investiga-
tion render certain facts clear regarding the solid-solution relations between
potash feldspar and anorthite. The suggestion had been made that the
relation, stripped of its complications, was essentially that of Roozebcom’s
Type IV double series of solid solutions.> If this relation obtained, the
point R of Fig. 4 would have a higher temperature than the point 7', and
likewise the point Y would be higher than U. Although we do not know
the exact temperatures of R and V, it is definitely established that they
are lower than 7" and U respectively. The suggestion referred to must,
therefore, be rejected and other causes must be sought for the development
of rock types that were believed to o we their origin to this assumed relation.

The positions of the points R and V and their relations to the surround-
ing fields make it clear that the potash feldspar in equilibrium with liquid
R must have less than 2 per cent anorthite in solid solution and the potash
feldspar in equilibrium with 7 must have less than 3 per cent anorthite.”
These findings are in agreement with the very small anorthite content of
natural potash feldspar.® Our observations do not enable us to make any

L N. L. Bowen, The Evolution of the Igneous Rocks, pp. 244—257.

2 N. L. Bowen, The Evolution of the Igneous Rocks, p. 242.

3 Theoretical considerations show that the point indicating the composition of the potassic
feldspar in equilibrium with anorthite, leucite, and liquid R must lie below a line joining R and
leucite, and likewise that the composition of the potassic feldspar in equilibrium with anorthite,
tridymite, and liquid V must lie below the line from SiO, to V produced.

4 B. Mixivex, Uber die Alkalifeldspite. Geol. Fir. Firh., Vol. 39, Pt. 2, pp. 164—184.
1917.
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statement regarding the amount of potash feldspar taken up in the anor-
thite crystals. Moreover, our results throw no light on the question of the
relation between orthoclase and microcline.

From the manner in which the potash feldspar field is confined to
compositions in the immediate vicinity of the leucite—silica side of the
diagram, it is clear that all compositions in the whole system will have
purged themselves almost completely of anorthite before any crystalliza-
tion of potash feldspar can occur. If all plagioclases were like anorthite
in this respect, such a relation between the feldspars as that shown in rapa-
kivis could presumably never develop. We know, however, that the mutual
relations between albite and potash feldspar are altogether different and
the association of a soda-rich plagioclase with potash feldspar can therefore
exhibit a different paragenesis.
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2.

INDICATIONS OF MOVEMENTS OF THE EARTH-CRUST ALONG
THE COAST OF NEWFOUNDLAND-LABRADOR

BY

E. H. KRANCK

The boundaries between oceans and continents have been studied mainly
from two different points of view. The first starts from the sculpturing
of the ocean coasts by the action of waves and by the subaereal erosion in
connection with the crustal movements; the second from the geophysical
conditions at the edge of the continental blocks, the difference in composi-
tion and density between them and the ocean bottom. The problem of
the limitation of the continents has for a long time been dominated by the
discussions concerning the theories of the continental drift.

The first of these points of view lays stress on the accidental character
of the coast-lines; the second on the permanency of the continental blocks.

In the following some observations from the northern edge of the
Canadian shield will be presented, which elucidate the connection between
the geological structure and the origin and evolution of the continental
boarder. With the exception of tectonical investigations carried out mainly
along the coasts of Pacific type this side of the problem has been less
often studied.

The coast of Labrador has been described both from a geological and
from a geographical point of view by several authors. A very complete
list of earlier publications concerning this subject is contained in V. Tan-
ner’s elaborate book on Newfoundland Labrador (8). The coast-section in
question has been studied in the field by Coleman (2), Daly (3), Kindle (6),
Tanner (10) and the present author (7). The aereal pictures of Forbes have
given important information concerning the physiography of the region
(4. 5).

PHYSIOGRAPHY_ OF THE COAST-SECTION

The middle section of the rocky coast of Newfoundland-Labrador
between Domino run and Hopedale can be characterized as a skiergard-
coast with a comparatively high relief, reminding of Bohuslin in Western
Sweden. The pre-Cambrian surface, sculptured by the glaciers of the

6% 1155/47
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continental ice-cap, is generally along the coast very rugged, with numerous
rounded hills and small valleys originated from joints and fractures.
Farther from the coast, (generally not more than some miles), the coast-
mountains attain heights of at an average about 400 feet, exceptionally
over 1000 (Mealy Mountains). A continuous coastal plane or »strand-
flade» do not occur.
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Fig. 1. Cartogram showing zones of dislocation and conspicuous igneous dykes in

Eastern Labrador. 1. Fault-line (Tertiary), 2. Southern limit of lamprophyric dykes,

3. Great gabbro dykes, 4. Zone of mylonitization (domino-gneisses). Di = diabasic
dykes (eo-Cambrian?).

The topography is generally in the stage of youth and there are many
indications of a comparatively recent rejuvenation of the erosion. Only
the big rivers have valleys of considerable depth. The inland is frequently
plateau-like.

The most conspicuous features of this coast section are the great bay.
Hamilton inlet, and its continuation the inland-sea Lake Melville. This
great indentation marks a sudden break in the coast-line. North of Hamil-
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ton inlet it is displaced towards the north. It appears, however, from the
soundings marked on the sea-charts that there is a shelf outside the south-
ern part of the coast-section (Fig. 1), and the northerly coast-line corre-
sponds evidently to the edge of the shelf. The coast is rich in small islands
and skerries but a skiergard in the proper sense of the word is met with
only in certain places, e. g. outside Sandwhich Bay and between Cape Harri-
son and Hopedale.

LAKE MELVILLE AND SANDWHICH BAY

Lake Melville has been studied by Kindle (6), who interpreted this
remarkable basin as a tectonic depression. This conception has also been
adopted by Tanner (10) in his description of the physiography of New-
foundland — Labrador. The steep slopes of the coast-mountains around
the basin, and the absence of mature valleys of the stream running down
from the highlands, particularly on the south side of the bay, strongly
support this conception. The best evidence is, however, delivered by the
layers of unaltered sandstone in subhorizontal position (eo-Cambrian) along
the northern shore of Lake Melville and its northern arm, Double Mere.
These sandstone layers are evidently down-faulted rests of earlier layers of
greater extension.

Sandwhich-Bay offers in many respects the same picture as Lake
Melville — Hamilton inlet. Particularly the northern shore is rather high
and steep and represents probably a fault line. The highland of Mealy
mountains, with its comparatively even upland-crest, may therefore repre-
sent a »Horsty. The old peneplane is here elevated to more than 1000 feet
above the sea.

MAGMATIC INTRUSIONS INDICATING CRUSTAL MOVEMENTS

The next feature which interests us in this connection is the abundance
of basic dykes, frequently mentioned by visitors of Labrador. The present
author has previously pointed out the existence of at least three different
types of dykes:

I. Vertical diabase dykes, generally fine grained, sometimes of
porphyric texture. running more or less at a right angle to the coast-line.

2. Subhorizontal sills of lamprophyric composition (Odinites, Kers-
antites etc.).

3. Dike-like instrusions of coarse-grained gabbro-diabase, forming rows
of elongated intrusive masses, parallel with the coast. These rocks are
often considerably affected by tectonical movements and particularly the
marginal parts of the intrusions are highly altered by sheering and
recrystallization, due to movements directed N—S. The unaltered rock
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seems to be a coarse-grained olivin-bearing or olivin-free gabbro of ophitic
texture. It alters into eclogite, garnet-bearing coronitic gabbro, hornblende
gabbro or amphibolite.

Furthermore we have to notice the occurrences of completely unaltered
young granites and syenites (Makkovik, Strawberry) particularly on the
coast-section Cape Harrison — Makkovik. These rocks do not, so far as is
known extend farther inland.

TYPES OF CRUSTAL MOVEMENTS ALONG THE LABRADOR COAST

We have mentioned above a number of phenomena connected with
movements in the earth-crust within the coastal regions of Labrador. The
cartogram fig. 1 shows the general relation between these phenomena.

If we do not take into account the recent post-Glacial elevation, the
most recent movements are represented by the faults of the Lake Melville
district. Here the traces of displacements can still be seen in the topo-
graphic forms.

There have not been found any dike-intrusions corresponding to the
faults, connected with this phase of movements, but the remnants of
thermal activity at Cape Harrison, found by the author (8) proves that
the displacements during late geological times have reached considerable
depth.

The next phase of crustal movements which has left visible traces in
the geological structures is indicated by the vertical diabas-dykes. So far
as the general directions of the dykes are concerned they could be connected
with the tertiary movements e. g. the dyke-complex in the region of Indian-
Harbor N of Hamilton inlet. The fact that there are no traces of super-
ficial volcanic actions corresponding to the dyke-intrusions shows. how-
ever, that they have been eroded to considerable depth, and the fissures
along which they have intruded must be of much earlier date.

The dykes are younger than any other rock of the region, except
possibly the Double Mere sandstone. Ex analogia with the conditions
in other pre-Cambrian regions it seems probable that they are of eo-Cambrian
age (Jotnian, Keeweanawan), but they may at least partly be younger.

The great abundance of dykes from this period proves that it was a time
during which the earth-crust was the subject of strong block-movements,
probably connected with tilting and faulting. The trend of the dykes
indicates an N-W-erly direction of the main-axis of the deformation, or
in other words about the same direction as during most of the orogenic
movements since Algonkian time in this part of the Canadian shield.

‘Cloos (1) has recently pointed out the great similarity of the great
rift-valleys of the world, and has in an excellent way been able to
demonstrate by means of experiments the formation of tectonic »Graben»
of this type in connection with dome-like elevations of the earth crust.
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This interpretation seems to be applicable also in our case. Fig. 2 shows
the fault-systems of the Lake Melwille depression compared with the Red
sea-depression and the Rhin-Graben. The similarity is conspicuous.
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Fig. 2. Lake Melville depression compared with some other great tectonic fault »Grabem». 1. Lake
Melville, 2. Rhein-»Grabeny, 3. Red-sea depression. (2 and 3 according to H. Cloos).

The slight progress of the erosion, posterior to the down-faulting,
proves, that the latter can hardly be of earlier date than late Tertiary.
The movements which have formed the Lake Melville basin are probably
of the same age as the elevation of the high mountains in northern Lab-
rador. We evidently have to reckon with a tertiary uplift of the whole
Labrador-coast region and the eastern part of Baffin island but this uplift
may consist of different local domes giving rise to different joint-systems
and Grabens of the same type as Lake Melville. We have in the foregoing
already mentioned Sandwhich bay; there may exist still other formations
of the same origin (e. g. Kipakok Bay, and possibly some of the northern
sfjordsy).

Dykes belonging to the same phase of movements are found also farther
inland as is shown already by the descriptions by Low (9).

The following dyke-system is interesting particularly on account of its
subhorizontal position. Dykes of the lamprophyre-group, are cut by the
foregoing group and consequently they are older. They occur only along
a very limited stripe of the coast-section approximately from Holton harbor
to Hopedale, and are mainly restricted to the outermost part of the coast.
Farther North, outside Hopedale they are found only on the islands.

The flat position can be tectonically explained either as depending on
horizontal beds and joints in the older rock ground, or by the assumption
of a slight flexure-like bending of the earth-crust which has given rise to
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tension-joints (Fig. 3). The first explanation is not applicable on account
of the occurrence of lamprophyric dykes in all types of rocks. The later
theory seems, on the contrary, to agree well with the mode of occurrence
along the edge of a pre-Cambrian block. The slight southerly slope of the
majority of the dykes indicates a downwarping of the seaward part of the
block. Local faults due to these movements can be studied at Aillik.

The same zone is, as has been pointed out in another connection (8),
rich in granitic and syenitic intrusions which are older than the
lamprophyres but which evidently belong to the same cycle of crustal
movements. In this connection the occurences of similar lamprophyres in
the regions characterized by fault tectonics of southern Germany (Schwarz-
wald etc.) may be pointed out as offering a striking resemblance. so far
as the dyke-intrusions are concerned.

The absence of lamprophyres SE of Hamilton inlet may depend on the
fact that the flexure-zone continues farther outside the coast.

At last we have the oldest phase of basic intrusions of the coast; the
gabbro-diabases, which will bring vs in touch with movements charac-
terized by horizontal displacements.

The intrusions of the conspicuous masses of dark gabbroidic rocks all
along the coast from Domino run to Hamilton inlet have obviously
intruded, a number of great fissures running almost parallel with the coast.
They have evidently been formed by tension in connection with the origina-
tion of a rather narrow flexure-zone. This zone has, however, later been
transformed, by means of shortening of the segment of deformation, into
a thrust-zone which has caused the deformation of the gabbros, mentioned
above, and also the formation of the mylonitic gneisses called the domino-
gneisses. These movements have evidently affected the basic rocks in a
higher degree in the eastern section than in the western. The cartogram
fig. 1 shows that the dyke at Hamilton inlet is bending northward and
lies at Pottles bay outside the strongest zone of deformation. Here the
gabbro is therefore almost unaltered. The coincidence between the thrust-
movements and the gabbro intrusions is consequently not complete, but
until further facts have been presented which should prove the opposite,
there seems to be reason to refer both the phenomena to the same orogen-
etic cycle.

The thrust movements have probably been of a comparatively small
extention and cannot be compared with the great thrusts of the Alps. At
any rate they represent a very important feature in the morphology of
the Labrador coast, as being the earliest structures following the coastline.
It is possible that they represent the earliest foundation of the present
edge of the continent in this part of North America.

The different stages of the evolution of the coastsection during late-
pre-Cambrian is schematically shown by fig. 3.

The absense of dyke-intrusions of other traces of orogenetic and strong
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epeirogenetic movements between eo-Cambrian time and Tertiary does,
of course, not exclude the existence of events of that kind. They have,
however, been too gradual and slow to give rise to visible displacements
in the earth’s crust.
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Fig. 3. Types of crustal-movements and magmatic intrusions in Eastern Labrador.
1. Gabbro-intrusions, 2. Thrust and deformation of the gabbros, 3. Origin of Lamprophyric
dykes, 4. Origin of vertical diabasic dykes.

CONCLUSIONS

1. The Melville depression is a fault-»Graben» originated in connection
with a dome-like uplift of the earth-crust during Tertiary time.

2. The coastal slope has probably existed since late pre-Cambrian time.
This does, however, not necessarily mean that Greenland and the Canadian
shield represent different blocks altogether. On the contrary, the author
believes that they belong to the same resistant block connected by the
shelf-areas farther north.

The Labrador sea between S-Greenland and the North American
continent has possibly been formed already during latest pre-Cambrian.
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3. The coast-zone has repeatedly been affected by movements which

have given rise to magmatic intrusions. They will during further research
work facilitate the connecting of geological events along the coastal sec-
tions of Labrador and Baffin island.
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THE GABBRO-LIMESTONE CONTACT ZONE OF CAMAS MOR,
MUCK, INVERNESS-SHIRE

BY

C. E. TILLEY
(CAMBRIDGE)

ABSTRACT

The great dyke of olivine gabbro intersecting Jurassic limestones at Camas Mor,
Muck, is bordered by narrow zones of pyroxenite with theralite and nepheline gabbro
carrying titanaugite, melilite, analcime and zoned iron-wollastonite solid solutions,
the last partly in intimate intergrowth with nepheline. Monzonitic and shonkinitic
lenses carrying abundant soda-sanidine and a fayalitic olivine, also appear in the
border zones. These rocks are associated with clinopyroxene-wollastonite-analcime
assemblages which have resulted from the soaking of the limestone by solutions
emanating from the modified gabbro. In the broad exogenous contact zone of high
temperature minerals the pairs —— gehlenite-wollastonite, gehlenite-monticellite,
monticellite-periclase, spurrite-gehlenite and monticellite-merwinite are especially
characteristic. An assemblage built of gehlenite-larnite-rankinite represents the
highest stage of metamorphism attained in the contact zone. The reaction processes
in the endogenous zone resemble closely those responsible for the development of
the hybrid zones of Scawt Hill, Co. Antrim.

Fifteen years ago a detailed description of the production of basic alkali
igneous rocks by the assimilation of limestone by basaltic magma was
given by the writer in a paper dealing with the Scawt Hill intrusion of
Co. Antrim, Ireland . In that locality the reaction of olivine dolerite and
Chalk was shown to lead to the development locally of nepheline bearing
rocks of the type of theralite and nepheline dolerite accompanied by the
production of wollastonite and melilite. Some account was then given of
the probable reaction processes at work responsible for the genesis of these
basic alkali rocks, and some discussion devoted to the applicability of
these results to the general problem of the origin of alkali rocks.

With the possibility in mind that elsewhere in the British Tertiary
province contact zones of basic intrusions and limestone might contribute
further data on some aspects of this problem the writer was led to an
examination of the borders of the great gabbro dyke intersecting the
Jurassic limestones on the south shore of the island of Muck, one of the
Small Isles of Inverness-shire. This paper records the first results of such

1 Min. Mag.. 1931, 22, pp. 439—68.
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a study and presents briefly the effects of contact metamorphism and
hybridism associated with this intrusion.

The field relations of the Muck gabbro and the associated Oolitic rocks
are described by Harker in the Geological Survey Memoir on the Small
Isles of Inverness-shire 1. A broad vertical dyke of olivine bearing gabbro
running N. N. W. is mapped as cutting a group of carbonate sediments
of the Upper Estuarine Series along the east shore of the great bay of

Fig. 1. Camas Mor looking east, showing the gabbro cliffs (GB) on the east side of the
bay and the outcrops of the Estuarine Series.” FA = basalt lavas of Fionn-ard, D =
basalt making cliff at head of bay, M = mugearite at base. Reefs on shore intersected
by numerous dykes are made by the Great Estuarme Sandstone (8) and the Ostrea
hebridica hmestone group (L), R = raised beach.
(Reproduced from a drawing by Dr A. Harker).

Camas Mor. In the bay itself appears an undisturbed ascending sequence
of Calcareous Sandstone (20 feet), Limestones of the Ostrea hebridica group
(65 feet) and (Cementstones (20 feet) with a gentle dip to the N. W. at
5°—10°. The eastern shore of the bay is formed of gabbro, exposed be-
tween tide marks at the northern end and in its southerly continuation
forming a bold line of cliffs (fig. 1). In the shore section, the gabbro which
is about 30 yards broad is bordered on both sides by the Estuarine Series,
here seen dipping in places at high angles to the E. N. E. and in an in-
tensely metamorphosed state. In this broad exogenous contact zone,
melilite (gehlenite) is the most important silicate mineral but the occurrence
of assemblages rich in monticellite or containing periclase and brucite shows
that dolomitic hands were present among the prevailing limestone horizons.

The following list presents the chief minerals recorded from the contact
zone on both sides of the gabbro dyke on the shore.

Calcite Tilleyite

Grossularite Periclase

Wollastonite Brucite

Monticellite Spinel

Melilite (gehlenite) Perofskite

Spurrite Clinopyroxene |

Merwinite Analcime ,

Larnite Plagioclase - in skarn zone.
Rankinite Soda-sanidine

Cuspidine Titanite

1 Mem. Geol. Sury. Seotland (Small Tsles of Inverness-shire) 1908, pp. 30—33, 96—97.
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The more important rock type assemblages built of these minerals are
— apart from those of the clinopyroxene skarns — the following

Grossularite-calcite-quartz
Wollastonite-grossularite-quartz
Gehlenite-wollastonite-calcite
Gehlenite-monticellite-calcite-spinel
Gehlenite-spurrite-calcite-spinel
Gehlenite-monticellite-merwinite-calcite
Monticellite-periclase (brucite) -spinel-calcite
Gehlenite-tilleyite-calcite-(spurrite)
Gehlenite-larnite-rankinite.

The earlier stages of metamorphism are seen in the limestones carrying
small crystals of grossularite with quariz and calcite still stable together.
Some of the Ostrea hebridica bands at this stage show the shapes of fossil
shell fragments in a calcite base with grains of garnet and chalcedonic
quartz. More advanced stages of metamorphism appear in the assemblages
built of grossularite and wollastonite but the commonest mineral of the
contact zone is a melilite with the optical characters of gehlenite. The
white or yellowish hornfels immediately against the gabbro is most
frequently a gehlenite-wollastonite assemblage, less frequently one built
up of monticellite and gehlenite. Beyond this immediate zone other
assemblages appear carrying hesides gehlenite, monticellite or wollastonite,
the minerals spurrite, tilleyite and less commonly merwinite, larnite and
rankinite. Many of these assemblages carry a brown or greenish brown
spinel as minute octahedra enclosed in gehlenite, monticellite or calcite.

Gehlenite is developed in tabular crystals of variable dimensions from
1/ .o millimetre up to 1% millimetre in diameter (Plate II, fig. 4). It is uni-
formly an optically negative type with o = 1.658 — 1.660 and low bire-
fringence — .003. Microchemical tests show abundant alumina (Cs alum
reaction). Apart from the usual fibrous alteration the mineral is frequently
replaced by dense aggregates of isotropic grains, slowly soluble in hot
hydrochloric acid and of refractive index 1.71. Their properties indicate
that these pseudomorphs consist of a garnetoid mineral, a member of the
hydro-grossular series.

Monticellite occurs both in the marbles together with periclase or
brucite and as a constituent of the carbonate poor assemblages with
gehlenite. It is an optically negative type with large optic angle belonging
to the magnesian end of the series. In one rock immediately adjacent to
the modified gabbro a monticellite of higher iron content (25 wt. 9, Ca Fe
Si0,) occurs in coarse grains up to 6 millimetres in diameter in a gehlenite-
spinel assemblage also carrying perofskite, magnetite and pyrrhotite. This
rock passes out into a normal monticellite-bearing marble.
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Spurrite occurs in assemblages both rich and poor in calcite, in the
former as isolated grains in calcite, and in the latter intimately intergrown
with gehlenite, forming irregular spongy crystals enclosing small crystals
of this mineral. Merwinite occurs in a marble bearing monticellite and
gehlenite. It then appears in the characteristic interpenetrant twinned
laths 74 mm. in length set in calcite and sometimes mantled by a thin rim
of spurrite (Plate 11, fig. 6). ’

Rankinite and Larnite form important constituents of assemblages
found on the west contact of the gabbro- (1) Gehlenite-rankinite-spinel,
(2) Gehlenite-rankinite-larnite-spinel. The chief mineral of these assem-
blages is gehlenite. The associated rankinite has the characters of that
previously described at Scawt Hill (Min. Mag., 1942, pp. 190 —6). It forms
rounded grains devoid of cleavage and may form the host for numerous
included laths of gehlenite (Plate II, fig. 5). In the second assemblage,
larnite (p (Ca,SiO,) may be similarly enclosed as drop like grains in larger
individuals of rankinite, but it also occurs as independent idioblastic
grains. Fine multiple twinning like that developed in the Scawt Hill rocks
is characteristic. Struck with a hammer these larnite-rich assemblages
dust owing to volume change on inversion of the  phase to y (a,SiO,.
Spinel in these aggregates appears only in the form of minute octahedra,
particularly as enclosures in gehlenite.

Cuspidine is a constituent of several assemblages. It occurs as a late
mineral investing idioblastic gehlenite and wollastonite in a marble and
forming a matrix for a group of such crystals (Plate 1I, fig. 4). In another
marble it is developed in subidioblastic crystals in calcite enclosing rounded
grains of calcite and little grains of gehlenite. Twinning is predominantly
multiple parallel to the base, Z the acute bisectrix emerging on oor.

Tilleyite forms an important member of a thick band of dark grey
somewhat resinous-lustred gehlenite rock exposed on the western contact
of the gabbro. It occurs in brightly polarizing aggregates intergrown with
fine grained gehlenite so as to form in places at least half of the rock.
Typically developed in sponge-like single crystals reaching 11, mm. in
breadth with gehlenite enclosures, it may also be segregated into small
pools of inclusion-free crystals with or without calcite. The characters of
the tilleyite in these rocks differ somewhat from those given by Larsen
and Dunham for the original tilleyite of Crestmore *.

The mineral behaves as a monoclinic crystal and possesses one good
cleavage which is perpendicular to the optic axial plane (o1o). The
refractive indices are « = 1-612 f# = 1-633 y == I-654. Optic axial plane
sections show an extinction Z A cleavage (taken as (100)) = 13°. Twin
structure is an important feature of the Muck tilleyite. It is frequently

1 Amer. Min. 1933, 18, pp. 469—473. Nockorps and Vixcext (Min. Soe. meating Lon-
don, March 27, 1947) have described tilleyite from Carlingford, Kire, and shown by a new
analysis that its empirical formula is 3 Ca0O. 2 Si0,. 2 CaCO,.
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repeated but not with the regularity seen in spurrite. The composition
plane (twin plane) is perpendicular to-the optic axial plane and makes an
angle of 54° from the cleavage, the optical orientation being such that on
oro the characteristic symmetrical extinction in the twinned crystal is
X A edge of twin plane = 23° (fig. 2). Like the Crestmore mineral,

‘Z

i z
Fig. 2. Optical orientation of twinned crystal of tilleyite
section parallel to 010.

the Muck tilleyite has a very high optic axial angle (2 V about 85°) and
the sign is positive. I have compared these data with those given by a
specimen of tilleyite bearing rock from Crestmore kindly presented by Dr
K. C. Dunham. Sections of tilleyite cut perpendicular to the acute
bisectrix (Z) show straight extinction against the single cleavage the optic
axial plane lying across the cleavage. In sections parallel to the optic
plane the extinction is Z A cleavage 13” and against sporadic twin lamellae
developed the symmetrical extinction is X A twin edge — 24°. These data
are in harmony with those given for the tilleyite of Muck. In these
gehlenite-tilleyite rocks of Muck fine twinned crystals of wollastonite and
irregular grains of spurrite are found in variable proportion along with the
gehlenite and tilleyite.

The mode of development of the tilleyite denotes that it is a late mineral
and the typical association of fine irregular granules of spurrite enclosed
within it makes it probable that the gehlenite-tilleyite assemblage is ulti-
mately derived from a gehlenite-spurrite assemblage such as has been de-
scribed above.

Periclase is preserved in a number of the carbonate rocks occurring
along with brucite, spinel, monticellite and calcite. -It appears in rounded
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yellow grains showing cubic cleavage and is seen in process of alteration
to a brown ferrobrucite eventually being replaced by an opaque iron ore.
The development of abundant ferrobrucite and the opaque iron ore gives
some of these metamorphosed dolomites a dark colour in hand specimens.

THE SKARN ZONE
CLINOPYROXENE-ANALCIME-WOLLASTONITE SKARNS

The assemblages just described may give place close to the contact
with the gabbro to a group of darker coloured rocks which form the skarn
zone proper, reaching 1”—3” in thickness. These skarns are built up
essentially of a coloured clinopyroxene (brown, titanaugite type) with
wollastonite, but analcime, soda-sanidine and plagioclase appear also as
constituents. The lighter coloured members are richer in analcime which
forms rounded to trapezohedral areas 14—1 millimetre in diameter en-
closing little granules of clinopyroxene and separated by a dense aggregate
of similar clinopyroxene. Wollastonite with normal optical characters is
sporadically developed in such skarns. The place of analcime may in part
be taken by soda-sanidine (Plate II, fig. 3). Both coarse and fine grained
skarns are present, the coarser types being frequently rich in wollastonite,
the associated clinopyroxene, a red brown zoned type, showing poecilo-
blastic texture with enclosed laths or plates of wollastonite.

THE GABBRO

The typical gabbro is a medium (115, mm.) grained olivine bearing
variety rich in labradorite (Aby; An ¢). This plagioclase shows idiomorphic
relations both to the olivine and to the light brown augite which encloses
it sub-ophitically (Plate I, fig. 1). A partial analysis showing SiO, 46.09.
Na,O 3.o1, K,O o.41, is reported by Harker in the Survey Memoir
(p. 100).

THE ENDOGENOUS ZONE

At the contact of the gabbro reaction with the calcareous sediments
has produced the following changes which are recognised for a few inches
on both sides of the dyke. The rock becomes pyroxene rich and darker in
colour. Olivine disappears and plagioclase becomes subordinate. The
simplest type of contact relation is that showing a concentration of clino-
pyroxene without complete disappearance of the olivine. In this stage
the pyroxene preserves the colour of the mineral present in the normal
gabbro but developing a greener zoned edge to the crystals. Locally the
richness in pyroxene may be such as to warrant the term pyroxenite for
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the assemblage (Plate I, fig. 2). In other examples a pyroxenite zone
(1" or more in width) of strongly coloured titanaugite with minor
interstitial plagioclase forms the contact. In this wollastonite may appear
as an accessory constituent and olivine has disappeared (Plate I, fig. 3).
The grain size of these pyroxenite zones is variable: those of fine grain
may reach a thickness of 2—3 inches. These contain subordinate plagi-
oclase as insets crowded with fine pyroxene except for a thin outer shell
free from inclusions (Plate II, fig. 2). They form heavy dark rocks readily
distinguished in the field from the normal gabbro. More highly modified
assemblages are associated with these pyroxenites or pyroxene rich gabbros.
These occur as streaks, veins and lenses in the endogenous zone and are
found to carry abundant wollastonite, plagioclase, melilite, nepheline and
analcime besides subordinate soda-sanidine. Such assemblages correspond
to wollastonite-theralites or when plagioclase is subordinate wollastonite
nepheline gabbros. Their grain size is typically coarse; strongly coloured
titanaugites reach 3 mm. while individual wollastonites may attain even
larger dimensions. Nepheline too appears in large grains 3 mms. or more
in diameter.

The titanaugite is strongly zoned passing from a lighter coloured core
through to zones of dark red brown tint and then to a shell of a dull green
colour much less strongly pleochroic. The pleochroic tints of the darker
zones are ¢ and f# reddish brown y yellow and dispersion both of bisectrixes
and optic axis is strong, particularly optic axis B. o > v. Occasional
fringes of aegirine, or acmite occur and are again found in the ground-
mass with analcime.

The wollastonite — an iron wollastonite solid solution — shows a
patchy zoning the refractive index y rising to 1-660. Extinction in sec-
tions perpendicular to the zone of cleavages rises to 45° (X' A 100). It is
more frequent to find that the exterior zones of the wollastonite show
higher refractive index as well as greater extinction angle as seen in the
cross sections. Very characteristic is the association of wollastonite in the
form of intergrowths with nepheline, the latter acting as host (Plate I,
fig. 4). The same type of intergrowth occurs with analcime but there is
reason to believe that the analcime has frequently developed from original
nepheline. Nepheline in fact is frequently altered being represented in the
various assemblages by hydronephelite, analcime and in some cases replaced
by sericitic mica. Pectolite too occurs in association with analcime forming
radiating spears within this mineral.

Melilite has probably been much more common: now only cores of the
mineral are preserved in a fibrous alteration product fringed at the
periphery of the original grain by a secondary growth of fibres and granules
of green pyroxene in much the same way as recorded in the hybrid
assemblages of Scawt Hill (Plate 11, fig. 1). Perofskite has not thus far
been observed in these assemblages.
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The incoming of a potash soda felspar in the alkali gabbro lenses has
already been referred to. There remains to be described other assemblages
in which this mineral as soda-sanidine forms the preponderant felspar. The
fine pyroxenite zone is cut by lenses and streaks up to one inch in width
of a rock type of monzonitic facies in which the constituents are augite,
large plates of soda-sanidine containing cores of andesine, a fayalitic olivine,
apatite and magnetite (Plate I, fig. 5). In some of the smaller veins the
felspar may be almost wholly soda-sanidine giving a shonkinitic facies
(Plate I, fig. 6). It is noteworthy that the augite is not the strongly col-
oured titanaugite of the nepheline gabbros but a greenish variety compa-
rable with that of the outer zones of the titanaugites and of the alkali
mesostasis of the theralites. Wollastonite has not been found in these
assemblages. The soda-sanidine is optically negative with a variable optic
angle (moderate to small 2 V).

These alkali-felspar assemblages call to mind the segregation vein of
anorthoclase-fayalite-dolerite met with in the hybrid zone of the Scawt
Hill intrusion (op. cit. p. 453). Like that occurrence these monzonitic veins
represent a siliceous and iron rich representative of the nepheline-bearing
hybrids and there can be little doubt that these monzonitic facies derive
through the chain of reactions consequent on assimilation.

CONCLUSION

Three groups of assemblages build up the complex at the borders of the
gabbro dyke of Muck: (1) the carbonate-bearing contact zone, (2) the
clinopyroxene skarn zone, (3) the hybrid endogenous zone. The nature of
the mineral associations in the carbonate contact zone shows that these
are typical high temperature facies reaching a high water mark of meta-
morphism in the larnite and rankinite bearing members then devoid of
calcite. The bands of gehlenite and monticellite-rich, carbonate poor type
immediately contiguous to the gabbro give clear indication of the introduc-
tion of silica-bearing solutions from the gabbro.

In the clinopyroxene-analcime zone there is unmistakable evidence
that in addition to silica, iron, titania, alumina and soda were introduced
from the gabbro and it is in every way probable that these analcime bear-
ing assemblages derive from a liquid emanating from a gabbro already
modified by incorporation of limestone.

The endogenous contact zone, like that of Scawt Hill has a very
restricted development and the products — pyroxenites, theralites and
nepheline-gabbros present so striking a similarity to the types met with
at that locality that we can be confident that they are to be ascribed to
a similar origin and to a similar set of reactions. A reaction mechanism
has been set forth in detail in the paper devoted to the Scawt Hill rocks.
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(' E. Tilley: The Gabbro-Limestone Contact Zone of Camas Mor, Muck,
Inverness- Shire,
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C. E. Tilley: The Gabbro-Limestone Contact Zone of Camas Mor, Muck,
Inverness-Shire,
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PLATE T

GABBRO AND CONTACT MODIFICATIONS OF CAMAS MOR, MUCK

Ordinary light > 16 diameters.

Fig. 1. Olivine Gabbro: normal type showing ophitic texture.

Fig. 2. Pyroxenite: at contact with metamorphosed Jurassic limestone — passing (left) into
theralitic type with nepheline replaced by analcime.

Fig. 3. Pyroxene rich area in »epheline gabbros: wollastonite solid solution (below) and nepheline
above.

Fig. 4. »Nepheline Gabbro» with titanaugite, nepheline (clear areas unaltered) intergrown with
wollastonite solid solution (left).

Fig. 5. Monzonite lens in the contact zone showing augite, preponderant soda-sanidine with cores
of andesine.

Fig. 6. Lens of soda-sanidine-angite rock in fine grained dark pyroxenite (endogenous).

PLATE II

ENDOGENOUS AND EXOGENOUS CONTACT ROCKS OF THE OLIVINE GABRRO
OF CAMAS MOR, MUCK

Ordinary light < 18 diameters.

Fig. 1. Melilite in pyroxenite zone: melilite in process of replacement (late stage) by a dense
aggregate of granules and rods of green augite; clear areas, vugs of analcime.

Fig. 2. Dark pyroxenite with insets of plagioclase (clear rims) filled with granules of titanaugite:
little vugs of calcite.
Fig. 3. Clinopyroxene-analcime skarn (some soda-sanidine) against fine pyroxenite. Ovoid areas

of “analcime enclose granules of clinopyroxene.

Fig. 4. Gehlenite-wollastonite rock with calcite and cuspidine. In the centre the idioblastic
sehlenite crystals are set in a base of cuspidine: right centre and left lower corner, cleaved wollas-
tonite; above gehlenite in calcite.

Fig. 5. Gehlenite-rankinite-larnite rock. Clear areas, rankinite and gehlenite; dark, larnite. In
the centre two larger crystals of rankinite as hosts to numerous grains of larnite and gehlenite,
the latter less clearly distinguished owing to similar relief to rankinite.

Fig. 6. Merwinite-gehlenite-monticellite-marble. Elongate sections of merwinite in a base of
calcite, bearing gehlenite and monticellite.
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INTRODUCTION

The titaniferous iron ore situated south from Oulujarvi at Otanmiki in
the parish of Vuolijoki has in the last ten years aroused the interest of
Finnish mining people not only as a promising iron ore, but also for its
vanadium content. Discussions regarding above all its economic future
were carried on in various directions until the Finnish Government finally
set up a special committee to investigate the practical possibilities of the
occurrence. In the first place the recent war years have been a cause why
up to the present, nothing has been published which could clear up this
significant occurrence, belonging as a discovery to the youngest ones in
our country. The author will in the following present some of its essential
features, the recognizing of which also can be a help when planning its
economic use. This treatise is grounded on some analytical and especially
ore microscopic determinations of the ore in question, which the author
carried out at Helsinki University during the Spring of 1945 under the
guidance of Prof. P. Eskola. The aim was thus to get a view of the mi-
croscopic structure of the ore and of the relations between its ore oxides
according to the principles given in the first place by P. Ramdohr (1) and
St. Foslie (3) in their remarkably investigations. Owing to the mainly
orientative character of this work. all points have not been treated with
the thoroughness which often would have been needful. In reference to
this, some remarks are to be made particularly regarding the accuracy of
the analyses. The author hopes, however, that, in spite of these imperfec-
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tions, the following study may give a logical preliminary view of the Otan-
méki ore, which in a noticeworthy degree, especially in the light of mi-
croscopic observations, resembles the Routivare titaniferous iron ore in
northern Sweden, most recently described by P. Ramdohr (2).

ANALYSES

The ore at Otanmiki is associated with a deformed amphibolite zone,
where the ore occurs as elongated, lenticular and veinous formations. Its
quality is very varied and it is technically divided into several different
classes on the ground of its silicate content. The best ore is a compact
mass of magnetite and ilmenite, containing possibly a little pyrite and in
a very few cases also chalcopyrite. In addition to these hogbomite is found
in minor amounts and, when using higher magnifications, there are brightly
reflecting idiomorphic grains very rarely observed, the quality of which
has so far not been possible to determine because of the small grain size.
Chiefly clinochlorite is present as silicate material in the best ore, further-
more biotite and a little spinel. In the same degree as the quality of the
ore becomes poorer, the amount of pyrite grows, and naturally the amount
of silicates increases too, these then representing the magmatic amphibolite
facies. In this connection must also be stated a fact verified by the
determinations on I-table, viz. when the type of the ore declines, the ilmen-
ite becomes more predominant, until the most impure ore is almost pure
ilmenite. This change is noteworthy when considering that the ratio
between magnetite and ilmenite in the best ore is about 2 : 1. The follow-
ing analysis, performed of the best ore, gives a view of its composition
and of the relations between its elements:

Table 1.
o 1000 % mol.
0 prop.
Si0, 1.27 21.1
Fe,04 41.87 261.7
FeO 30.04 4301
T()2 18.86 235.6
MnO 0.24 3.4
ng() 2.92 72 4
CaO 0.0 -
Al O, 1. 56 15.3
Cr,0,4 tr. i,
V0, 0.42 2.8
P,Og 0.0 —
S 0.68 2.2
H,0 -+ 074 4T.1
99.61
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From the same ore type, of which the total analyses have been made,
material was separated also for determinations of magnetite and ilmenite.
The results, after which the corresponding mineral components at the
same time have been formed, are:

Table 11.
The magnetite analysis
% 1000 X mol. prop. - mol. 9,
Fe,Qlg wvsisvmszims 62.09 wonsmmesss 389.1 HegQy sswosvns 00.10
FeQusissnssmans BRAL  sossssnEaes 460.7 Moy vavansy 585
WO svdisrsizes me s PHED Rl BSOS 1.2 FeTiOs - vivvns 0.61
MgO .......o.... TR oyms s 26.8 MnTiIQiy s s 0.06
VO wsrvawwse i 068 ssspseswes T FeV, 0y wivinss 100
OO smawasess ae D201 “Vardd s pcle 1.3 FeCrOg « o0 0.29
MnO ........... Q0T o me mne 0.4 BEO ..oiwwmimwoms 4-44
99.72 99.73

Table 111.
The ilmenite analysis

% 1000 x mol. prop. mol. 9

70
Fe,O3 «ovvvninn. BOBE s wwwin e s 67.8 BT o wm s s 77.79
BeQ wowensnisnws 30498 ssvmswvnsms 5133 MgTiOg « s wssias 10.23
0., o5 552 58 s 5 B0  spsnsspans 600.0 MaTiD s osososie  OHEE
MgO ... ......... BHADE  oocasis i s 1 . hied 84.8 B0 o vmmin 0.35
V04 T i P, T2 VO somsmmins 0.18
0y samsesmsosn B sasamseees — PeyOq «oavmoes 10.61
MnO ............ (1177 SRR 3.4 99.70
m Sp. & 4.67

As to the distribution of elements, it will be seen that the vanadium
has concentrated in magnetite, as in general has also been observed in
earlier investigated titaniferous iron ores. The obvious cause of this is the
analytical relationship and the similarity of lattice constants between
Fe and V*’, as reported in literature. In this respect attention must be
drawn to the paper of C. W. Carstens (4), in which these matters are dis-
cussed and in which he also has defined the conception of the vanadium
module, which is
100 <X V

Fe in magnetite.

The value of the module in question is in Otanméki ore about 0.67.
From the analyses has furthermore been observed that the chromium

follows the magnetite, while both the magnesium and the manganese

follow the ilmenite. The magnesium content of ilmenite seems to be compar-
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atively high, which in its turn gives support to the suggestion, set forth
later in this paper, that the ilmenite of the ore may have been crystallized
in higher temperature conditions than its magnetite.

The excess of FeO, which is characteristic of the magnetite of the
titaniferous iron ores, is also in this case considerable in the composition
of the magnetite. The ilmenite analysis again, on the other hand, shows
an excess of Fe,O,4, which can be observed also as occurring as own pecul-
iar formations, according to the microscopical description.

ORE MICROSCOPIC OBSERVATIONS

The percentage of ore in polished sections used has varied between
75—95. These specimens show that the magnetite and ilmenite practi-
cally have crystallized as separate grains, building among themselves a
structure of granoblastic appearance. The magnetite is in its forms essen-
tially very irregular, masslike, while the grains of ilmenite are in general
more sharpedged. Sometimes a weak orientation can be observed in regard
to ilmenite, although the influence of deformation appears most clearly as
brokenness of ilmenite structures. From the occurrence of silicates as
inclusions and their corrodedness in ore material can be concluded, thet
the crystallizing of the ore material is of younger origin. The reciprocel
relations between magnetite and ilmenite are discussed later on in this
paper.

Magnetite. — In the Otanmaéki ore the magnetite and ilmenite do not
in general form lamellaric intergrowth structures, though in some few
cases, & kind of traces of such can be observed. There is instead the typical
phenomenon that a small amount of ilmenite occurs in magnetite as irreg-
ular spots, the average size of which is between 0.002—o0.05 mm (Fig. 1).
On separating the material for the magnetite analysis the grain size applied
was between 0.2—o0.15 mm and therefore the ilmenite, appearing as flecks,
was no longer separable. Thus the relatively high TiO,-content of the
analysis in question could be entirely due to these flecks. An approximative
microscopic calculation confirms this suggestion, too.

Here and there in magnetite can be observed a weak inclination to
change into martite, which in most cases begins to develop at the borders
or cracks of grains, progressing skeletally along the octahedral cleavage
towards the inner parts of magnetite grains (Fig. 2). The martite has
probably caused errors in the mineral analyses, having regard on the one
side to the excess of FeO in magnetite, and on the other to the amount of
Fe,O, in ilmenite. However, the possibility in question, which in any
other connection could be a noticeable factor, effects in this case, no
changes in the treatment of phenomena, which the author has followed in
this presentation.
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The spinel in Otanméki magnetite is feebly developed and is not met
with in all grains. When occurring, it follows, in typical lath-like struc-
tures, the regular direction of the magnetite (Fig. 3).

Ilmenite. — The grain size of the ilmenite is in general smaller than
that of the magnetite. Ilmenite grains have angular forms, and such
grains can often be met, which are surrounded by small crushed fragments.
As a typical microstructure the hematite can be seen, which, due to
immiscibility, appears in two different generations (Fig. 4). The first one
is seen already with weaker magnification in systematic rows like fragmen-
tary lines or is shaped as irregular larger flecks having a homogeneous
orientation. Between these all the buildings of the other generation exist
as very small oval flecks, hardly noticeable without recourse to oil immer-
sion. The hematite buildings of both kinds are decreasing towards the grain
border and are lacking entirely in the border zone. The flecks of ilmenite
included in magnetite, as mentioned above, may sometimes contain a
little hematite as product of immisecibility. In most cases, however, the
hematite streaks cannot be found.

In the ilmenite component of Otanmiki ore twinning is a common
phenomenon, and it appears in places as a strongly developed lamellarity
(Figs. 4 and 5). In such a structure the influence of deformations can be
verified in an excellent way as flexures and cataclastic brokennes of
lamellae. Furthermore, it can be observed that above all in the compact
and the best type of the ore the borders of twinning lamellae in respect
of most grains are practically evaporated. Thus the inaccuracy of the
lamellae borders resembles a new melting. Based on the inverted position .
of the hematite streaks, belonging to the first generation, the existence of
twinning lamellae may best be concluded.

CONCLUSIONS

When considering the Otanméki ore from a purely analytical point of
view, a distinct early magmatic tendency in its composition can be noted.
When examining the occurrence as a whole in the light of field observations,
it is quite obvious that a considerably metamorphosed formation is in
question. Under the ore microscope both features mentioned above can
be established, although the immediate consequences caused by move-
ments are often strongly developed and easily identified. The indirect con-
sequences of movements, on the contrary, are more difficult to see at once,
and therefore the author attempts in the following to form a logical idea
for the interpretation of phenomena appearing in the foregoing studies. In
this sense the author assumes that in the Otanmiki area there have been
two effective geological periods, both of which have been noteworthy and
of significance to the structures of the present ore. They are: '
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— The genesis of primary titaniferous iron ore and consolidation in connec-
tion with the development of the older rock ground.

— The mobilization of ore material during the movements and the re-
crystallization chiefly in association with same. Due to these processes the
ore has got the structural features, which at present can be recognized,
preserving, however, the analytical properties of the first phase. The
mineral composition of the wall rock has changed at the same time to
correspond to the facies of lower temperature.

The events of the first geological period do not require any closer ex-
planation. The ore thus formed has gained some of the typical structures,
which are so characteristic of the titaniferous iron ore widely described in
literature. Associated to eruptives they have crystallized peecefully with-
out any greater disturbances caused by movements or by metamorphism.
Instead, the events of the second geological period require a closer scrutiny.
This has chiefly been based upon microscopic determinations.

The masslike ore, associated with primarily basic rocks possibly of
hyperitic composition, has owing to tectonical causes entered upon new
conditions of temperature and pressure and become mobile. The mobiliza-
tion has, however, not been so thorough, that it could be considered as a
new melting, but the ore material has at least in part been somewhat
plastic. Had the melting been complete it would not be possible to see any
relic features in the present structures of the ore. The lamellaric ilmenite
in magnetite, however, sometimes shows this phenomenon. On the other
hand the temperature has been so high that the lamellae of ilmenite in
question have largely been transformed into flecks, due to the continuous
movement of the mobilized mass. These buildings now represent one part
of the flecks which are met in the microstructure of magnetite, as mentioned
above. No homogenization has taken place, although this could be possible

- between s00°—800°, according to the experiments carried out by J.
Murdoch (5).

Probably the magnetite of primary ore has also been relatively poor in
ilmenite. Perhaps the magnetite and ilmenite also have occurred as sepa-
rate grains. This opinion can be based upon the immiscibility of hematite
in ilmenite, which shows, that Fe,O, has appeared in excess compared
with TiO, and FeO. Thus the magnetite is poor in titanium, according to
the excellent statement of St. Foslie. He supposes namely that the
titanium occurs in high temperatures as Fe,TiO,, and thus, if there is
excessive Fe,0,, there occurs the reaction:

Fe,TiO, + Fe,0; > FeTiO; 4 Fe 0,
Fe,TiO,, very widely isomorphicaly miscible with magnetite, is in the
lower temperatures not stable and decomposes:

Fe,TiO, > FeTiO; + FeO
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Thus the excessive FeO, typical of the magnetites of titaniferous iron ores,
can be explained, and thus, probably in a corresponding way, the ex-
cessive FeO has also been produced in the Otanmiki magnetites. In spite
of the mobile phase the excess of ferrous oxide has remained in the lattice
of magnetite and in the same way the ferric oxide has followed the ilme-
nite phase.

When the ore material during the mobile period had reached the max-
imum of temperature and the consolidation of material was beginning, the
miscibility between magnetite and ilmenite must have been near zero.
Diagrammatically this means that there has been a large gap in the range
of miscibility, and the minerals practically have been crystallized sepa-
rately. Besides, as mentioned already in connection with analyses, the
ilmenite, owing to its great magnesium content, had a higher melting point
and therefore could begin its crystallization earlier. Along with the changes
in temperature, the tectonical forces have imparted to the ore mass a
continuous movement, chiefly in one direction. Thus it has been possible,
for both the ilmenite and the magnetite to have aggregated to their re-
spective phases. The separation of mineral phases has not been thorough,
only partial, in the first place because the tectonical movement had weak-
ened and the temperature fallen. Towards the border parts the ilmenite
has gradualy become predominant in the ore because of the differences in
specific gravities and of the obviously greater mobility of ilmenite material.
These border parts have also entered earlier into the conditions of
crystallization, in connection with which characteristic features of gran-
oblastic structure have developed, such as breaks, twinning, zonarity and
recrystallization (Fig. 5). This manner of crystallization affects the whole
mass of ore, however, the chief part of the ore, in which the magnetite
becomes predominant, has finally been crystallized later and has also been
mobile later on. In the light of the processes described above the superi-
ority of ilmenite is understood, when the ore becomes poorer and at same
time also the amount of sulphides increases. Likewise it is comprehensible,
that the very smallest individuals crushed from the borders of early
crystallized ilmenite grains, having been included in magnetites, resemble
the ilmenite flecks of primary origin. Probably such flecks, their nature
being that of inclusions, can be distinguished from the primary ones, due
to buildings caused by immiscibility of hematite. According to the theory
of St. Foslie, mentioned above, such a phenomenon cannot be possible
in primary flecks.

In connection with microscopic studies, martite associated with
magnetite was found. In many cases it follows the cracks of magnetite,
but is, however, most strongly developed around many ilmenite grains.
Starting from the border between the magnetite and ilmenite, the martite
grows towards the inner parts of magnetite. If the martite is supposed to
be secondary, its occurrence around the ilmenite grains establishes in an
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excellent way the inclusive nature of ilmenite greins (Fig. 2). It is quite
clear, that the joins with the host mineral had been loose and thus also
were most disposed to secondary changes. The mertite may also be a
product of the mobile period. This means, that the excess of Fe, 0, origi-
nally contained in the ilmenite of primary ore, had no longer been preserved
in the ilmenite phase during the mobilization, but that immiscibility had
in part taken place. The building of martite as an event after the mobile
state seems more probable.

In choosing the material attention wes mainly paid to the different
types of ore, and not to the mode of appearance from the field geological
point of view. Therefore it is purposeless to draw more extensive coneclu-
sions in this connection. As menticned in the beginning of this paper, the
study performed has been mainly orientative. The author has attempted
to give a general view only so far as required by the explanation of the
features observed by means of the ore microscope. In the light of this the
iron ore of Otanmiki, though it in many details resembles the titaniferous
iron ore of early magmatic origin, has gained the prevailing features of
its structure as a mobilization product, caused by disturbances of a later
tectonical period and thus in its whole, the ore resembles also the Routivare
occurrence, explained by P. Ramdohr.

The author wishes to express his sincere thanks to Mrs. Helvi Vasara,
M. A. and Mrs. Toini Mikkola, M. A. for their assistance in the trenslation
of the manuscript.

GEOLOGICAL SURVEY OF FINLAND, MARCH 1947.
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EXPLANATION OF PLATE 1.

Fig. 1. Ilmenite in magnetite. Magnetite — light gray; ilmenite — slightly darker gray; silic-
ate = black. Oil immersion, magn. 580 X.

Fig. 2. An ilmenite inclusion and martite in magnetite. The lighter seeletal structure is martite
Oil immersion, magn. 380 x.

Fig. 3. Laths of spinel in magnetite. Oil immersion, magn. 380 x.

Fie. 4. Twin lamellac in ilmenite.  In the picture there can be noticed the streaks of the first
and the flecks of the second generations of hematite in ilmenite, Oil immersion, magn. 580 X.

Fig. 5. Deformed ore. Twin lamellae of ilmenite bent and broken. Undulatory extinetion in
the ilmenite also noticeable. - Nic., magn. 100 x.
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THE SCAPOLITE OCCURRENCE OF PUSUNSAARI
BY

AARNE LAITAKARI

Soboleffski, in 1839, was the first to mention the scapolite occurrence
of Pusunsaari in literature. Having commented briefly on the discovery
of graphite deposits at Pusunsaari, and on its dolomite, he proceeds in the
following manner: (1) »Enfin on trouve encore a Pouzo une roche parti-
culiere, qui parait subordonnée au gneis. Par son extérieur elle se
rapproche du feldspath. A des joints naturels tres-marqués, elle unit une
couleur violette et un éclat un peu graisseux. Cette roche dans les mains
d'un ouvrier habile doit devenir remarquablement belle.» The foregoing is

clearly a reference to the scapolite occurrences along the eastern shore of
Pusunsaari.

H. J. Holmberg (2), referring to Soboleffski, mentions the scapolite of
Pusunsaari in his mineral catalogue of the years 1857—1858, and continues
by saying that the scapolite there is regarded as forming a certain material
of the Pusunsaari granites.

In 1858 there was published by Axel Gadolin (3) a detailed deseription
of the geology of Pusunsaari, together with an accurate account of the
relation of the scapolite fels to the other rocks. This description by Gadolin
has been preserved in its main points unchanged in the work by O. Trii-
stedt on the Pitkiranta area (4). Across the northern part of Pusunszari
there runs in an E-W direction a dolomite limestone layer, in connection
with which there appear in two or three places the scapolite fels in
question. Along with the main bulk the rock contains in small amounts
the following minerals: hornblende, titanite, pyrite, quartz, apatite and
molybdenite. Scapolite is coarse-grained and light in color, more generally
reddish or violet. Along the northern edge of the limestone layer there is
in one place a very impure deposit of graphite in the form of a thin layer
in a mica-rich hornblendeschist. Graphite wes quarried here already before
the year 1838, as according to Soboleffski, the quarry was already then
old and abandoned.

Gadolin considers the scapolite as belonging to the under part of the
limestone layer but refrains from setting forth any views as to its origin
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This deposit of scapolite was trial-quarried in 1936, with the result that
new light was thrown on the question. The sketch drawn by me (Fig. 1)
and the photographs (Figs. 2 and 3) give a good idea of the scapolite and
its coarse-grainedness. Separate scapolite individuals can be up to 50 cm

;;%\ o ) e

Scapolite Gneiss Hornblendeschist

Fig. 1. The scapolite occurrence of Pusunsaari.

long and 20—30 ¢cm wide. The scapolite rock proper is to a large extent
free from foreign inclusions, among which mention can be made of diopside,
light oligoclase and quartz, as well as titanite. In the border parts there is
also some pyrite and a few flakes of molybdenite. (Close to this scapolite
occurrence in the central part of the island, a considerable amount of chal-
copyrite has been found.)

The following is an analysis of the Pusunsaari scapolite, performed by
Dr. L. Lokka in 1936:

%, Mol. prop. Atomic prop.
Si0, 47,85 0,7935  Si 7935
TiO, = P
Al,O, 27,02 2644 Al 5288
Fe,04 0,27 : 13223 = 12 X 1102
FeO — —
MnO 0,01 1 Mn i
MgO 0,16 40
CaO 1857 2811 Ca 2811
Na,O 3,88 626 Na 1252
K,O0 0,93 99 K 198
CO, 2,40 545 4262 = 4 X 1063
SO, 0,23 29
Cl 1,55 437  COy4 545
H,0+ 0.44 SO, 29
H,0— 0,07 Cl 437

1011
(Ca, Na, K), (Si, Al),, 0,, (CO,, SO,, Cl)

Scapolite thus contains about 25 9, marialite and 75 %, meionite.
Its density is 2,66, the indexes of refraction being ¢ = 1,560, ® =
1,5960, e— = 0,0305.
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There are no crystal forms present in this scapolite, but in some places,
on cleavage surfaces, there are seen lines parallel to pyramidal faces, which
shows that in certain phases of the process of crystallization there have
been crystal forms also.

Fig. 2. The largest scapolite outerop of Pusunsaari.

The scapolite fels presented in the sketch measure: the first 150% 15§
and the second 50 X 10 meters. The larger one has formed small knolls
some few meters in height (Fig. 2) while the smaller one has formed cor-
respondingly lower ones.

On the southern side the occurrences
are bounded by granite-gneisses, the direc-
tion of which coincides with the direction
of elongation of the scapolite fels. In the
region of contact the granite-gneiss is rich
in quartz and strongly deformed. Besides
quartz with an undulatory extinction, it
contains microcline, oligoclase, hornblende,
diopside and calcite with grains of ore,
apatite, titanite, chlorite and epidote as
accessory materials. The large content of
diopside, together with the hornblende
which has originated from it, is worthy
of notice.

On the northern side of the scapolite
deposit the rock is a strongly schistose
hornblende-schist of medium grain size.
The hornblende of the rock is typical of

Fig. 3. The scapolite of Pusunsaari.
the amphibolite facies and brownish green The quarried part, in which can be seen

#n colop (y bluish green > f brownish several scapolite crystal individuals.

green > ¢ yellowish brown, ¢ A y 15—22° ZV{a = 60°, ¥y — « 0,025).
As other minerals there are present andesine orlabradorite — plagioclase,
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titanite, quartz, calcite, apatite, chlorite, ore and zircon. Here and there
microcline eppears in place cf plagioclase.

Besides the two scapolite deposits presented in the sketch there are at
least a couple of similar formations in the same limestone layer. They are
all closely related to the limestone layer, none having been found else-
where on the island. In this connection there is reason to note that nowhere
in the whole Pitkiranta area, in which there are numerous similar limestone
deposits, can be found such occurrences of scapolite. Triistedt in the above-
mentioned paper says in regard to the appearance of scapolite in the Pitkéi-
ranta area, »Im eigentlichen Erzgebiete ist Skapolith ziemlich selten und
nur in geringen Mengen nachgewiesen. Gewdohnlich ist er von Plagioklas,
Diopsid, Quarz, Titanit, Apatit, Molybdinglanz und Pyrit begleitet.»

As in the Pitkiranta area in general, pegmatite formations are scattered
here and there at Pusunsaari. In certain of them microcline and quartz are
present in such a coarse form that for these they have been quarried for
technical purposes.

In 1931 I presented my views (5) to the effect that the scapolite occur-
rence in question had originated from pegmatite having penetrated into the
limestone in such a way thet the felspar and quartz had been replaced,
just as is the cese in the limestone areas of Korpo (6) and Parainen (7), in
which the pegmatite penetrating into the limestone had become scapolitized.

In the scapolite of Pusunsaari there can be found in places, especially
in the vicinity of contact, numerous inclusions of light diopside, so that
the rock can properly be called a scapolitic-diopside rock. Besides these
there are also present, in places even in considerable amounts, the following
minerals: titanite, plagioclase, calcite, quartz, apatite and a little microcline.
On the basis of the study of its optical properties on the U-stage, the
diopside is practically iron-free (2 V y = 58° ¢ A y = 38°, y—a = 0,028)
which fits in well with the hypothesis of the mode of origin set forth above.

Pegmatites are present ot Pusunsaari in numerous places, and there has
been a weak zone in the wall rock, namely the limestone layer, into which
the pegmatite material has penetrated. The pegmatite material, along
with the liquids and gases accompanying it, has contained sufficient
amounts of S8i0,, Al,O, and slkalies, together with the necessary amounts
of sulphur and chlorine. The dolomite-limestone has contained encugh
Ca0, MgO and CO,. Under such conditions there has formed at Pusun-
saari, in place of the ordinary pegmatite, the scapolite fels there present,
appearing as coarse-grained masses of the same order and grain size as the
closely related pegmatites. The surplus of alkali and SiO, has wandered
further or changed the adjacent rock, and a part of the Mg of the dolomite,
together with the SiO, present. has formed diopside, which in these condi-
tions has remained poor in iron content. At the same time there has formed
in the same layer some pyrite and molybdenite in a scattered form, together
with the slightly larger amount of chalcopyrite in cne place.
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The scapolite of Pusunsaari thus seems to have formed in the same
way as the scapolite-pegmatites of Korpo and Parainen, by liquid and gas-
rich pegmatite magmas having penetrated into limestone. The regional-
metamorphic mode of genesis as applied to the scapolitic rocks of Northern
Sweden (8,9) and Northern Finland (10) cannot be applied in this case.

Why scapolite fels have not formed elsewhere in the Pitkiranta
area, where geological conditions are similar, remains unexplained. Condi-
tions at Pusunsaari in particular have been especially favorable for the
formation of scapolite, because, as far as I know, such large occurrences of
scapolite are indeed rare.

In comparison with other scapolite occurrences those of Pusunsaari are
peculiar in that they are so large in size and also because they consist
almost entirely of pure scapolite as large crystal individuals.
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9.

GRANITE-PORPHYRY FROM OSTERSUNDOM II

BY

L. H. BORGSTROM

THE OUTCROPS OF GRANITE-PORPHYRY

The author described already in 1907 an occurrence of granite-porphyry
at Ostersundom, 20 km east of Helsinki—Helsingfors. In later years,
however, several new outcrops of this rock, which is quite rare in this part
of the country, have been located. Because of the nearness to Helsinki it
is probable that the granite-porphyry vein will often be visited by students
interested in geology. A guide to the outcrops may therefore be of use.

The granite-porphyry emerges at several places along a line, which
from the little lake Heltingtrisk runs in a SSE:ly direction to the island
Farholmen in the neighbourhood of Skyttenskér. The distance is 12 km.
It is evident that the fissure into which granite-porphyry intruded was
not a continuous open crack of uniform breadth. The width of the dike
changes in some places gradually, in others rather abruptly. In a few
places the vein splits up into several parallel dikes, as in the vicinity of
lake Heltingtrisk. It seems that the crack has remained closed along part -
of its length. The strike as seen in the different outcrops deviates more or
less from the general direction of the vein. In Gumbostrand, at Fransman’s
and at Hartwall’s, the strike of the dike is SE. Also on the island Tak-
vedaholmen the pieces of the veins seen in the surface of the rocks run
SE or SSE, although the outcrop of Hartwall’s lies in a SSE:ly direction
from Fransman’s and the outcrops of Takvedaholmen nearly S from the
vein at Hartwall’s. A study of the map (Fig. 2) will make this clear.

The schematic map (Fig. 3) and the insert show a way in which the
string of outcrops possibly was made. According to this, the original crack
was sincus. At the time of the intrusion, or shortly before it, the walls of
the crack were displaced in relation to each other, as shown by the arrows
in the insert. The older rocks in which the granite-porphyry intruded are
described by Kranck and Wegmann (Bull. de la Comm. géol. de Finlande
N:o 89, 1931). The older rocks have a general strike in N60o°E, which is
proved by the arrangement of the enclosed pieces and of the stripes in the
migmatitic granite. These older features are crossed by a few young dia-
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Fig. 1. Map of the outcrops of
granite-porphyry at Ostersundom.
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base-veins, which usually are nearly vertical
and mestly strike in about N 60° E, or at
about right angles to the direction of the
granite-porphyry.

It is very convenient to visit the outcrop
of granite-porphyry which is only 150 m north
of the new road between Helsinki and Borga,
26 km from Helsinki (on the map at Akerkirr.
This place has the number 12 on the map
from 1907). — If the visitor proceeds along
the highway towards Borgé and takes the road
to Gumbostrand 2 km farther on, following it
until the sea becomes visible, and then takes
a byway to the right along the border of a
field, he will pass across the granite-porphyry
dike at Fransman’s. This is N:o 13 on the map
Fig. 2. The vein, which is 7—8 m broad, is
here uncovered for a length of about 30 me-
ters. The porphyry has in the middle of the
vein a greyish, fine-grained ground-mass. This
ground-mass darkens towards the borders, and
close to the contact it is vitreous and pitch
black. 20—40 cm from the contact, where
the ground-mass appears dense, the rock surface
cracks and disintegrates under atmospheric
influences, forming smalllenticularpieces. Both
ends of the vein disappearunder the overburden
of till. The NW end of it points towards the
outerop N:o 12, which is 1.5 km fartheraway.
Althcugh the rock surface is bare on the
greater part of the area between N:o 12 and
N:o 13, there are no signs of the vein in the
interval between these two outerops. Towards
SE the vein probably crosses a diabase vein,
which can be seen in front of the main entrance
to the building of Fransman’s. Itis deplorable
that the exact crossing of these veins is
covered.

The granite-porphyry reappears at the rock
surface on the peninsula at Gumbostrand
(outerop N:o 14), o.skm from N:o 13. Here the

dike attains its greatest width, 1o m. A visitor who walks round the inner-
most partof the little bayof Gumbostrand, and then ascends the ridge on the
peninsula, crosses the dike on the summit of this ridge, and may be able
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to follow it for about 50 m to the west. The ground-mass of the granite-
porphyry is a little coarser than that of the other outerops, and the differ-
ent grains of it can be distinguished by the naked eye. (An account of the
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Fig. 2. Map of the granite-porphyry veins at Gumbostrand.

microscopic investigations is given later on.) Towards SE the vein is soon
covered by the moraine, but it reappears 50 m to the east on an area of
a few m? as a peculiar, black, lustrous, coal-like coating on the vertical
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Fig. 3. Schematic drawings of the granite-porphyry veins.

rock which forms the north boundary of the little garden of Hartwall’s.
This coal-like substance is the contact between the granite-porphyry and
the older rock. It stuck to the latter as the clefts to which the little
valley owes its origin split up. These clefts show that the crack followed
by the porphyry at its intrusion very much earlier still exist.
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At a distance of a few paces farther to SE the dike continues as a 20 m
long and about one meter broad seam, on which runs a path alcng the
foot of the continuation of the above mentioned steep rock-wall.

The granite-porphyry dike appears again at Takvedaholmen, o.5 km
south of the outerop at Hartwall’s garden. As the dikes at Takvedaholmen
and at Hartwall’s strike in SSE they probably do not form a direct con-
tinuation of each other. It may be that the vein has been faulted or that
it has been split up into two parallel veins. The outcrops on Takveda-
holmen are easy to locate at the cliffs on the southern shore of the island,
a little W of the house of Mr. Kindt. A rock surface of migmatitic red
granite is here crossed by 1.2 m thick dike of granite-porphyry which can
be followed for about 15 m. Near the shore, where the surface of the por-
phyry is washed clean from lichen, it is possible to discern different systems
of cracks in the dike. There are three systems which are nearly per-
pendicular to the vein and form angles of about 120° with one another.
It is possible to find some pieces forming six-sided prisms, which recall
the pillars in the famous basalts, Fingal’s Cave or Giant’s Causeway, and
have been formed by the cooling and shrinking of the vein-eruptive.
These cracks never cross the boundary line of the dike. Other cracks
continue from the dike to the country rock, and bear witness of the stress
in the local rock-ground. The outcrop at Takvedaholmen dives towards
W under the water and the swampy vegetation of the shore, but the dike
appears again 10 m to the west as a small and irregular patch of porphyry.
Another 10 mstill farther westwards the dike is only half a meter broad, but
it can be followed for about 25 m before it disappears under the moraine.

From Takvedaholmen it is § km to the next outcrop, on Farholmen.
The rock surface between these two islands, Takvedaholmen and Far-
holmen, is for the greater part under the sea level but, anyhow, there are
long stretches of rock shores and naked rock surfaces, where a continua-
tion of the porphyry dike would be detected, but so far the search has
been in vain. It is probable that the crack has never opened between
these last two known outerops. The dike at Farholmen was discovered by
Wegmann and Kranck, who, however, did not associate it with the granite-
porphyry of Ostersundom.

The vein appears on Farholmen as a dark seam 4.5 m in thickness,
which crosses the belt of reddish, granitic rocks at the shore on the NW
side of the island. On closer inspection of the rock-surface one perceives
small porphyric crystals of felspar and quartz in a dark ground-mass, and
between them rounded or oblong patches, one to two mm in diameter, the
central parts of which look like small cavities in the weathered surface of
the rock. Under the microscope these turn cut to be miarolitic druses
which in the outer part of the vein are rounded and related to the amyg-
daloid structure. The minerals in the miarolitic druses are quartz, mica,
and felspar, with calcite filling the central parts.
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Where the surface of the granite-porphyry is fresh, or where it has been
cleaned by ice and waves, it is dark grey in colour. A surface which has
been longer weathered is lighter grey. In the vicinity of the contact, where
the ground-mass is glassy, the rock is split up by the weathering. Small
concave depressions, only a few cm across, lie beside one another, and are
covered by sharp-edged splinters. This formation, which is less than half
a meter broad, is a distinctive feature which may be used when searching
for dikes where the migmatite of the country rock is grey or dark. If the
migmatite is light-coloured or reddish, the granite- porphyry is easy to
distinguish from it on the rock surface.

MICROSCOPIC FEATURES

Where the dike attains a thickness of 10 m the groundmass of the
central part of the dike shows a microgranitic structure in the microscop-
ical slides. The porphyric grains are of
about the same size and occur in the
same number as in the northern occur-
rences of the dike, which were described
in 1907. The porphyry grains vary 7
greatly in number. One sample, 10 by
15 cm, may show a dozen porphyric
grains, another only a few. In a usual
thin-section 2—35 porphyric crystals are Yy,
often found, and usually there are a - N,/ B

greater number of the miarolitic druses, /% Q;\i\%\\i

which, because of the coarse grains of ///"E\*

their quartz, appear as light spots like c

the phenocrysts. Towards the bounda- I'ig. 4. Granophyric structures » 200.

ries the microscopic characteristics of the

rock correspond to the description of 1907. Nearer the centre the structure
varies, the structure of the ground-mass sometimes becoming aplitic. In
some places, as for instance in the neighbourhood of the miarolitic druses,
highly developed granophyric and micropegmatitic structures appear. A
careful search using high magnification reveals a great variety of grano-
phyric structures distributed in all parts of the ground-mass. Sometimes
they resemble common micro-pegmatite (Fig. 4d), sometimes they con-
stitute structures in which the felspar forms a system of lamellae between
which the quartz is interbedded (Fig. 4¢). In some cases the felspar forms
small idiomorphic crystals surrounded by an aureole of allotriomorphic
quartz (Fig. 4b). Oragain an idiomorphic crystal of felspar lies swimming
in clear quartz into which a seam of felspar needles grows out from the
crystal at right angles to its faces (Fig. 4a). The felspar needles are not
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always straight and may vary in shape (Fig. 4d). The quartz which en-
closes felspar lamellae or felspar-crystallizations of the above kind is usu-
ally quite allotriomorph against the felspar individuals which surrcund it.
In those parts of the dike in which the felspar forms greater and better
crystallized grains, also the mica and the hornblende show less jagged
shapes, and their tendency to form poikilitic structures and long-drawn
crystal skeletons is less apparent than in the outer zones of the dike which
have been more quickly chilled. — The grains of the ground-mass in the
middle of the thicker dikes are 0.1 to 0.15 mm. The phenocrysts here
measure 0.5 to 1.0 mm, and in general they do not differ in size from the
phenocrysts in the part with subcrystalline or glassy ground-mass. The
quartz phenocrysts are smaller and less numerous than the felspar crysts,

THE AGE OF THE GRANIT .~-PORPHYRY

The granite-porphyry intruded into and was solidified in comparatively
cold surroundings, as shown by its vitreous borders. Dikes of equal
thickness do not show chilled borders when traversing rocks which were
still warm at the time of the intrusion. Such dikes, e. g. the granite dikes
in the Onas granite, show smaller grains than the Onas granite proper, but
are still fine-grained granites and do not, like the granite-porphyry of
Ostersundom, show structures which bring to mind those of hypabyssal
rocks. It seems that even in comparatively »cool» surroundings only narrow
dikes have vitreous borders. Eruptive dikes of 30 meters and more in
thickness seem to be able to heat the country rock to such an extent that
the solidification of the dike becomes slower and permits of the formaticn
of structures similar to those in abyssal rocks.

The country rock of the dike, the migmadtite, is with good reason believed
to be generated by the heating and partial re-melting of strata which were
downfolded to a great depth. Because of the isostatic balance these strata
were lifted back almost to the surface of the earth when the slow process
of denudation had removed the overburden. In this way they were brought
into »cooler» zones of the earth’s crust, where also the static pressure was
low enough to permit the rocks to be brittle. That the country rock of the
porphyry was brittle is proved, not only by the nature of the fissure into
which the rock intruded, but also by the study of thin-sections from the
contact between the glassy border of the dike and the country rock, which
show that the rock was crushed and to some extent ground to a fine powder
by the movements of the walls of the crack against each other before the
intrusion happened. Stresses in the brittle part of the earth’s crust had
produced the cracks into which the porphyry intruded. From these circ-
umstances we may infer that the granite-porphyry is very much younger
than the migmatite.
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As already mentioned in 1907, the chemical composition of the granite-
porphyry does not differ very much from the composition of the Onas
granite, which is at a distance of about 6 km from Farholmen. A continua-
tion of the dike would run into the Onas granite at its southernmost oc-
currence on the island of Ragskir. This seems to point to the possibility
that the granite-porphyry may be an offshcot of the Onas granite.

The Onas granite intruded into brittle and not into plastic strata, as
the beautiful breccias along its southwesterly border prove. The country
rock was not cool enough to modify the structure of the Onas granite to fine-
grained or to quartz-porphyric modificaticns at it contacts. In the breccias
and for a distance of a few hundred meters from the contact the grains of
the Onas granite are half their usual size. Now this has been thought to
signify that the Onas granite intruded into strata which, because of greater
distance from the earth’s surface, were warmer than for instance the
country rock when the granite-porphyry intruded. If one considers the
great bulk of the Onas granite, about 2o km?, one may draw the conclusion
that the differences in structure of the main mass and of a stringer like the
granite-porphyry can be ascribed to the differences in bulk of the erup-
tives. It does not necessarily mean that the porphyry was intruded into
decidedly cooler strata than the granite stock. The granite-porphyry may
thus belong to the Onas granite. The Onas granite, as also the rapakivi
granites and the granite-porphyry, has been spared from folding and
differs in this respect from the older rocks in the neighbourhood. The
hypothesis that the contacts of the Onas granite would signify that this
rock was solidified at a considerable depth and because of that could not
‘be connected with the granite-porphyry is contrary to the conception that
the volcanic rocks of Hogland are offshoots of the great Wiburger rapa-
kivi granite of Viborg, which conception has been verified by observations
on the island Someri!, where rapakivi granite with chilled, quartzporphyric
borders against the labradorporphyrite occur. In other places the rapakivi
contacts are quite similar to the contacts of the Onas granite.

Regarding the relations between the granite-porphyry and the numer-
ous diabases, which occur along the north shore of the Gulf of Finland,
it may be stated that they, like the granite-porphyry, form narrow dikes
with vitreous borders, and do not show any signs of regional metamorphism.
Because of this they are considered to belong to the youngest Precambrian
rocks. The author believes them to be older than the Onas granite,
because he has in vain looked for diabase veins in the Onas granite, al-
though such veins are common in the surrcunding territories. Because of
the same reasons the rapakivi of Viborg must be younger than the dia-
bases. Diabase dikes are not found in the rapakivi district but occur in
the older rocks to the west and to the east of it. If these diabases are older
than the Onas granite, they are also older than the granite-porphyry of
Ostersundom.

1) W. Wahl: Geol. Firen. Forhandlingar. 1938. p. 88.
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PLATE I

Fig. 1. The granite-porphyry dike on the south east of the island Takvedaholm.
Figs. 2 and 3. Microphotographs with crossed nicols x 30. Micropegmatitic structures,
Fig. 4. Microphoto x 200, showing granophyric structures.

Fig. 5. The granite porphyry dike on the north shore of the island Firholmen.
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L. H. Borgstrom: Granite-porphyry from Ostersundom II,






10.

SOME RECENT TRENDS IN THE GEOCHEMICAL INVESTIGATION
OF THE LITHOSPHERE

BY

KALERVO RANKAMA

Geochemistry is defined as the doctrine of the chemical composition
and chemical evolution of the Earth. The field of geochemistry, compared
with its parent sciences, geology and chemistry, is not very old. True
encugh, the name »geochemistry» was used already a little more than a
hundred years ago, or in 1838, by the Swiss chemist Chr. F. Schonbein.
However, the classical book »The Data of Geochemistry» written by the
American scientist F. W. Clarke in 1908 is to be considered as beginning
the evolution of geochemistry in the modern sense. Since Clarke’s time,
this branch of science has been in a state of constant progress leading,
until approx. 1920, to the discovery of much fundamental knowledge on
the geochemistry of the different spheres of the Earth. Among the more
important contributions to the geochemistry of the lithosphere the work
of the Norwegian scientists W. C. Bregger, J. H. L. Vogt, and V. M. Gold-
schmidt must be especially mentioned.

Beginning with the third decade of the Twentieth Century a new era
started in geochemistry, leading to the discovery of the fundamental laws
governing the distribution of the elements, and mainly due to the persistent
work of V. M. Goldschmidt. The new progress is found to be partly
incorporated with the evolution of modern physics, more especially of
atomic and nuclear physics, and, partly, with the development of new
chemical and physical methods of determination of the elements, particu-
larly optical and X-ray spectrochemical analysis. Accordingly, the geochem-
ical distribution of most of the elements is known, mainly by the work of
V. M. Goldschmidt and George Hevesy and their co-workers, and of Ida
and Walter Noddack.

It seems to the author that a new phase of evolution is beginning, once
again, in geochemistry, more especially in the study of the lithosphere. As
to the remaining branches of geochemistry, there is ample proof of a lively
activity. To mention some authors of most recent contributions, there are
E. J. Conway and H. Pettersson working on the Oceanic geochemistry,
G. E. Hutchinson on biogeochemistry, and R. Wildt on chemistry of the
stellar atmospheres.
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With especial reference to the investigations dealing with the geo-
chemistry of the different elements in the lithosphere, most of them leave
something out of consideration, viz. the question of the regional distribu-
tion of the elements, as has been pointed out by the present author on a
previous occasion (Rankama, 1944, p. 63). The potential value of regional
geochemical investigations was emphasized previously by Sahama and
Rankama (1938). This branch of geochemistry has, since then, received
considerable attention in the working program of the Geochemical Labor-
atory at the Institute of Geology, University of Helsinki, a laboratory built
under the auspices of Professor Pentti Eskola. The work carried out at
Helsinki has, thus far, dealt with the distribution of the rare earths
(Sahama and Rankama, 1938; Sahama and Véhéatalo, 1939), rubidium and
caesium (Erimetsi, Sahama, and Kanula, 1941), and tantalum and niobium
(Rankama, 1944, 1947), more especially in the Finnish Archean formations.
By these investigations it has been found possible to divide the rocks into
certain provinces and formations showing marked similarities in their
content of certain of the rarer elements, often termed Index or Pilot Ele-
ments (¢f. Goldschmidt, 1932). It further seems to be possible to extend the
results of regional geochemistry to establish the order of the Pre-Cambrian
granites of Finland according to their ages, with due respect to their con-
nections with the orogenic cycles.

Important recent contributions to regional geochemistry are two papers
by Sahama (1945 a and b) dealing with the trace elements in the rocks
of South Lapland and in East Fennoscandian rapakivi granites. In Sweden
Lundegardh (1946) has published a rather copiocus volume on the rock
composition and development in Central Roslagen, largely based on geo-
chemical considerations. As a result of the work carried out nearly ex-
clusively in Finland and in Sweden the Pre-Cambrian granites are now
decidedly the best-known rocks as to their geochemical features.

The importance of regional investigations in geochemistry is well under-
stood also in many countries outside Fennoscandia. In this connection the
large work on the composition of the Earth’s crust in the East Indian
Archipelago by van Tongeren (1938) must be mentioned.

An attempt at the geochemical characterization of the Pre-Cambrian
of Finland on the basis of the granites has been made by the author (Ran-
kama, 1946) together with a discussion on the geochemical migration of the
elements on global scale, as illustrated by some geochemical features of
granitization.

The application of geochemistry to problems connected with the forma-
tion of ore deposits has been studied by Landergren in Sweden on several
occasions. Thus far, the most recent of his papers (1943) deals with the
geochemistry of iron ores of the Griangesberg Mining Field. This paper
contains a series of important results in the interpretation of the origin of
these ores. By the study of the distribution of certain elements in the ores
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and in their country rocks Landergren decides that the ores are of second-
ary magmatic or palingenic origin. The important role of geochemistry
in the study of ore deposits is easily detected by the examination of Lander-
gren’s paper cited above, and still more interesting results are to be ex-
pected from his work on the geochemistry of all Swedish iron ores which
is, at present, close to its completion. It is not possible, in this place. to
refer to the large number of papers published in different countries, dealing
with the geochemistry of ores and ore-bearing formations. The important
recent papers of Oftedal (1940) in Norway and of Gavelin (1943) and Gab-
rielson (1945) in Sweden can be mentioned only in passing; the many Amer-
ican contributions to these subjects seem, with few exceptions, to be based
on information of more or less qualitative character.

By the survey presented above the fact will become evident that there
has occurred, during the past ten years or so, a definite trend in geochem-
istry towards its application to problems of general and regional geology
and petrology. Compared with the above contributions, certain other
recent work, pertaining to the gathering of more basic knowledge of the
laws ruling over geochemistry, thus far, seems