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ABSTRACT

PETROLOGY OF A DIFFERENTIATED ANORTHOSITIC

INTRUSION IN NORTHWESTERN WISCONSIN
by James F. Olmsted

The Keweenawan gabbros of the south side of the Lake
Superior synclinorium are large sill-like bodles that intrude
the Middle Keweenawan lavas. The Mineral Lake Intrusion is
a single, very thick (16000 ft.) anorthositic body that has
been concordantly emplaced near the base of the Keweenawan
lavas. The intrusion 1s strongly differentiated and dis-
plays rock types ranging from ultramafics to granites. The
middle levels of the intrusion contain rocks grading from
olivine gabbro to anorthosite to ferrodiorite displaying the
extent to which fractlonation has taken place.

Detalled fileld studies indicate that the body was in-
truded as a partially crystalline mush. Movement of the magma
during emplacement resulted in the development of a strong
fluxion structure that is particularly well-developed in the
anorthosite zone. Fileld occurrence of the different rock
types indicate that movement of the magma was parallel to the
floor in an updip direction. An absence of igneous layering,

gradual decrease of mafic content from the base upward and




James F. Olmsted

occasional masses of ultramafic rocks near the base all
suggest differential settling combined with flowage in one
direction parallel to the floor rather than convection
currents as a mechanism of differentiation.

Mineralogical studies, accomplished both optically and
chemically, show that plagicclase and olivine, for the most
part, crystallized from a basaltic liquid and formed the
solid fraction of the magma during emplacement while much of
the pyroxene and part of the plagioclase crystallized from an
interprecipitate liquid.

The mineralogical data combined with chemical studies
of the lower chill zone show that the liquid which was
chllled to form these rocks was the product of strong
fractionation. Comparisons of the trends of this 1ntrusion
with those of the Skaegaard Intrusion suggest that the
chill zone is the product of the fractionation of a basaltic
ligquild which was about 50 per cent solid at the time of em-
placement. Comparisons of these trends with experimental
studies show that the Iintrusion solidifled under conditions
of extremely low oxygen pressure and the process was one
approaching perfect fractionation and constant total compo-
sition. The result of these conditions was to produce large
amounts of early magneslan mafic phases which did not rise
to the level of exposure. Much of the early plagioclase was
carried to higher levels in the intrusion either by float-
ation or friction with the ligquid to produce the anorthositic

rocks which form most of the exposed part of the intrusion.
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The distribution of iron and magnesium in the mafic
phases suggests a drop of about 300° centigrade from the
time of the earllest to the latest pyroxene and olivine to
form. Petrographlic studies of the highest acid residues
indicate that they are subsolidus and therefore have crystal-
lized below 660° centigrade.

An origin for the excessive amounts of anorthositic
rocks 1s proposed which 1nvolves the normal fractionation
process dnder the conditlons outlined above combined with
differential settling under conditions of unidirectional

flow.
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CHAPTER I

INTRODUCTION

Statement of the Problem

The Keweenawan intrusives of northwestern Wisconsin are
a series of thick sill-like bodies that range from nearly
ultrabasic to granitic in composition, but are mostly gabbros.
The maps of thls region published with Bulletin #71 of the
Wisconsin Geological and Natural History Survey indicate that
the intrusives extend from the Michigan-Wisconsin boundary
near the village of Hurley, southwesterly along the strike of
the Keweenawan structure for nearly fifty miles. These maps
indicate that the intrusives vary from about a mile to as
much as five miles in width (Fig. 1). The gabbros intruded
the older Keweenawan volcanlcs and are generally concordant
with them, although Aldrich (1929, p. 120) noted that over
distances of several miles some crosscutting is evident.

In the vicinity of English and Mineral Lakes, T. 44
and 45, R. 3 and 4 west, the belt of intrusive rocks is
approximately five miles in width. From a brief study of
Figure 1, the volcanics appear to have been bulged to the
north by the intrusives in this area. Leighton (1954) has

found that these intrusives form a multiple complex with at



least two and possibly more separate intrusions which have
been emplaced along the bedding of the enclosing volcanics.

The lowermost intrusive unit in this area is a very
thick, tabular body which has been differentiated to a con-
siderable degree. Thils unit, the Mineral Lake Intrusion, is
on the order of twelve to fifteen thousand feet thick, and
i1s the principal subject of this study.

A search of the lliterature reveals little petrologic
information concerning the intrusive rocks of this area,
however, published maps made by Aldrich (1929) clearly indi-
cate the presence of a large mass of anorthositic gabbro
north of Mineral and Engllish Lakes. Aldrich dealt specifi-
cally with the underlying Huronian serlies and therefore made
only general reference to the Keweenawan units. A later
paper by Leighton (1954) deals with the gabbro-redrock
association which is stratigraphically above the Mlneral Lake
Intrusion. Leighton made only brief reference to the presence
of anorthositic rocks, although, it now 1is apparent that
Leighton's southern unit is the upper part of the Mineral
Lake Intrusion.

On the basis of the above information and a brief
visit to the area in the fall of 1962, it became apparent to
the writer that the Mineral Lake Intrusion may be a large,
slngle, differentiated intrusion similar in many respects to
other large tabular lgneous complexes. With thls somewhat
vague information, a study was proposed with the following

objectives in mind:
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1. To determine if the Mineral Lake gabbro is a
single intrusive.
2. To determine the origin and petrologic nature of
the large mass of anorthosite.
3. To provide a detailed outcrop map of a well-
exposed sectlon across this intrusive sequence.
Very early 1n the course of the field studlies 1t became
apparent that the plagioclase of the anorthositic portion of
the intrusive possessed a pronounced parallel orientation.
Such textures are often interpreted as evidence of flow
(Wager and Deer, 1939) and hence imply a mechanism of differ-
entation. Leighton (p. 410) used the terms ilgneous lami-
natlion and fluxlon structure as synonyms and this use of the
terms 1s followed here. The very large volume of anorthosilte
without a complimentary mafic rich zone such as Hess (1960)
described in the Stillwater Complex posed a challenging
problem. Taylor (1964) noted that the anorthosites of the
Duluth Complex likewlise show evidence of transport and lack
thelir mafic compliments. Unfortunately, the base of the
Duluth anorthosite was itself intruded by later gabbros
rendering complete study 1mpossible. This problem does not
.exist in the Mineral Lake Intrusion, therefore an opportunity
is presented to investigate an uncomplicated example of a
large body of anorthosite to determine the mechanism by
which it was separated from its parent magma.
Another problem that was investigated to some extent

1s the relationship between the trend of the differentiation



and the partlal oxygen pressures at varying stages of cooling
of the magma. Thils has been accomplished by comparing the
ratios of ferrous to ferric iron in samples taken from differ-
ent levels in the intrusion.

Finally, a rather detalled study of the textures, par-
ticularly near the base of the intrusion, was undertaken for
the purpose of gathering information concerning mineral
habits and textures in relationship to composition of the
rock, and location within the intrusion. It 1s felt that
such data 1s of value to the further definition and under-
standing of igneous textures, particularly the ophitic
variations of basic rocks.

Early in the study an investigation of the distributilon
of minor elements throughout the intrusion was planned. As
the project progressed it became apparent that; (1) such a
study could only follow a thorough understanding of the
mineralogical and major element variations, and, (2) these
latter variations are sufficient to describe the trend of
differentiatien of the intrusion. The fact that all of these
undertakings could not be completed within a reasonable
amount of time made it necessary to postpone the minor ele-

ment study until a thorough understanding of the petrology of

the intrusion has been gailned.



General Geology

Regional Setting

The Keweenawan rocks of northwestern Wisconsin consti-
tute the southern limb of the Lake Superior synclinorium
(Van Hise and Leith, 1911, p. 234). This belt of Keweenawan
rocks ranges in width from 10 to about 40 miles, extending
from Keweenaw Point, Michigan on the east to the Wisconsin-
Minnesota boundary on the St. Croix River (Van Hise and
Leith 1911, p. 376). The general trend of the structure is
northeasterly with dips to the northwest. In Wilsconsin, the
Keweénawan succession is underlain to the south by the Gogebic
series of Animikian (Huronian) age. The trend of this group
is also northeasterly so that the major unconformity between
the two groups 1s not apparent, a relationship which has been
the subject of some controversy. According to Van Hise and
Leith (1911, p. 376) the Keweenawan succession is composed of
a basal conglomerate, a thick (Middle Keweenawan) igneous
sequence and a very thick sequence of coarse to fine clastics
that make up the Upper Keweenawan part of the succession.
The Mineral Lake Intrusion 1s later than the Middle Keweenawan
volcanics but there 1s no clear evidence that 1t is earlier
or later than the Upper Keweenawan. Traditionally, the
igneous rocks of the region are classed as Middle Keweenawan
80 that the rocks intrusive into the volcanics must be con-

Sidered as the latest of this group.



TABLE 1.--Stratigraphic succession of Precambrian rocks of

Northwestern Wisconsin (modified from Leith, Lund, and Leith,
1935 and Goldich et al., 1961).

Era Period-System

Sequence

Formation

Late Keweenawan

Precambrian

Middle

Conglomerates,
Sandstone and
shales

Basic and Acid In-
trusives

Conglomerates?

Basic and Acid

Quartzlte and
Conglomerate

Middle Huronian
Precambrian

Animikie
Group

Unconformity
Tyler Formation

Basic Igneous
Ironwood Formation
Palms Formation
Unconformity
Bad River Formation

Sunday Quartzite

Timlskaming

Early
Precambrian
Ontarian

Not Represented Unconformity

Kewatin

Laurentlian Granite

Intrusive Contact

Greenstone and
Schist




Stratigraphy of the Animikian Series

In the course of the field studies rocks of Animikian
age were mapped 1in only two exposures. Although these rocks
are poorly exposed in the map area, there is little doubt as
to their occurrence and gross structure. Previous maps by
Aldrich (1929) and the Bear Creek Mining Company (unpublished)
show the relationships that are reflected in the two outcrops
examined. Other exposures out of the map area have been ex-
amined for the purpose of familiarization, but no detailed
studles were attempted.

Aldrich (1929) thoroughly reviewed the stratigraphy of
the Animikian serles so that only brief mentlon need be made
here of the various units. The lowermost Huronian formation
1s the Bad River dolomite which directly overlles the Archean
schists, gneisses, and metavolcanics. Aldrich (1929, p. 79)
assigned this somewhat discontinous formatlon to the Lower
Huronian which 1s separated from the overlying units by a
well-defined unconformity.

The Palms slate and quartzite and the Ironwood iron
formation are next in this order and together with the Tyler
formation they constitute the Upper Huronian. The combined
thickness of the Palms and Ironwood is at least 1000 feet.
Exposures of both of these units near the basal contact of
the Keweenawan gabbro may be seen in Sec. 14, T. 44 N., R.
4 W. As implied by the name above, the Palms formation is
somewhat variable in composition, ranging from conglomerate

to arkose and feldspathic greywacke. Near the top of the



formation a continuous bed of vitreous quartzite marks the

contact with the Ironwood formation. This quartzite member
may be seen in outcrop in Section fourteen south of Mineral
Lake.

The Ironwood is a typical bedded iron formation com-
posed of fine-gralned chert and various iron minerals,
namely hematite, magnetite, iron silicates, or carbonates.
The formatlion has been divided into five members depending
on the mineralogy and proportions of the minerals (Aldrich,
1929). The total thickness of the Ironwood is about 650
feet and 1s quite constant except where folding has thickened
the formation. Aldrich (1929) discussed the stratigraphy and
petrology of the Ironwood formation in considerable detall
s0 additional description is not necessary.

Aldrich has indicated that the contact between the
Ironwood formation and the underlying Tyler formatlon is not
exposed, but that where the contact has been examined 1n
drill cores there 1s no evidence for any unconformable re-
lationship. The Tyler formation is about 10,000 feet thick,
however, because of either faulting or erosion it 1s often
thinner and at the west end of the Penokee Range 1s missing.
Frém the descriptions presented by Aldrich, the Tyler is
probably best called a greywacke although its composition

varies from quartzite to a thin-bedded shale.
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Stratigraphy of the Keweenawan Series

As indicated earlier, the exact nature of the contact
between the Animikian and the Keweenawan series is not com-
pletely clear. Van Hise and Leith (1911, p. 234) reviewed
the field relatilonships and concluded that the Animikian
series had undergone moderate metamorphism and subsequent
uplift and erosion prior to the beginning of Keweenawan
time. They note that at either end of the Penokee Range
the Keweenawan rocks overlie older rocks than in the central
part of the range suggestling the presence of an unconformity
representing a considerable lapse of time.

The views presented by Aldrich (1929, p. 122) are
somewhat different. Brilefly, Aldrich has concluded that
the units are unconformable, but that the break 1s insignifi-
cant and where there are crosscutting relatlonships the con-
tact is a fault plane along which rocks of the two units have
been brought into contact in an angular relationship. If
this 1s indeed the case, then there 1s no time lapse between
the series and the rocks that are assigned to the Animikian
in this area are somewhat younger than usually considered.
These crosscutting felationships are such that in T. 44 N.,
R. 4 W., southwest of the map area of this study, the
ngeehawan intrusives bevel completely across the Animikian
rocks agnd are in pontact with the pre-Animikian or Archaen
complex. This crosscutting is what Van Hise and Leith (1911)

congider as evidence of a deep erosion surface and Aldrich
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(1929), uses as proof of a fault surface separating the two
serles.

The Lower Keweenawan 1s represented in this area by a
coarse quartz pebble conglomerate. Outcrops of this unit
are rare 1in Wisconsin, but Aldrich (p. 110) has shown that
they are numerous enough so that one can say with some confi-
dence that 1t 1s continuous from Mellen eastward to the
Montreal River.

The Middle Keweenawan, represented by the entire group
of volcanics, is found along the north and south shores of
Lake Superior. In Wisconsin the volcanies have been in-
truded along bedding planes or bedding plane faults by both
baslic and acidic plutonic rocks. Although some of the in-
trusive rocks may be younger all are conslidered to be Middle
Keweenawan in this paper. The granite that intruded the
gabbro 1n the area west of Mellen has been dated by Goldich
et al. (1959) at one billion years. This granite body appears
to be the youngest of the intrusive rocks and there 1is little
doubt as to the relationship between 1t and the complex of
gabbroic rocks.

Between the uppermost volcanic unit and the south shore
of Lake Superior there occurs a very thick sequence of coarse
to fine clastiecs that 1is assigned to the Upper Keweenawan.

The total thickness of this series i1s probably on the order of
20,000 feet, but it is poorly exposed and little is known of
the structures. The dip of the Upper Keweenawan steadily de-

creases as one traverses from south to north, until it is
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essentially flat lying near the axis of the syncline near the
city of Ashland and the Bayfield Peninsula (Van Hise and

Leith (1911, p. 376).

Structure of the Area-

Basically, the structure of the area 1s simple although
numerous complexities may be seen locaily. Aldrich notes
that the northeasterly strilking units have been tilted toward
the northwest so that 1n the map area the structure is a
homocline but is really the south 1limb of the larger Lake
Superior syncllnorium. As may be expected, the degree of
tilting that has taken place has not been uniform and has re-
sulted in the production of local torsional stresses. The
release of these stresses resulted in structures of two types;
cross faults that are of the nature of hinge faults and cross
folds whose axes strike at an oblique angle to the major
structures.

Aldrich (1929, p. 130) concluded that many of these
transcurrent structures cut across both the Keweenawan and
Animikian rock units, hence, those stresses which have
affected the younger rocks likewlse were operative in the
tilting of the underlying Animikilan rocks. It is apparent
to the present writer that such evidence is inconclusive
for, regardless of the events that have affected the
Animikian series prior to Keweenawan time, it 1s to be ex-
pected that the later event also may have affected these

rocks.
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Several lines of evidence indicate that the sinkling of
the Lake Superior baslin and resultant tilting in the area
continued over a rather long period. Deformation appears to
have commenced soon after the beginning of the Middle
Keweenawan volcanic actlvity and probably continued until
near the end of Keweenawan time. The gradual decrease of
dip of both volcanics and overlying sedimentary units as one
traverses northward seems to support this idea. Sandberg
(1938, p. 820) indicated that the fanning of dips of the
flows in the Duluth area points to simultaneous volcanism
and tilting.

If the reasoning here 1is correct and deformation con-
tinued over the period of time indicated, then it follows
that thls deformation influenced the emplacement of the in-
trusive rocks of the area. Aldrich (1929) proposed a hypo-
thesls involving the differential tiltlng that, as mentioned
above, produced both the cross faults and folds. He advo-
cates that the folds produced at an obligque angle to the
major structure would inhiblit the release of stresses 1in the
usual manner of parallel folding, and that the release would
take place in one "integral," movement rather than several.
Such release along one thrust plane, in this case near the
base of the Keweenawan unit although at a slight angle to it,
proyided a locus for the intrusion of the large masses of
gabbro that are now found in this position. The proposed
fault plane is actually some distance from the base of the

gabbro near the Michigan-Wisconsin boundary, but gradually
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cuts deeper into the flows further west and eventually inter-
sects and cuts the Animikian serlies. The subsequent in-
trusion of gabbro along thls plane bevels the Animikian
series in the area south of Mineral Lake in the map area,
whereas further east, it is seen to be well up in the ex-
trusives.

Aldrich (1929, p. 117) further concluded that the
final foundering of the Keweenawan syncline resulted in the
formation of several cross faults that extend across the
Keweenawan-Huronian contact. From the present fleld work
the writer can only conclude that there are several north-
northwesterly striking lineaments along which no specific
evidence of differential movement can be determined. One
of these prominant lineaments may be found slightly east of
the eastern edge of the Mineral Lake Intrusion. The llnea-
ment 1s a stream that has cut a gorge that is perfectly
straight for over a half a mlile. The bedrock in this area
is a heterogeneous mixture of metabasalt, gabbro and granite
so that at best one can only say that some differentlal move-
ment may have caused a weakening which has resulted in the
straight gorge. Katzman (personal communication, 1965) has
Indicated that a similar lineament exists about two miles
east of this feature. Aldrich drew cross faults on both of
these lineaments, but neither of them shows noticable dis-

placement of geologic boundaries which cross them.
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Mineral Lake Intrusion

The Mineral Lake Intrusion represents a thickening of
the intruslve sequence of the area on the order of two to
three times of that found elther to the east or west. The
entire section of intrusive rocks in this area is made up
of two and possibly three separate sheet-like bodies, but
the lowermost has by far the greatest thickness and appears
to be the most complex. As previously stated, the Mineral
Lake Intrusion is on the order of 12,000 to 14,000 feet
thick and a length along the strike of about ten miles. The
western half of the intrusive has not been mapped due to the
lack of exposures, but according to maps published by Aldrich
and after a reconnalssance of the area by the writer there is
little doubt as to its westerly extent. The approximate
strike of the long axis of the intrusion 1s about N. 50 E.,
and the average dip of the structure is on the order of
55 degrees to the northwest.

The detalls of the intrusion itself will not be dealt
with at this point, but a few of the general facts concerning
its petrologic description seem appropriate. As one traverses
the Intrusion, it 1s apparent that it is mineralogically
zoned. This is represented by both cryptic zoning and "Phase
Layering" as defined by Hess (1960, p. 131). The former is
defined as changes in composition of various phases as cool-
Ing proceeded while the latter indicates the appearance or

disappearance of a phase. The lower part of the body has the
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composition of ollvine gabbro grading upward into anortho-
sitic gabbro with decrease of mafic content and ultimately
into anorthosite. Above the anorthosite, an iron rich rock
that 1s best described as ferrodiorite appears rather
abruptly and then grades into a rock of granitic composition
as mafic content decreases and quartz and orthoclase become
dominant constituents. The uppermost rock of the intrusive
has some of the appearance of the granophyre found farther
to the west, but the typical myrmikitic and graphic texture
of the granophyre or, "redrock," i1s lacking. Rhythmic
layering typically observed in parts of the Duluth and Still-
water and other large basic Intrusions is almost totally
lacking in the Mineral Lake Intrusion. The absence of this
feature may have significance in the flowage mechanism pro-

posed above and will be discussed at a later point.

Previous Investigations

The only previous detailed petrologlic investigation
dealing with the intrusive rocks of this area has been re-
ported by M. W. Leighton (1954). This study dealt with the
petrologlic and geochemical problems surrounding the gabbro-
granophyre association that occurs lmmediately west and
north of the present map area.

Van Hise and Leith (1911) described the Keweenawan
gabbros of the area as having many similarities to the
Duluth gabbro. Their description indicates that the gabbro

intrusion has an extent along strike of some sixty miles
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from the Black River in Michigan to R. 7 W. 1n Wisconsin.
They cited the reasoning of Irving (1892) indicating the
intrusive nature of the gabbro, but no more detailed
descriptions were presented.

Aldrich (1929, p. 2) noted that the field investi-
gatlions accomplished between 1922 and 1929 by the Wisconsin
Geological and Historilcal Survey included the areas underlain
by Keweenawan rocks. Indeed, much of the reasoning involved
in his hypotheses of the structure of the Huronlan serles
involves structures observed in Keweenawan rocks. He further
Indicated that a companion volume was to be published dealing
specifically with the Keweenawan series. Thils publication
has never materialized although fleld notes and rock speci-
mens are on file wilth the Wisconslin Geological and Historical
Survey.

Numerous other authors, two of whom are Daly (1913) and
Grout (1918), have noted the presence of these gabbroic
sheets and the striking symmetry of the Lake Superior syncline.
Both of these authors advanced the idea that the Keweenawan
gabbros of Wisconsin are the southern equivalent of the Duluth
Gabbro. Van Hise and Lelth also suggested this possibility
in their earlier paper.

The most recent geologlcal investigations that have
been conducted in the area were by the Bear Creek Mining
Company between the years 1952 and 1956. An intensive mapping,
geophysical and drilling program was carried out for the pur-

Pose of 1nvestigatlng the numerous occurrences of copper
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mineralization. The writer was able to obtain outcrop maps
and a compllation map for the area as prepared by Bear Creek
as well as samples from some of the exploratory drill cores
which are presently housed at the United States Bureau of
Mines offices at Minneapolis, Minnesota. No additional in-
formation from this project has been made avallable to the

writer at this time.



CHAPTER II

FIELD RELATIONS

General

Although the entire area had been mapped in previous
investigations 1t appeared advisable to re-map the area of
the study. Mapping was carried out on a scale of 1:12000
directly on aerial photographs obtained from the United
States Geological Survey and the United States Forest Ser-
vice. The field studies were accomplished during the summers
of 1963 and 1964. Mapping data was plotted directly on the
aerial photographs and control was maintained with the aid
of topographic and cultural features and by pace and compass
methods. Table 2 indicates the sections that were mapped
and the extent of mapping that was accompllished in each

section.

Shape and Attitude of the Intrusion

The Mineral Lake Intrusion is a tabular body with a
thickness on the order of 15,000 feet. The strike of the
basal contact is about N. 50 E. The average strike of the
fluxion structure, (Fign 2), 1s about N. 40 E., indicating

that flow of the magma during intrusion was nearly parallel

19



20

TABLE 2.--Sectlons and parts of sections mapped.

Township and Sectilon Mapping Detall

T. 44 N., R. 3 W.

5 West third
6 Entire section
7 Southwest quarter

19 West half, outcrops rare
29 Southwest quarter

30, 31 Entire section
32 West half

T. 44 N., R. 4 W,

1 Area east and south of river

2 West half

3 Entire section

10 North half, outcrops rare

11 All but small area in SW
corner

12 Entire section

13 Area north of Co. Hwy. GG

14 Area around Mineral Lake

T. 45 N., R. 4 W.

24 A1l but NW quarter
25 Entire section
26 South half
34, 35, 36 All but small area SW of

river in 36 and SE 1/4 of
35
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to the basal contact. The intrusive appears to have been
tilted to the northwest so that the fluxion structures are
now dipping in that direction at about 60 degrees. On the
basls of drilling data obtained by the Bear Creek Mining
Company (W. F. Read, personal communication, 1963) the basal
contact of the intrusion is nearly vertical. A weathering
phenomenon in the rocks above the upper contact that gilves
the outcrop the appearance of a masonary wall and 1s probably
controlled by a compositional variation may provide a clue to
the orientation of these overlying rocks. The attitude of
these structures is N. 50 E. dipping NW. 30.

If all of these values are representative of the
present attitude of the various parts of the intrusive and
the enclosing units we can draw some tentative conclusions
concerning the orientation of the intrusion and the relation-
ships between different rock units. From the base upwards
there 1is a decrease or fanning of the dips, which may indi-
cate that tilting was under way during the intrusion of the
gabbro. Leighton (1954, p. 411) noted that in the gabbro
belt to the west of this area the dip of the fluxion
structure decreased in the higher levels of the intrusive,
suggesting simultaneous intrusion and tilting. The dip
measurements made in this study do not show such a system-
atlc decrease toward the top of the intrusive but the other
data presented here combined with Leighton's all agree that
the present attitude of the intrusive was achleved during

emplacement.
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ff - 14% Based on only 22 points
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Fig. 2.--Pole diagram of fluxion structure 1in
anorthosite of the Mineral Lake Intruslon.
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Rock Unit Descriptions

On the basis of the above information, one may con-
clude that the intruslve has been tilted to a high angle and
from the regional structure it 1s obviocus that as one
traverses toward the northwest he 1is crossing rock units
that are higher and higher in the intrusive. As stated
earlier the intruslive was divided in the field into four
mappable units of distinct rock types (Plate I). The
boundarlies of these as shown on the map are somewhat arbi-
trary due to their gradational nature. For the most part
the units are divided on the basis of rock type but 1n some
cases textural and gross structural features are used. An
example of division based on structure 1s the lower boundary
of the gabbroic anorthosite which is marked by the appearance
of the pronounced fluxion structure. The four units de-
scribed here are, from the base upward: anorthositic olivine
gabbro, gabbroic anorthosite to anorthosite, ferrodiorite and
rocks approaching granitic and granitic rocks. These four
general rock types form units which are northeasterly striking
belts that are parallel to the base of the intrusive. Their
general characteristlics only are described here whlle the
more detalled descriptions are found in the following chapter.
It should be noted that the fine grained gabbro of the basal
chill zone possesses a texture that is sufficiently distinct

for subdivision in the field. However, 1ts limited exposure
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and extent 1n the field made such a distinction both un-

necessary and impractical.

Anorthositic Olivine Gabbro

The anorthositic olivine gabbro composes the lower 3,000
feet of the intrusive. It 1s a rather heterogeneous unit con-
taining very minor amounts of more basic rocks in small pods
and layers. There are two types of ultrabasic rocks, eucrites
and pyroxenites, which are found in small pods near the base
of thls layer and these are considered in detail in the
section on petrography. Near the top of this layer there are
several occurrences of "basic" pegmatite which probably have
a similar composition to the anorthositlc gabbro but are much
more coarse.

At the base of the iIntrusive the rocks of the chill zone
grade into the anorthositic gabbros over a distance of about
200 feet. The transition involves a slight 1ncrease in grain
size and decrease of mafic content. The rock 1s medium to
dark grey on a fresh surface, weathering to a dark brownish
grey. Grain size 1s variable, even over a single outcrop,
but in general 1 cm. 1s the upper 1limit for this unit. The
texture 1is typically ophitic to subophitic or diabasic with
the mafic content decreasing gradually toward the top of the
unit where there 1s a gradual transition into gabbroic an-

orthosite.
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Gabbroic Anorthesite.and .Anorthosite

The boundary between the anorthositic gabbro and gab-
broic anorthosite is shown on the map as a gradational
boundary, however, the actual boundary was picked at the
point where the fluxlon structure becomes strong enough to
be a characteristic texture of the rock. At the time that
the fleld work was under way the exact significance of the
change from an ophitlc texture in which the plagioclase is
randomly oriented to one in which the plagioclase 1s well
oriented 1in one plane was not understood. It was noted,
however, that the rocks 1in all of the outcrops which possess
the well developed fluxlon structure contained considerably
lower amounts of mafics than those 1n which the fluxion
structure was not developed. The petrographlc work has con-
firmed the distinct differences in mineralogical composition
associated with the two types of textures supporting the
baslis used in the fileld work for differentliating the two
types. The fact that this textural change 1s colncident with
the reduction in mafic content 1s not entirely understood by
the writer. Since rocks which are considerably more mafic
often possess a pronounced fluxion structure,¥* the answer
does not appear to lle in the composition of the rock. A
change in physical conditions within the magma chamber

occurring at this point of the intrusive history 1s probably

¥The ferrodiorite contains an average of about 60 per
cent plagioclase and yet possesses a very well developed
fluxion structure.
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a more accurate answer. This topic 1s discussed in more
detail in the section concerned with the origin of the fluxion
structure later in this chapter.

The anorthosites and gabbroic anorthosites are light
grey to greenlish grey 1in color and they weather to a whitish
grey. There 1s a gradual increase in size upwards from about
1 cm. near the base of the layer to about 5 cm. in the upper
levels. Although it 1s difficult to recognize in the field,
olivine 1s common in small amounts 1in the lower parts of
this layer. Olivine ceases to occur as an important con-
stituent at about the five thousand foot level of the in-
trusion which 1is about two thousand feet above the base of
the anorthosite zone. The total thickness of the anorthosite
layer is on the order of 8,000 feet.

Many outcrops of the anorthositic rocks, notably those
in the eastern half of the map area, show evidence of some
crushing and strong alteration. This is particularly evident
along the straight section of the Brunsweller River north of
Beaverdam Lake. There are also numerous occurrences of cal-
cite and epidote along a line projected southeasterly from
Beaverdam Lake. These exposures also show evidence of shear-
ing indicating that some postmagmatlic stresses have effected
the intrusion along this line. East of this line there is
also some evidence of shearing and distortion of plagioclase
gralns indicating that the zone that has been effected by

these stresses 1s rather wide. The deformation that resulted
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in the tilting of the intrusion to its present attitude is

probably related to this late tectonic activity.

Ferrodilorite

The contact between the anorthosite and the overlying
ferrodiorite 1s abrupt wlth the transition taking place over
a few feet. The actual contact was not observed 1n the fileld,
but in one group of exposures it was located to within a few
feet. 1In every case where the anorthosite near this contact
was observed 1t appears to have undergone considerable
alteration, suggesting deuteric alteration of the anorthosite
during the crystallization of the ferrodiorite.

The ferrodiorite layer 1is less than 2,000 feet thick
and forms a relatively narrow belt across the upper part
of the intrusive. The color of the rock 1s dark grey to
black and 1s usually heavily stained with iron oxides on
weathered surfaces. The average grain size is 3 to 5 mm.
with plagioclase laths as large as one centimeter. The
lower parts of the ferrodiorite layer show a pronounced
fluxion structure indicating that the physical conditions
during crystallization were similar to that of the under-
lying anorthosite layer. Higher in the ferrodiorite where
the gradation to a more acidic composition begins to take
place the fluxlon structure 1s less noticeable. Two factors
are probably responsible for this change, the gradual replace-
ment of plagioclase by the more equidimenslional potash feld-

spar and the less tabular habit of the more sodic plagloclase.
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The high iron content of the ferrodiorite is reflected
in the high specific gravity (3.2) of the rock. Modal analy-
ses are given in Table 6 showing the presence of fayalitic
olivine and ferroaugite. DMost of the samples examined in
thin sectlion show conslderable alteration of the mafic
minerals to hornblende indicating that some late magmatic

activity was operative.

Transition and Granlitic Rocks

As shown on.Plate I the granitic part of the intrusive
1s represented by two wedge shaped bodies near the top of the
intrusion. There 1is a slight increase in grain size from the
ferrodiorite toward the more acidic rocks but the most notable
feature in the field 1s the appearance and gradual increase
in potash feldspar content. The end product of this tran-
sition 1s a rock of granitic composition and coarse (5 mm.)
granular texture. The granite 1s of a 1light brick red color
similar to that of "redrock" but without the graphic or
myrmikitic texture. The weathered surface of the rock often
contains what appear to be miarolitic cavities although they
are not obvious on a fresh surface, giving the impression
fhat they may be weathering plts. The possible presence of
miarolitic cavitles indicates the increasing amounts of
volatile constituents contained in the crystallizing magma

at this point.
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Relationships With the Enclosling Rocks

Basal Contact

The lower chill zone and adjacent country rocks are
poorly exposed except for the area near the northeast corner
of English Lake, and the area south of Mineral Lake where
there are several outcrops but no actual contacts. The
relationships in these two areas indicate that the basal
contact 1n the west 1is at a lower stratigraphic horizon than
i1t 1is further east. This intrusive contact has been de-
scribed as having been controlled by a thrust fault, Aldrich
(1929, p. 120) and by an unconformity, Van Hise and Leith
(1911, p. 376) either of which could have equally well caused
the present crosscuttlng relationships.

In the area near English Lake the contact between the
gabbro and the underlying rocks is falrly well exposed.

Here, there are what are belleved to be both metabasalt and
metasediments in contact with the intrusive rocks. The
basalts, presumably Keweenawan, have been metamorphosed to
pyroxene hornfels facles containing mostly orthorhombic
pyroxene and plagioclase (An. .30), and have a texture that
1s best described as mosalc in nature. The extent of the
metabasalt 1s not great and in this area 1is probably no more
than a few feet thick. Within no more than 50 feet of the
lowermost gabbros the metasediments, of the Tyler formation
are encountered. These are highly varlable rocks ranging

in composition from nearly pure quartzites to metagreywackes,
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The bedding of these rocks 1s dipping steeply to the north-
west indicating approximate conformable relationships be-
tween the intrusive and the enclosing rocks.

In the area south of Mineral Lake the 1ntrusiwve 1s in
contact with the Ironwood and Palms formations. The actual
contact was not observed on the surface but the two rock types
are seen within a few feet of each other and the contact was
found in a drill core taken from the area. The 1ron formation
1s composed of magnetite and quartz. Bedding is plainly visi-
ble in the iron formation as well as in the quartzite in the
underlying upper part of the Palms formation. These quartz-
ltes have been strongly recrystallized so that they possess
a mosaic texture and often show a strong blue color.

In conclusion, 1t 1s readily apparent that the rocks
adjacent to and underlying the intrusion have been meta-
morphosed to a rather high degree. All of the Huronian rocks
examined have typlcal xenoblastic metamorphlic textures and
those of the proper chemical composition indicate pyroxene
hornfels conditions close to the intrusion decreasing to lower
grades away from the contact. The crosscutting relationships
indicate that emplacement of the intrusion was not exactly
along the bedding but may have been controlled either by
faulting associated with the tilting of the region during
Keweenawan time or by a zone of weakness at the Huronian-
Keweenawan contact. Any evidence of faulting in this area
cannot be expected to be found as it would have been

destroyed by the subsequent intrusion of the gabbro.
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However, this does not negate the possibility that the in-
trusion has been emplaced along a zone of weakness created

by thrust faulting.

Eastern Boundary.

Because of the later granlite intrusion the original
contact relationships of the gabbro with the enclosing rocks
on the northeast side are obscure. There 1s reason to belileve
that the original boundary of the gabbro may have approximated
the present locatlon of the gabbro granite contact. Several
observations have been made in this area which seem to support
this location of the original gabbro boundary as well as pro-
vide valuable evidence concerning the mode of intrusion of
the gabbro.

1. In Secs. 13 and 24, T. 45 N., R. 4 W. there is a

prominant northwest striking ridge which faces east.
Outcrops are lacking east of this ridge, but are
common along the ridge and farther west. 1In Sec.
24, west of the ridge, granitic rocks of the upper
part of the Mineral Lake Intrusion are exposed.
Further north in Sec. 13, gabbros and basalts
which overlie the Mineral Lake Intrusion in other
areas are found in their expected locatlions. East
of the ridge, none of these rocks are exposed but,
based on magnetic studies, Aldrich (1929, p. 128)
located flows offset to the south from their

normal positions to the west of the ridge. This
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magnetic data combined with the presence of the
sharp linear topographic feature suggest the
presence of a strike slip fault of dextral nature.
The arching of all the flcws which overlie the
Mineral Lake Intrusion suggests an upward bulging
in this area. Figure 1 indicates that thls bulging
is sharply terminated on the east along the above
mentioned ridge.
A most noticeable observation made when mapping
along the granite-gabbro contact is the very great
abundance of basaltic inclusions found in the
granlite and lack of such inclusions within the
gabbro.
In the anorthositic part of the Mineral Lake In-
trusion, one of the most prominant features of the
rock 1s the very well developed fluxion structure.
Furthermore, throughout the entire intrusion there
i1s a notable lack of any chllling or intrusive re-
lationships. Along the eastern boundary several
features are distinctly well developed within the
intrusion which suggest that this was the original
boundary of the magma chamber.
a. In this region there 1s a disruption of the
fluxion structure, often to the point of total

obliteration.
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b. There 1s evidence of intrusive contacts, often
between two rather similar anorthositic gabbros
or anorthosites suggesting the presence of
cognate inclusions.

c. JSome banding has been noted, but its orientation
i1s random and apparently not related to the main
intrusion.

All of these features suggest that the present eastern
boundary may have been the boundary of the intrusion at the
time of emplacement. It 1is to be expected that any lamlnar
flow which existed well within the chamber durlng emplacement
would be disrupted near the boundaries.

5. Near the base of the gabbro in Sec. 5, T. 44 N.,

R. 3 W. and to the east of this area we find a

gabbro belt overlying the Tyler formation which

extends almost to the Village of Mellen. This

belt of gabbro which is on the order of a mile 1n

width separates the Mellen granite and the Tyler

formation. There is no reason to believe that

this 1s a separate body from the Mineral Lake In-

trusion, but its finer texture and gabbroic compo-

sition indicates that in this area cooling of the
gabbro preceeded more rapidly than in the main

part of the intrusion restricting the differenti-

ation process. Also it should be noted that the

gabbroic inclusions found within the granite are

considerably finer than most of the gabbros of
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the Mineral Lake Intrusion implying that they may
have been derived from sills or thick flows that
predate the Mineral Lake Intrusion.

On the basis of the information cited here the following
hypothesls has been constructued. With the exception of the
thinner belt of gabbro which overlies the Tyler formation
east of the map area, the present eastern boundary approxi-
mates the orlginal eastern boundary of the Mineral Lake In-
trusion. The point at which the width of the gabbro increases
to form the Mineral Lake Intrusion is the point where the
original thickening took place. Plate I shows that this
point is in line with the presumed fault noted above which
is an important factor in the mode of intrusion of the gabbro.

As for the actual mechanism of emplacement of the
Mineral Lake Intrusion, the following 1s proposed. The
bulging of the overlying flows indicates that they were
simply uplifted by the magma as it was emplaced. This bulge
has about the same east-west extent as the Mineral Lake In-
trusion. The steep ridge noted in Sections 13 and 24 marks
the eastern extent of thils bulging and as seen on Plate I 1s
in line with the present eastern boundary of the Mineral
Lake Intrusion. The offsetting of the flows as noted by
Aldrich and apparent dextral fault along this line seems to
support the above idea. The faulting along this line took
place simultaneously with and was an integral part of the
mechanism of emplacement of the Mineral Lake Intrusion. The

writer envisions the rocks overlying the Mineral Lake
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Intrusion being wedged upward as though hinged on the west,

but faulted on the east as indicated in Figure 3. Thils accounts
for the abundance of basalt inclusions in the later granite,

for east of the fault the flows were uplifted to a lesser
extent, and occupied the area east of the Mineral Lake In-

trusion until the granite was emplaced.

Upper Contact

Due to the lack of exposures 1t is not known whether
the rocks 1mmediately above are earlier or later than the
Mineral Lake Intrusion. As shown on Plate I, the uppermost
rocks of the Mineral Lake Intrusion represent the granitic
differentiate of the very large mass of gabbroic rocks of
the intrusive. The granite is wedged out near the center
of the upper contact so that in this area the iron-rich
dlorites are in contact with the roof rocks. The western
wedge of graniltic rocks extends about six or seven miles
further west forming the top of the intrusion for its entire
western extent.

In the map area the rocks which overlie the Milneral
Lake Intrusion are olivine gabbros. These rocks are medium
grained and often grade into troctolites which in some cases
approach an ultrabasic composition. The olivine 1s strongly
altered to serpentine, and bent and broken feldspar grains
provide some small evidence that tectonic activity post

dates their emplacement. However, there is no conclusive
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Fig. 3.--Mode of emplacement of Mineral Lake
Intrusion showing bulging of overlying flows.
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evidence avallable that would indicate whether these rocks

are earlier or later than the Mineral Lake Intrusion.

Orlgin and Significance of the
Fluxion Structure

Fluxion structure or orientation of the plagioclase
crystals in a particular plane has been observed 1in nearly
all large basic intrusives that have been studied. Wager
and Deer (1939) use the term "igneous lamination" to describe
the ofientation of the platy feldspar crystals. Many large
intrusions such as the Duluth and the Stillwater complexes
display in addition to fluxion structure, a pronounced
layering of alternate layers of mafic rich and poor rocks.
Grout (1918) concluded that the combination of alternate
light and dark bands and fluxion structure must be due in
some way to the action of convection currents in the magma.
Hess (1939) has independently arrived at a similar conclusion.

The hypothesis that convection currents in a cooling
magma may often be the cause of both layering and fluxion
structure is not disputed. The arguments presented by the
above mentioned authors are sound and convincing, but this
1s not to say that other activity cannot also cause similar
structures. Flow or movement of a partially crystalline
magma has commonly been invoked as the cause of a strong
orientation of platy or rod-shaped crystals (Balk, 1937).
Numerous authors have called upon this mechanism for the

production of fluxlon structures; indeed, 1t 1s often seen
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in minor dikes and sills where the crystals are oriented
parallel to the walls of the 1ntrusive body.

It may be noted that layering such as mentioned above
is conspicuously lacking in the Mineral Lake Intrusion.
Banding due to layering was noted in only two or three ex-
posures in Sec. 5, T. 44 N., R. 3 W. along the extreme east-
ern boundary of the intrusion, and in every case very poorly
developed and was not oscillatory as described in other
large mafic intrusions. It is also of note that the fluxion
structure is well developed only in the anorthositic part of
the intrusion and the overlying iron-rich dioritic rocks and
almost totally lackling in the lower olivine gabbros.

Figure 4 shows some of the features often seen in the
field in exposures where fluxion structures were well-
developed. The wavy orientation of crystals as shown in
Figure 4 seems to attest to the ldea that flow was the agency
responsible for the structures rather than settling of the
crystals from the overlying liquid materlal. The very perfect
orientation as seen in numerous examples (Plate VII) seems
almost too perfect to be the result of the settling of
crystals from the magma. Plate VII seems to indicate that
this orientation 1s somewhat disrupted by the crystallization
of the mafic constituents from the interstitial magma, at
least in some cases.

In conclusion, 1t seems most reasonable that movement
of an unidirectional nature is responsible for the fluxion

structure rather than convection currents or crystal
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Fig. 4.--Sketch showing distortions of fluxion
structure due to flow. ‘
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settling. Later, 1t will be seen that upward movement of
the partlally crystalline magma may have played a role in
the differentiation of the entire body that resulted in the
large amount of anorthosite in the central part of the

intrusion.




CHAPTER III

PETROGRAPHY

Introduction

In the field the Mineral Lake Intrusion can be divided
Into four rock types that constitute mappable units. These
subdivisions are based upon gross texture and general compo-
sition. The petrographic examination has allowed further
more definitive subdivision on the basis of mineral per-
centages and composition as well as textures.

There are seven major rock types recognized as im-
portant to the descriptive aspects of differentiation of the
magma. They are as follows:

Fine-gralned gabbro--medium to dark grey or black

weathering to brownish-black. Intergranular to ophitic
texture; pyroxene abundant with minor olivine.

Pyroxenite--dark grey to black, coarse-gralned, com-

posed almost entirely of orthorhombic pyroxene with minor
plagioclase, sulfides, and magnetite-eilmenite. Found only in
very minor patches near the base of the intrusive.

Anorthositic olivine gabbro*--medium to light grey with

ophitic to subophitic texture. Generally medium grained.

¥Buddington's (1939) classification is used to differ-~
entiate the feldspar rich gabbros. Greater than 90 per cent

41
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Contains over 65 per cent plagioclase with varying amounts
of olivine and pyroxene. DMagnetite and Ilmenite are minor.

Gabbroic anorthosite and anorthosite--medium to light

grey, coarse to very coarse-gralned with plagloclase laths
usually showing fluxion structure. Composed chiefly of
labradorite and augite with minor hypersthene, olivine, and
opaques.

Ferrodiorite--dark grey to black, often heavily iron

stalned. Medium grailned, commonly showing fluxion structure.
Composition 1is plagloclase (andesine) about 55 per cent,
olivine and pyroxene 40 per cent, and significant apatite
and magnetite and very minor quartz. Mafics are often
altered to hornblende and biotite.

Transition (quartz monzonite)--Usually light grey to

pink. Often spotted with brick red orthoclase phenocrysts.
Contains about equal amounts of plagioclase and orthoclase
and with small amounts of quartz. Significant amounts of
hornblende and biotite with minor zircon and apatite.
Granite--pink to brick red, medium to coarse grained
sometimes porphyritic. Composed mainly of orthoclase and
quartz with minor plagioclase and hornblende. Some myrme-
kltic intergrowths are seen in interstitial material, but

individual grains are more common.

plagioclase - anorthosite; between 90 per cent and 77.5
per cent - gabbroic anorthosite; between 77.5 per cent and
65 per cent - anorthositic gabbrog; less than 65 per cent -
gabbro,



43

Although gross textural features often vary because or
changes of relative mineral percentages, there are particular
textures which may be associated with certain cooling con-
ditions. An excellent example of this may be seen when study-
ing the basal, chillled, fine-grained gabbros which increase
in grain size away from the contact. In addition to this,
textural changes take place with the appearance or disap-
pearance of certain mineral phases.

Many authors have studied ophitic textures and their
variants and many systems of classification have been adopted.
Walker (1957) and Oppenheim (1965) have reviewed the litera-
ture and conducted intensive studies of rocks displayilng
ophitic textures and have adopted classifications which seem
to be in some agreement. Relative amounts of pyroxene and
plaglioclase play an important role in the textural type that
1s evolved, however, Oppenheim (1965, p. 555) has noted that
rate of cooling also has a considerable influence.

It is apparent to the writer that Oppenheim's classifi-
cation for ophitic textures in basalts is applicable to the
chlll zone of this intrusive, while Walker's classification
based upon relative amounts of pyroxene and plagioclase is
more useful where studying the coarse anorthositic rocks.

The followling classification 1is presented for use in
this paper. The author to which the particular definition

is attributed is noted.
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Ophitic--(Walker) "Pyroxene in optically continuous

areas completely enclosing plagioclase laths, with average

lengths less than that of pyroxene areas."

Subophitic-~-(Walker) "Pyroxene in optically continuous
areas partly enclosing plagloclase laths, with average length
greater than that of pyroxene areas."

Nesophitic--(Walker) This is a sub-variety of the above
in which plagioclase greatly predominates. Walker notes,
"Pyroxene interstitial to plagioclase and in isolated but
optically continuous areas--though connected in three di-
mensions."

Isogranular--(Oppenheim) "A texture due to the presence
of hypidiomorphic to l1diomorphic pyroxene grains in the inter-
stices between, and having the same order of size as the
plagioclase prisms."

Intergranualar--(Oppenheim) "A texture due to the
aggregation of pyroxene grains lying in the interstices be-
tween, and having a much smaller size than the plagloclase
prisms . . ."

To some degree these terms are based upon relative per-
centages of minerals and to some degree on relative grain
sizes. Such a classification may be subject to criticism
on the point that one is not always evaluating the same
parameter. This is true, however it should be noted that
in this intrusive the major variation within the body is
relative mineral abundances, whereas, within the chill zone

the major variation is in relative grain size, not
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composition. Here then, 1s a classification which admittedly
is not perfect, but 1is capable of measuring the parameter
which 1s most pertinant at that point in the intrusive with

the greatest genetlc significance.

Petrologic Discussion

Fine Grained Gabbro

All of the rocks which fall within the class of fine
grained gabbro are relatively chilled rocks that were col-
lected from exposures and drill cores which were known to
be located within a few feet of the basal contact. The best
exposures of these rocks are found in Secs. 6 and 7, T. 44
N., R. 3 W., near the northwest corner of English Lake and
in Sec. 13, T. 44 N., R. 4 W., southeast of Mineral Lake.

A similar sample was taken from a drill core (DDH-16) which
1s located just north of Potter Lake on Plate I.

The texture of the fine grained, chilled gabbro varies
from intergranular to subophitic. The average grain size of
these samples ranges from 0.2 mm. to 0.5 mm. with the length
of the plagioclase laths ranging up to about 2.0 mm.. The
two textural types arise from variations in grain size of
the pyroxene as indicated in the foregolng descriptions of
textures. The difference in habit of the pyroxene pre-
sumably results from differing rates of cooling and the re-
sulting different degrees of supersaturation which that
particular phase has undergone at the time of crystallization

Oppenheim (1965), Wager (1961). It follows from thls that
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those samples taken closest to the contact with country rocks
should possess the intergranular texture, grading into the
subophitic with distance from the contact. This relationship
is seen to hold in most cases and is accompanied with a
general increase in grain size of all of the mineral con-
stituents.

Modes of two chilled gabbro specimens are presented 1in
Table 3 and their compositions may be compared with'those of
the overlying rocks in Figure 6. A chemical analysis and the
normative composition are given in Tables 15 and 16 for com-
parison. Sample 6-5-65 was collected from outcrop at a
point about two feet from the contact of the intrusion with
the underlying metabasalt and sample 16-822 is from the ex-
ploratory drill core located in Sec. 12, T. 44 N., R. 4 W,
The former sample displays the subophitic texture while the

later 1s intergranular.

TABLE 3.--Modal compositions of two chill zone gabbros.

Specimen Number

Minerals 6-5-65% 16-822
Plagioclase 51.2 47.9
Clinopyroxene 20.2

{39.1
Orthopyroxene 10.8
Olivine 3.6 Tr.
Biotite 4.5 3.7
Magnetite 5.4 h.3
Uralitic Hornblende 3.8 h.9

*Average of four mode counts taken on different thin
sections cut from the same slab.
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Plagioclase of the chill zone rocks is found as sub-
hedral laths which are often tapered on the ends. Strong
normal zoning is common with compositions ranging from An. .68
in the cores to An. .35 in the rim. On the basis of the chemi-
cal analysis of the plagioclase separated from sample 6-5-65,
the composition is An. .42. (Table 8) This value is in
good agreement with the plagioclase calculated in the norm
from the chemical composition of the same rock sample.

A notable characteristic of the plagioclase in the
chilled gabbro is the presence of minute dusty inclusions
in the core of the crystals while the rims are relatively
free of inclusions (Plate II-A and B). Optically the inner
cloudy zone is considerably more calclc than the outer 1in-
clusion free zone and it 1s not known whether the compor
sitional zoning and the zoning due the inclusions 1s coinci-
dental or whether the optical zoning is due to strain caused
by the inclusions. This problem will be discussed in more
detail in the section on mineralogy.

Both orthorhombic and monoclinic pyroxene are present
in the chilled gabbros. Both types occur as discrete grains
in the intergranular textured rocks and molded around the
ends of plagloclase laths in the rocks of subophitic texture.
Hypersthene (En. .48, Fs. .52) is pleochroic from pale bluish
green to pink and 1s usually relatively free of inclusions.
Augite (Wo. .38, En. .34, Fs. .28) 1is pink in thin section
and usually heavily inclusion filled. The augite often dis-

Plays a peculiar pattern resulting from the inclusions being
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oriented in a concentric manner about the ends of the plaglo-
clase (Plate II-D). In close connection with this pattern
it has been noted that the extinction position seems to sweep
through the crystal 1n a radial manner at right angles to the
direction of orientatlon of the inclusions. It appears as
though these crystals have been bent about the plagloclase
while they were 1n a plastic state. No further explanatilon
of this feature wlll be attempted at this time.

Olivine (Fo. .39, Fa. .61) is rare in these rocks
occuring only as remanents in larger grains of pyroxene.
It may be noted that olivine 1s considerably more abundant
in the normative composition than in the modal composition.
This 1s believed to be due to the fact that the composition
of the magma had been strongly enriched 1n iron relative to
magnesium by the time the solid phases of the chill zone began
to crystallize at this level., It is difficult to predict the
phase relationships 1n such cases as are encountered in the
chllled rocks as equilibrium conditions are not met with. 1In
any case it appears that under these conditlons olivine was
either eliminated as a phase through reaction or its position
in the sequence of crystallization was replaced by pyroxene.

Although the rock of the chill zone 1s usually quite
fresh in appearance, such alteration products as biotite,
chlorite and uralitic hornblende are occasionally seen. They
are usually present along the boundaries of earlier minerals
where interstitial or later flulds have the best opportunity

to react.
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As stated earlier the textural variations of these rocks
are probably due to the cooling rates and to the degree of
supersaturation to which the various phases have been sub-
Jected. It would be useful to have some measure of under-
cooling that a magma has undergone to result in the production
of two textural types found here. An estimate of the under-
coollng may be gained from a brief investigatien of the zoning
found in the plagioclase. The samples of which the modes are
glven in Table 3 provide a particularly good example of the
two textures mentioned above with related intensity of zohing.
Specimen 6-5-65 is subophitic and contains plagiolcase that
is zoned from An. .68 to An. .35, while 16-822 is intergran-
ular and contains plagioclase that is zoned from An. .60 to
An. .40. These values are plotted on a plagioclase equili-
brium diagram in Figure 5 to show the relatively different
temperatures at which the cores of the compositions given
would be stable. On this basis alone it appears that 16-822
was undercooled some 35 degrees more than the other sample.
This difference may well be more than sufflcient to cause the
pyroxene to crystallize from the middle labile stage on many
nucleatlion centers giving rise to the intergranular texture.¥

Finally, the chemical composition of sample 6-5-65,
(Table 15) is considerably different than that of a typical

basaltic rock. The pecularity of this composition is

¥See Wager (1961) for a thorough discussion of the re-
lationships between chilling and resulting mineralogical
habits and textures.



50

Average

composition
15004 of chill zone

plagioclase

—_—
1400 1
6-5-65
—_ 16-822
1300 -
1200 -
1100 A
t T T T T T T T
0 20 40 60 80 100
Albite Wt. per cent Anorthite

Flg. 5.--Plagloclase equilibrium diagram showing
range of zoning of two chill zone feldspars.
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sufficiently so to demand an explanation. Thils fact com-
bined with the compositions of the constituent minerals gives
strong indication that the chilled rocks have crystallized
from a magma which has undergone strong fractionation. This
matter will be given a conslderable amount of attention in
the sections concerning mineralogy and the petrology of the

intrusion as well as in the later parts of this chapter.

Pyroxenite

Although occurrences of pyroxenites are limited, their
presence 1s considered of importance to the trend and mecha-
nism of differentliation. Their location very near the base
of the intrusion in Sec. 14, T. 44 N, R. 4 W. is strongly
suggestive of crystal settling as a mechanism for the accumu-
lation of the pyroxene. In other areas near the base, (Sec.
7, T. 44 N., R. 3 W.) small pods of olivine rich rock (pic-
rite) appear to have a similar origin.

The pyroxenite 1s nearly monomineralic, being composed
of orthorhombic pyroxene (En. .63, Fs. .37) which is usually
of anhedral habit. The grains of pyroxene are often inter-
locking in such a manner so as to impart an allotriomorphic
texture to the rock. When plagioclase is present 1t is
found interstitially to the pyroxene and often in optical
continuity over a large area. The average graln size of the
pyroxenites is 2.0 mm. to 3.0 mm., so that they are usually

more coarse than the rocks that surround them.
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The paragenesis of these rocks 1s the reverse of most
of the gabbros in that the plagioclase crystallized late.
The only mechanism that can provide such a sequence is crystal
settling with the plagioclase crystallizing from the inter-
precipitate liquid. Other minerals include opaques and
secondary biotite which occurs as an alteration product
along plagloclase pyroxene boundaries.

The composition of the pyroxene and plagioclase (An.
.65) in the pyroxenites 1s noteworthy. On the basis of their
compositions it 1s apparent that these minerals have crystal-
lized from a liquid that 1s considerably more magnesian and
calcic and hence more primitive than that from which the chill
zone rocks have crystallized. The fact that these rocks over-
lie the chill zone and are apparently crystal accumulates but
have a more primitive composition indicates that their con-
stituent minerals crystallized from a more primitive llquid
than the chill zone minerals. It follows then, that these
rocks accumulated at an earlier point in the histoery of the
intrusion before the magma evolved to the composition shown

in the rocks of the chilled basal margin.

Anorthositic 0Olivine Gabbre

There is a very rapid transition from the fine-grained
rocks of normal gabbroic composition at the base of the in-
trusion to rocks in which the plagloclase content 1s above
65 per cent. This usually takes place over a dlstance of

less than 300 feet. The belt in which the composition falls
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within the range of anorthositic gabbro is about 2,000 feet
in width. Olivine is an important constituent here although
it continues as a minor phase to a somewhat higher level of
the intrusive. An important textural feature of the rocks
of this belt 1s that plagioclase is randomly oriented, where-
as the more anorthositic rocks above possess a distinct
fluxion structure. Thils difference may be due to the differ-
ent amounts of mafics 1n the two rock types as well as to
differences 1n processes or condltions that may have been
operative. The interface between the two types on Plate I
is chosen as the level where the fluxion structure becomes
prominant.* Figure 6 shows the relative amounts of the
mineral phases in relatlonship to distance from the base of
the intrusion. It may be noted that olivine content falls
very rapidly across the rocks of this layer above the 1,000
foot level.

The grain size at the lower boundary of the layer is
on the order of 2 mm., gradually increasing to about 4 mm,
at the top. At the base of the anorthositic gabbro, the
average composition of the rock 1s 65 per cent plagloclase,
(An. .60 average), 22 per cent pyroxene (total) (Clino. Wo.
.42 En. .38 Fs. .20) (Ortho. En. .66 Fs. .34) and 14 per cent

olivine (Fo. .53 Fa. .47). Proceeding upward in the intrusion

*There is a gradual decrease of mafics from the base
upward until the rock is a true anorthosite. O0Olivine con-
tinues as a phase to about the 5,000 foot level. Hence there
is no compositional boundary but a gradual change.
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the quantity of plaglioclase gradually increases to 75 per
cent at the top of the zone with the average composition
femaining at about An. .60. At this point the olivine and
pyroxene have been reduced respectively to 8 per cent and

10 per cent, but with little change in composition. Opaques
make up about 2 per cent to 5 per cent and there are very

minor amounts of apatite and secondary biotite.

TABLE 4.--Modal compositions of five anorthositic gabbros.

Specimen Number

Minerals
6-5C 6-16 13-2 14-15A 14-18
Plagloclase
An. .60 63.9 72.2 72.64 70.6 76.6
Orthopyroxene 12.8 3.8 5.28 1.7 4.5
Clinopyroxene 3.0 0.5 3.50 12.2 6.1
Olivine 9.4 20.0 15.85 14.3 9.8
Opaques 5.3 2.4 2.36 0.4 2.5
Biotite b, 2 - 0.36 - 0.5
Alterations 1.4 0.9 - - -
Serpentine - - tr. - -

The mineral compositions will be dealt with in more
detail later, but one observation seems to be pertinent at
this point. Even though mineral percentages are changing
somewhat rapidly over this part of the Intrusion the con-

stancy of their compositions 1s quite striking. It 1s
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apparent that some crystal settling had taken place so as to
give rise to the anorthositic rocks above. However, in view
of the composition of the chill zone which is much richer in
iron than even the lower part of thlis layer, significant
differentliation of some manner must have taken place before
the magma reached the level that we now observe. Further,
the gradual upward reduction in mafics that we now see im-
plies that crystal settling was active probably during upward
transport and possibly after the time that the magma had
reached 1ts present level.

The texture of the rock in general grades from ophitic
near the base of the layer to nesophitic near the top (See
Plates III-F and IV-A). It is to be emphasized that this
change 1s due malnly te the decrease in content of the mafic
minerals and not to a decrease in grain size of individual
crystals of pyroxene. It 1s also noteworthy that exceptlons
exlst malnly in cases where olivine content 1s much greater
than pyroxene content. 1In this case the olivine does not
occupy the typical interstitlal position, but rather occurs
as large, rounded enveloping grains or clumps of grains re-
sulting in a texture that approaches the hypidiomorphic
granular texture so common to granltes. In some cases the
clumps or gralns of olivine are of great enough size that
they give the rock a porphyritic appearance. Rocks of this
composition (picrite) are found in small pods as mentioned
earlier and undoubtedly result from accumulation of olivine

through crystal settling.
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Plagioclase occurs as elongate laths that are well-
twinned and commonly, slightly zoned. The laths are anhedral
toward one another, but usually are euhedral toward the
mafics. An exception to this 1s seen in the olivine rich
rocks where the plagloclase 1s commonly anhedral toward the
olivine. Thils no doubt, 1s the result of the fact that the
olivine i1s a cumulate and the plagloclase for the most part
has crystallized from an interstitial liquid. Plagioclase
i1s always euhedral towards pyroxene which is molded around
the laths of the former resulting in the typical ophitic or
subophitic texture.

It may be noted that from about fifteen hundred feet
upward that the change in composition is due primarily to
the substitution of plagloclase for olivine, while the con-
tent of the pyroxene remains relatlively constant. Another
change that may be noted is that clinopyroxene gradually re-
places orthopyroxene with height in the intrusion. Near the
top of the anorthositic gabbro, orthopyroxene is rarely found
in amounts greater than 2 per cent, although, it 1is not un-
commonly found in these amounts all the way to the top of the
anorthosite.

Pyroxene 1s almost always found to occupy the inter-
stitial position in large continuous network crystals. It
often gives the rock a spotted appearance on a weathered
surface where weathering of the mafic mineral has been more
rapid. Augite 1s commonly inclusion-filled containing in

some cases small opaque rods that are orilented along a
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crystallographic directions (Plate VIb) while in other cases
the inclusions are very flne, dusty particles. In constrast
to this, the orthorhomblc variety is usually quite inclusion
free or contains a few large, opaque grains. Auglte is a
yellowish-pink color and nonpleochoric whereas the ortho-
pyroxene 1s plechroic from a pale pink to pale greylish-green.

Olivine  1s found as small rounded grains often mantled
by orthopyroxene. The olivine 1s remarkably fresh but with
some alteration to 1ddingsite along fractures and at the
edges. It 1s normally lacking in color, but in thick sections
takes on a pale pinkish color. Some grains contain opaque in-
clusions clustered along curving surfaces, but in general the
olivine is relatively clear and free of foreign material.

The order of beginning crystallization in thls zone of
the intrusive, based wholly on textural relationships 1s as
follows: Plagloclase appears to be early in all of the
specimens except those in which olivine 1s greatly enriched
due to crystal settling. Olivine certainly predates pyroxene
which is interstitial and is, thus, later than plagioclase.
Opaques are probably later than plagioclase but are often
surrounded, or partially so, by olivine. Biotite occurs as
the result of reactions between olivine and plagloclase or
opagques and plagioclase. The sequence then 1s: Plagloclase,
opaques, olivine, pyroxene, and finally deuteric biotite.

The very minor amounts of apatite must be falrly early as

many of them are surrounded by olivine. Rates of nucleation



59

appear to be slowing as the crystallization proceeded since
the later minerals, namely, pyroxene are found as much larger
crystals than the earlier plagioclase or olivine.

Near the top of the layer a zone of very coarse
"pegmatitic" textured rock of gabbroic composition often
separates this zone from the overlying gabbroic anorthosite.
This zone 1s not dealt with in detail as 1t 1is not con-
sidered to be of importance to the course of differentiation.
The pegmatite zone was mapped in several locations along the

boundary, but 1ts extent does not seem to be great.

Gabbroic Anorthosite and Anorthosite

Rocks of these composltions are grouped together here
because thelr petrographic and mineralogical similarities
far outweigh thelr differences. Thils zone makes up the
largest single unit of the intrusion and might well be
divided into olivine bearing and olivine free zones, but
they are described as a single unit to avoid duplication.

As indicated earlier, this rock type represents a
mappable unit distinguishable in the field from that which is
beneath by the excellent fluxion structure that it displays
(Plate VII-B and C). Compositionally there is a significant
change at about the 6,000 foot level where olivine ceases to
be an important phase. The total thickness of the unit is
on the order of 10,000 feet. The top 1s marked by an abrupt

change to ferrodiorite where there are notable alteration
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effects on the mafics of the anorthosite, apparently caused

by the presence of the overlying more iron-rich magma.

TABLE 5.--Modal compositions of anorthosite and gabbroic
anorthosite.

Specimen Number
Minerals

11-9 2-3 3-10 3-12 11-18

Plagioclase An. .60 79.5 93.4 78.0 92.0 89.1

Olivine 9.3 - - 1.7 -
Orthopyroxene 5.1 1.9 0.4
12.7 3.9
Clinopyroxene 2.9 3.3 9.9
Sec. Hornblende 1.7 - - - -
Biotite 1.7 - 0.4 - -
Opaques 1.4 0.1 0.7 0.7 0.3
Alterations - 1.3 9.2 1.5 0.3

The range 1n the composition of the plagioclase of this
unit 1s remarkably small. Near the base of the unit the
plagloclase is about An. .60 and at the top it averages about
An. .57. However, compositions ranging from An. .55 to An.
.65 have been determined. Some zoning of the plagioclase is
observed, but usually the range of composition within a
single crystal 1s not greater than ten per cent and as far
as can be determined by optical methods, usually much less.
The zoning is usually restricted to the rims of the crystals

indicating some adcumulus growth of the plagioclase from the



61

interstitial liquid (Wager, Brown and Wadsworth, 1960). Some
evidence of cataclasis is seen in the plagloclase such as the
bending of twins and fracturing of grains indicating that
there was some movement of the magma after a considerable
amount had crystallized (Plate IV-E). The plagloclase laths
are usually well oriented with thelr largest dimensions lying
in one plane giving rise to the fluxion structure described
earlier. In hand specimen the plagioclase varies 1n color
from a dark green to grey, rarely showing a play of color.

Pyroxene occurs as large network crystals which are seen
as many separate wedge-shaped interstitial grains in optical
continuity. Clinopyroxene is dominant with a composition of
about (Wo. .37,En. .30, Fs. .33) with minor orthopyroxene
(En. .45, Fs. .55). In Figure 7 one may note that pyroxene
content 1s nearly constant across the anorthosite layer and
that the major mineralogical variation involves olivine and
feldspar. Both pyroxenes show some color in thin sections
with the orthorhombic type being pleochroic from pink to
bluish-green while the clinopyroxene is a faint greyish-pink
color.

Although olilvine 1s a minor constituent it is found in
some samples in small, rounded grains usually mantled by
ofthopyroxene; The olivine 1s usually remarkably ffesh, the
exceptlons being where it was apparently out of equilibrium
near the top of the layer in which case it 1is partially or

completely altered to serpentine.
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The grain size of the anorthosite is variable but feld-
spar laths are always 1in excess of one centimeter in length
and commonly about three times that long. The large pyroxene
network crystals are typically several inches across, result-

ing in the nesophiltic texture.

Ferrodiorite

The appearance of the ferrodiorite 1s considerably
different from the gabbroic rocks seen in the lower levels
of the intrusive. In hand specimen the most obvious features
are the dark grey to black color and the ever present iron
stain. It has a density of about 3.2 g/cc.. In contrast to
the anorthosite lmmediately below the ferrodiorite 1is fine-
gralned with an average graln size of about one millimeter.
The well defined fluxion structure seen 1n the anorthosite
1s also well-developed in these rocks.

The average composition of the plagioclase in the
diorite is An. .45, but zoning is common with a range from
about An. .50 to An. .40. The average length to width ratio
of the plagioclase 1is somewhat less than 1n the gabbros re-
sulting in a more blocky appearance. Textural relationships
between mineral grains are somewhat varied. Plagloclase
ranges from anhedral to euhedral wlith somewhat varled re-
lationships toward the mafic minerals.

One of the notable features of the ferrodiorite is the
reappearance of olivine as a major constituent. The compo-

sition of the olivine (Fo. .25, Fa. .75 Ave.) 1is reflected
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TABLE 6.--Modal compositions of four ferrodiorites.

Specimen Number

Minerals 25-60 26-5 35-11 35-20
Plagioclase Ave.

An. .45 61.5 53.9 64.0 66.0
Pyroxene 11.9 10.4 14.5 13.2
Olivine 14.3 10.9 14.5 12,1
Apatite 2.9 3.3 0.9 0.5
Magnetite 6.2
Biotite 1.8 1.0 0.4
Alteration 1.3 1.4

hlbd.
Alteration after

Olivine 7.1
Alteration after

Pyroxene 6.8
Opaques 6.6 3.6 4.8
Zircon (?) 0.4
Quartz tr. tr. tr.

in its light yellowish color, however, there 1s no noticeable
pPleochroism. The hablt of the olivine is typically anhedral
often filling interstitial spacés, sometimes molding 1itself
around the ends of plagloclase laths although its average
grain size is less than that of the feldspar. It 1s also

commonly seen as small clumps of rounded to subhedral grains
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although thils occurrence is much less common than that of
larger single grains. The olivine is always fresh and free
of 1nclusions.

The composition of these rocks and of the constituent
minerals 1s typical of the "intermediate" rocks found in many
large basic intrusives. Rocks approaching these in compo-
sition have been reported in the Duluth area (Taylor, 1964)
and are seen to make up a substantlal part of the Skaergaard

Intrusion (Wager and Deer, 1939).

Transition Rocks and Granite

In a strict sense these rocks belong to the granodiorite-
adamellite rock type. Actually there is a continual gradation
from diorites to granites. In the absence of chemical analy-
ses of these rocks and lack of detailed data on the mafics,
the exact chemical nature 1s not known. However, some aspects
of the textures lead one to the conclusion that they are
truly mixed speciles reflecting certain aspects of both the
ferrodiorites and the more granitic rocks. A more complete
chemical and petrological study of these rocks would be
most useful in determining the exact relatlonshlp between
the granitic residum and the earlier and more basic parts of
the intrusive.

Leighton (1954) has discussed the intermediate zone
found between the gabbro and granophyre immediately west and
north of the map area. He presents several observations

both from the field and from petrographic studies which he
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believes lead to the conclusion that the intermediate rocks
are to a large degree metasomatic. Thils may be true to some
degree, but it should be noted that with diminishing volumes
of the liquid, more rapid transition should be expected in
thls part of the intrusion than in the lower parts. Near
the top of the ferrodiorite layer, hornblende and biotite

TABLE 7.--Modal compositions of six transition rocks and
granitic rocks.

Specimen Number

Minerals 25-36 25-35 25-45 25-12 247 24-3
Plagioclase 48.3 by.7 30.0 35.5 13.0
Orthoclase 5.9 23.9 12.4 49,2 58.9
Quartz 15.4 15.6 2T7.7 13.7 27.9 33.6
Hornblende 20.8 18.6 14.5 25.2 6.0
Biotite 7.1 11.0 3.4 9.4 8.5 0.3
Opaque 2.2 1.3 0.4 2.9 0.2 0.8
Chlorite tr. 0.3 0.3
Zircon tr. tr. tr. 0.1
Apatite tr. 0.1 0.7 tr.
Feldspar 10.8
Muscovite 0.7
Epidote 0.1 0.1
Amphibole 1.2

Fluorite tr.
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replace pyroxene and olivine as the major mafic minerals.
Along with this change quartz becomes a significant constitu-
ent and the composition of the feldspar changes from calclc
to sodic andesine and minor amounts of orthoclase are present
as intergrowths with the quartz (Plate V-F).

The overall texture of the lowermost transitlon rocks
is subophitic with large plates of hornblende occupying the
interstitial areas between plagloclase crystals. However,
in addition to large hornblende plates, some of the inter-
stitial areas are occupled by aggregates of small crystals
of both hornblende and biotite. Such occurrences as this
seem to be typical of replacement and are believed to be
due to the late alteration of either ferroaugite or of
fayalitic olivine. Many such occurrences are accompanied
by gralns of magnetite also indicating secondary origin.

Although the texture near the base of the transition
rock 1s subophitic, there 1s a gradual change to the more
typlcal hypidomorphic textures of granites, the plagioclase
belng euhedral while orthoclase 1s subhedral and quartz an-
hedral. Leighton has implied that this change is due to
metasomatic effects of a granitic liquilid in proximity to
the earlier gabbro and that the ophitic character of the
iower part of the transition 1s "pseudomorphous." In the
area under investigatlon here, the writer concludes that the
subophitic nature of the lower transition rocks 1s simply

due to the presence of early euhedral plagioclase with the
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later mafics occupylng the interstitial spaces. Other evi-
dence bearing on this problem willl be discussed in a later
section.

In the fleld the transition zone is recognized by the
presence of pink orthoclase which produces a mottled ap-
pearance and 1s readlily distinguished from the ferrodiorite.
However the actual change as revealed by the petrographic
studies takes place before orthoclase 1s recognizable in
hand specimen. As noted above the change can be recognized
by the change in mafic minerals and the presence of inter-
stitlal micrographlc quartz and orthoclase in relatively
significant amounts.

The plagioclase of the transition zone is more charac-
teristic of the intermediate rocks of the intrusive. The
composition of the plagioclase ranges from An. .40 to An. .20
with rather strong zoning (Plate V-E) 1n most examples. The
cores of the plagioclase have a composition on the order of
An. .40 and are usually euhedral and somewhat altered to
secondary mica. The transition to the more salic rim is
abrupt showing the euhedral outline of the core (Plate VI-C).
Composition of the rims are on the order of An. .20.

Patchy zoning is common in the plagioclase with square
or rectangular patches of more sodic plagioclase enclosed
within a more calcic host. Vance (1965) investigated this
type of zoning and proposed that it 1s due to resorption of

early calcic plaglioclase as 1t becomes unstable under
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conditions of lower pressure when the magma rises to higher
levels within the crust. A more sodic plagioclase is then
crystallized under the conditions of lower pressure and no
doubt lower temperature. Wylle (1963) illustrated that in
complex systems the slopes of the liquidus and solidus along
a cotectic are much lower than in simple binary (eg. plagilo-
clase) systems. The effect of this is to cause a greater
compositlional change with temperature than in the simple
system or in a complex system when the composition of the
liquid has not yet reached a cotectic (Fig. 7). In the sys-
tem Anorthite-Alblite-Diopside, the change of composition of
the plagioclase with temperature along the boundary curve

is from An. .60 to An. .40 with a drop of only about 25°C,
while a temperature drop of nearly 150°C is required for

the same change if the composition of the liquid 1s always
on the plagioclase side of the boundary curve while the
change takes place. The result of this is that 1n the final
stages of crystalllzation when the plagioclase is sodic the
zoning may be expected to be very rapid as compared with the
earllier plaglioclases which crystallize when the slope of the
liquids 1s very steep. With these facts in mind, one might
expect that with small changes in temperature earlier plagio-
clase will undergo slight resorption with subsequent mantling
by the stable more sodic plagioclase. Since in thin section
one sees only a two dimensional picture, the zoning could

appear quite irregular and patchy when sections along the
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Fig. 7.--Albite-anorthite-diopsite diagram showing
plagioclase liquidus and solidus slopes as an additional
phase 1s introduced ( Wylie, 1963).
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edge of a crystal are seen while a section through the center cf
a crystal would display more regular but rapid zoning.

Shapes of the plaglioclase in the transition zone range
from lath-1like to blocky in outline. A most notable charac-
teristic of the plagioclase of this zone 1s that as the rock
becomes more acid in composition the plagioclase crystals
diminish in size. The plagioclase is in turn gradually re-
placed by orthoclase until the rock 1s of granitic compo-
sition. In the earlier stages of the transition,quartz and
orthoclase are very minor, the rock having the composition
of a diorite. Orthoclase is found intimately intergrown with
quartz as a granophyric residium in the interstices between
plagloclase. As the rock becomes more acidic these two
minerals are found as dilscrete grains with quartz usually
occupying the interstitial position.

Orthoclase 1in the earlier transition rocks does not
appear to be perthitic but as it becomes more abundant in the
higher rocks it shows a perthitic development although plagio-
clase continues as a separate phase. Even in the granite
that 1s found in the highest part of the intrusion two feld-
spars, one an albite and the other perthite exist in apparent
equllibrium. The explanation of this willl be considered in
some detail at a later point.

The orthoclase found throughout the transition zone
and the true granites range in color from pale pink to a

brick red. Microscoplic examination shows the red color to
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be the result of the presence of dusty red inclusions of
hematite. Orthoclase is typically subhedral with the ex-
ception of micrographlic or myrmikitic intergrowths with
quartz.

As indicated earlier, hornblende occurs in two ways:
as large plates and as aggregates of small crystals which
are probably secondary. The color of the hornblende is of
varying shades of green and 1s usually moderately pleochroic
from light to dark green. Where hornblende is interpreted
as being secondary the aggregates are usually ragged and
often cut across boundaries of several grains. Otherwise it
often takes the form of the areas which it is filling bounded
by the edge of the adjoining mineral. Bilotite is usually a
brownish-red variety which 1s strongly pleochroic from
yellowish-brown to dark reddish-brown or as in a few cases
almost a dark greenish-brown. The blotite always has a
small 2V, but some separation of the isogyres is always seen.
Some distortion of cleavage traces is often seen as though
some stress had been applied after crystallization.

Minor minerals include opaques, apatite, zircon which
often occurs as unusually large crystals, epidote and in the
most acid rocks some fluorite.

It 1s to be noted here that although the granite 1is
compositionally similar to granophyre or redrock it 1is
texturally much different. While quartz is abundant in red-

rock it is difficult to see 1in hand specimen due to 1ts
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occurrence as graphilc or myrmikitic intergrowths in K-feld-
spar. Quartz 1s very apparent in hand specimens of the
granite of this area as 1t as well as feldspar are found as
discrete grains and the average grain size may be slightly

greater than 1s found in the redrock.



CHAPTER IV

MINERALOGY

General Statement

Selected minerals and pairs of minerals which best
reflect the course and extent of differentiation have been
studied in varying degrees of detail. The trends displayed
in plagioclase, pyroxene, and olivine are typical of other
large basic intrusions. However, some interesting chemical
relationships which disclose the character of the differ-
entiation are presented.

Mineral compositions were determined both by optical
and by chemical methods. Those studied by optical methods
were analyzed both 1In thin section and grain mounts.
Minerals on which indices of refraction were determined were
mounted on slides with epoxy cement. By this method orien-
tations on the universal stage could be made without movement
of the grains and changes of index o0il could be made without
using additional crushed material. In this manner, the same
graln could be located on the slide after each oil change
eliminating the tedious hunting for grains with the proper
orientation. 1In all cases the beta index was measured by

means of centering an optic axis figure. All 2V measurements

73



74

were made directly and only those 1n which both optic axes
could be centered were used.

Chemical analyses were obtained commercially on mineral
separations made by the writer. All of the separations were
made on a Frantz separator and purified by use of heavy
liquids (methylene ilodide). The purified minerals were in-
spected under the microscope periodically and were determined
to be above 98 per cent pure. Purification of the minerals
from the chill zone was somewhat difficult due to the presence
of minute inclusions, but these have been eliminated from the
analysis by computation (see Table 8) and they are considered
to be nearly representative of the true composition of the

minerals.

Plagioclase

The composition of the plagioclase was determined by
the Rittman Zone method, Emmons (1943, p. 115), and by making
use of a chart from Deer, Howie and Zussman, Vol. IV (1963,
p. 138). Figure 8 shows the variation of plagioclase compo-
sition with distance above the base of the intrusion. Pre-
clsion of the individual determinations is considered to be
within three per cent of the average. The use of a large
number of analyses as 1s the case in Figure 8 shows the
trends quite accurately.

Near the base of the intrusion the composition of the

Plagioclase varies widely with little changé in level above
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the base. There are two factors which are the cause of this
fluctuation but it 1s difficult to estimate the importance of
either. The first cause is that of settling of plagioclase
which has crystallized from the overlying liquid. If com-
plete equllibrium is not established between the settling
crystals and the liquid which surrounds it then some hetero-
genelty 1s to be expected in the levels of the intrusion

where crystal settling 1s a factor. The second cause of these
fluctuations is that the compositions were plotted with refer-
ence to height above the base only, without regard to location
along the strike of the intrusive. This effect shows up in
Flgure 9 in the upper levels of the intrusive where the two
traverses from which values were taken (English Lake and
Mineral Lake) can be distinguished.

The rather consistent composition of the plagioclase
across the intrusion is unusual for intrusives of this type.
Turner and Verhoogen (1960, p. 213) and Hess (1960, p. 121)
This lack of change 1s probably due to the large volume of
magma involved. The more rapid change near the top of the
intrusion 1s the result of decreasing amounts of liquid hence
an accelerated rate of change of composition.

The chill zone plagloclase has a composition of An. .42
and that of most of the overlying rocks 1s considerably more
calcic. Hess (1960, p. 121) noted a similar situation in
the Stillwater Complex and reasoned that a sufficient amount

of more sodic plagioclase to give an average for the whole
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intrusion similar to that of the chill zone would be found 1in
the upper hidden zone. In this case the upper part of the
intrusion is available and no such amounts of more sodic
plaglioclase have been found. On the basis of the chemical
composition which was calculated from an average modal compo-
sitlon of the entire intrusive (Table 20) the average plagio-
clase composition for the intrusive is about 57 per cent
anorthite. On the basis of this data alone one 1s led to a
tentative hypothesis that a large part of the intrusion is
missing or the composition of the chill zone is not repre-
sentative of the composition of the original magma. This
subject willl be consldered 1n detall in later sections of
the paper.

The plagioclase of the chill zone has been determined
by analysis (An. .42) (Table 8). This value is in contrast
with that determined by the Rittman method, (An. .55) but
the discrepancy 1s considered to be due to the strong compo-
sitional zoning of the individual crystals, rendering an
optical determination of the average value impossible.

Table 8 shows considerable amounts of Fe203, FeO and
MgO. Some of these femic oxides can be calculated as mag-
netite but the high percentage of magnesia requires the
presence of some spinel or silicates. The plagioclase cores
of the chilled rocks are filled with minute or dusty in-
clusions that appear to be opaque material. The presence

of these tiny inclusions make a pure sample difficult to
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obtaln. On the basis of the data of Table 8, it appears as
though a large percentage of these inclusions may be a pyro-
xene of a composition very similar to that which is found in
the immediately overlying coarse-grained gabbros. (Compare
pyroxene data of Table 8 with Table 13.)

The implication galned from these data then, is that
the magma from which the chill zone plagioclase crystallized
must have been carrying tiny crystals of pyroxene in equili-
brium which became caught up 1in the earliest feldspar to
crystallize. The dlsequilibrium of these chilled rocks 1is
demonstrated by comparing the calculated composition of the
pyroxene inclusions with the megascoplc pyroxene of the same
rock sample. (Compare pyroxene data on Table 8 with Table 9.)

The average composition of the plagioclase of the an-
orthositic gabbro and gabbroic anorthosite may be seen 1n
Figure 9. The composition appears to stablize at about 60
per cent anorthite throughout most of the anorthositic part
of the intrusive and then becomes more sodic 1n the ferro-
diorite, a trend which continues into the transition rocks.
The final plagioclase which is found in the uppermost granite

is albite which is undoubtedly in equilibrium with the ortho-

clase of the granite (Fig. 10).

Alkall Feldspar

Considering the entire volume of the intrusion, alkali

feldspar is a very minor constituent, but some information
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Fig. 9.--Ternary diagram of Ab.-An.-Or system showing
approximate location of solvus for high water content con-
ditions (Tuttle and Bowen 1952, p. 135).

The dlagram shows what might be the expected location
of the solvus when PH 0 is high and anorthite content 1is low.
o 2
Curve ABC for slightly lower water content than DE FC.
Points P and K are possible feldspars in equilibrium. The
feldspar at point K then exsolves to form perthite as the
temperature drops. The lower diagram is a projection of
P and K into the Ab-Or sideline showing possible location
of the solvus. Slopes of solvus are hypothetical.
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of the late stage cooling of the magma may be obtained
from this mineral. The presence of albite and perthite
coexisting as discrete crystals is 1ndicativé that they
have crystallized from a melt at a temperature below
660°C, as shown in Figure 9. The fact that the alkali
feldspar 1s perthitic with a considerable amount of ex-
solved albite indicates that the original feldspar con-
tained sufficient amounts of the albite molecule (720 per
cent) to cause the exsolution to take place (Tuttle-Bowen,
1958, p. 19). Tuttle and Bowen (1958, p. 128) have classi-
fied these granites contalning two feldspars as "subsolvus"
types. Although no quantitative determinations have been
accomplished, it 1s reasonably sure that the perthites of
the uppermost granite contain more than 30 per cent albite.
This places these rocks as "subsolvus" type A (Bowen and

Tuttle, p. 129) indicating that they are of magmatic origin.
Olivine

Olivine has not been studled in detail. However,
some mention may be made of the trends of composition that
are shown in Table 9 and Figure 10. The olivine of the
chill zone is relatively rich in fayalite but as will be
shown appears in equilibrium with orthopyroxene even
though these rocks are the result of strong undercooling.
The olivine of the anorthositic gabbro 1s more magnesian
(samples 13-2 and 11-9) and is also in equilibrium with

the pyroxenes (Fig. 10) of these rocks.
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Olivine disappears as a phase at about 6,000 feet
above the base of the Intrusive. It 1s absent throughout
that part of the intrusion that 1s truly anorthosite and
reappears as an important constituent in the ferrodiorite.
The presence of fayalitic olivine in this rock 1is indi-
cative not only of the extent to which fractionation has
proceeded at this level but also 1ts presence along with
pyroxene in place of hornblende 1s indicative of the very

low P that must have obtained throughout the cooling

H2O

period.

Since olivine 1s found co-exlsting with small amounts
of quartz as well as pyroxene 1in the ferrodiorites, some
additional information as to the composition and tempera-
ture of the magma 1s made availlable. Point F on Figure 11
is the ternary invariant point where pyroxene, olivine and
silica co-exist. As temperature drops lower toward the
low of 1178°C. olivine continues to crystallize in equili-
brium with silica. When studying the ferrodiorites it
appears as though the onset of hornblende crystallization
interrupts the relationships shown on the diagram. The
important fact shown on thls dlagram is the extreme iron

rich composition of the magma at this point.

Pyroxene

Several investigators have studied the pyroxenes
of differentiated intrusives, and their chemistry in re-

lationship to fractionation 1s fairly well known. For
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Fig. 11.--Equilibrium diagram of part of the FeO-MgO-
8102 system (Bowen and Schairer, 1935).
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thls reason 1t was evident that a detailed study of the
chemistry of the pyroxenes would be useful in determining
the extent of differentiation. Further, this data pro-
vides a basls for estimating the conditions under which
the Intrusive solidified.

The compositions of the investigated pyroxenes are
shown in Table 9 and Figure 1l2. Comparisons are made with
pyroxene trends from other intrusives of varylng sizes and
shapes and the trends are similar. As is to be expected
the trend is toward iron enrichment in the later rocks of
the intrusion. The pyroxenes of the chill zone have a
composition that 1s higher in iron than those from the
higher levels of the intrusive. This situation is similar
to that already discussed concerning the plagioclase in
that the chill zone composition occuples an intermediate
position in the trend of the pyroxenes. The fact that the
pyroxene in the rocks lmmediately above the chilll zone are
more magnesian requires 1atér enrichment in iron, as is
shown in the pyroxene of the upper levels of the anortho-
site and the ferrodiorite, to give an average value for
the whole intrusion that matches the compositlon of the
chill zone pyroxene. Based wholly on the composition of
the pyroxene from the different zones of the intrusive
it appears as though the chill zone pyroxene represents
about an average composition for the pyroxenes. However
this is not to say that the bulk composition of the chill

zone 1s representative of the bulk composition of the
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entire intrusive since it will be recalled that the plagio-
clase of the chill zone 1is far too sodic in comparison to
the rest of the plagioclase of the intrusive. What the
chill zone probably represents is the composition of an
interprecipitate liquid from which most of the pyroxene
now seen 1in the intrusive crystallized. The plagloclase
then, at least in part, crystallized from an earller liquid
and formed the bulk of the solid portion of the crystal
mush which contained the liquid from which the pyroxene
crystallized. This toplc will be consldered further in

the following chapter in conjunction with the bulk chemis-

try of the rocks.

Geothermometry from Pyroxene Data

All of the orthopyroxenes of the intrusive show ex-
solution of a more calclic, monoclinic pyroxene (Plate VI-A)
indicating that they have inverted from pigeonite as cool-
ing proceeded. Hess (1960, p. 39) has discussed the useful-
ness of evidence that this inversion has taken place as a
geologlc thermometer (Fig. 13). Based on the composition
of the orthopyroxene, the crystallization of the original
plgeonite must have taken place above 109°C and probably
no higher than 1120°C. On the basis of the same diagram,
the latest pyroxenes of the ferrodiorite are seen to have
crystallized above 1040°C., as they also show evidence of
exsolution of calcic pyroxene due to this inversion of

plgeonite to orthopyroxene. On the basis of this
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Fig. 13.--Pigeonite orthopyroxene inversion curve
(Hess, 1960, p. 40).
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information alone it appears that during crystallization
of approximately 90 per cent took place with a drop of
no more than 100°C.

The distribution of iron and magnesium between the
co-existing pyroxenes provided additional data concern-
ing the temperatues at which crystallization took place.
Kretz (1961) and Bartholomé (1962) have discussed this
distribution and have calculated tentative temperatures
corresponding to varying distributlion coefficients. Based
on the calculations of Bartholomé, the coefficients calcu-
lated from the analyses are in the range of magmatilc
temperatures. Kretz has provided the theoretical calcu-
lations and by use of the following equation is able to
determine approximately the change of the distribution

coefficient with temperature.

Unfortunately 1in the absence of adequate thermochemical
data, namely AH of the reaction 1nvolving the equilibrium
of Mg and Fe between the phases, precise calculations of
temperatures are impossible. The major problem here is
that AH 1s variable with temperature as well as the co-
efficients. However, we are able to see that the deter-
mined coefficients for samples 11-9, 6-5-65 and 25-42
show changes 1n what are considered to be the correct di-

rectlons which no doubt result from temperature variations.
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Fig. 14.--Plot of Fe't/Mg'* ratios from
pyroxene palrs showing dilstribution coefficients.
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Although quantitive results cannot yet be determined
for temperatures at which mineral pairs were equilibrated,
the calculations of Bartholomé and Kretz show that the co-

efficient K (of the following equation) is

K - Feor(l - Fecl)
(1 - Fe0;77Fecl

inversely proportional to temperature. From this we see
that the Sample 11-9 crystallized at a higher temperature
than either 6-5-65 or 25-42.. A plot of temperature vs.
coefficlient published by Bartholomé indicates that this
change 1s representative of about 350°C.

If we assign a temperature of 1150°C to Sample 11-9
then by the time the pyroxenes of 25-42 (ferrodiorite)
crystallized the temperature was in the range of 800°C.
The low coefficient of 6-5-65 (Figure 14) may be partially
due to the presence of opaqué inclusions in the analized
material and probably to a lesser degree to some dis-
equilibrium due to chlilling effects.

The pyroxenes have provided two means with which
some statements concerning the temperatures of crystal-
lization may be made. The first method, making use of
exsolution phenomona in orthopyroxenes, results in a
temperature range of about 100°C. between the crystal-
lization of the early olivine gabbros and the ferrodio-

rites. The latter method making use of distribution
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coefficients of Fe and Mg between ortho- and clino-
pyroxene gives a range of 350° between these rock types.
Because of the uncertalinty of AH of the reactions which
involve the distributlon of these elements, one must

place less emphasis on the latter method at this time.



CHAPTER V

PETROGRAPHIC DISCUSSION

Introduction

Three major questions concerning the nature of the
intrusion appear at this point to be of primary im-
portance. Briefly they may be stated as follows:

1. The mechanism of intrusion and the related

processes through which the various rock
types have evolved.

2. The nature and extent of differentiation.

2. The origin of the anorthosite.

It 1s difficult to consider any one of these issues with-
out involving the others and for this reason they will

all be discussed with one particular point in mind; namely,
the orlgin of the large mass of anorthosite.

Several factors have been dlscussed in the proceeding
sectlons which point up the fact that this gabbro mass
Possesses many characteristlcs that are typical of all
large basic intrusions. However, there are several charac-
teristics which apparently set this complex apart from
many others, not the least important of which 1is its highly

feldspathic composition. Another most significant aspect

100
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of this intrusion is the fact that it 1s falrly well ex-
posed in cross section from 1lts base to the uppermost
rocks which crystallized from the acid residuum. This
has provided an excellent opportunity for study and the
collection of a large amount of data which appears to
throw some new light on the origin of the large masses

of anorthositic rocks that are exposed here, as well as
at Duluth. Several of the pertinent facts and inferences
that have been described in earlier sections are listed
here to set the stage for the following discussion.

1. The present attitude of the intrusion was at-
tained through regional tilting which began
prior to intrusion so that during its ascent
the magma was moving upwards along an inclined
surface. Tilting probably continued after
solidification was completed.

2. A large proportion of the magma must have
crystallized before upward movement ceased,
resulting in the strong fluxion structure seen
in the anorthosite.

3. The gradual upward decrease of mafic minerals
throughout the anorthositic gabbro and into
the anorthosite would indicate that relative
downward movement of maflcs was taking place

during ascent of the magma.
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The presence of ultramafic concentrations at

the base of the intrusion indicates that the
heavier minerals were settling downward relative
to the lighter plagloclase crystals.

The rarity of phenocrysts in the basal chill
zone suggests that the magma was in motion so
that large crystals were swept away from the
walls of the intrusive toward areas of higher
velocity.

The unusual composition (Table 15) of the chill
zone 1ndicates that the liquid from which these
rocks crystallized was already partially differ-
entiated at the time of intrusion.

The fact that even the earliest orthopyroxene
contains more than 30 per cent orthoferrosi-
lite indicates that the magma at thils level of
the intrusion had undergone some differentiation.
The very gradual cryptic layering of the con-
stituent minerals and phase layering caused by
the appearance or disappearance of a mlneral
throughout the entire intruslon combined with
the lack of any chllling within the body strongly
supports the hypothesis of a single intrusion.
The coarse graln size, slight zoning and nearly
constant composition of most of the plagioclase

of the anorthositic gabbros and anorthosite
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points to a slow cooling rate and the mainte-
nance of equillibrium during the period of
crystallization.

10. The presence of the ferrodiorite in considerable
amounts across the top of the intrusilve provides
evlidence as to the character of the environment
and the resulting trend of differentlation that
was followed during the cooling period.

11. Almost complete lack of compositdonal or
rhythmic banding as typically seen in many
large gabbrolc intrusives indicates that the
physical processes that were actlive during the
cooling period were different from those which
display such features.

All of these factors appear to be related to one or
two aspects of the intrusion. They are: the composition
of the original magma and the changes that it suffered
during 1ts ascent to the present ground level and the
physical process by which the final rock type was formed.
There 1is much evidence to direct our judgment as to the
latter aspect, but much discussion of this 1s within the
realm of speculation. The original compositlion of the
magma may be considered directly. It 1s to this chemical

aspect of the intrusion that attention is now directed.
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Composition of the Intrusion

The composition of the chilled marginal facies
found at the base of the Intrusion is presented in Table
15 along with some compositions of other basaltic rocks
for comparison. Inspection of Table 15 makes clear the
fact that the chilled rocks of this body are not of
ordinary composition and are elther the product of differ-
entlation or contamination of a pre-existing magma.

Bowen (1929, p. 75) has demonstrated a method of
determlining if a rock is the product of contamination or
differentiation. The method makes use of a Harker vari-
atlon diagram (Fig. 15) and the assumption that the change
in all oxide percentages will be linear with the change of
silica. Since an analysis of what might safely be con-
sldered an unaffected rock from this area was not avail-
able, a composlite analysis from the Keweenawan Greenstone
flow in Michigan, after Cornwall (1951, p. 155) has been
used to represent the original magma composition. This
analysis is very similar to others that have been con-
sidered to be typical of the Keweenawan lavas (Lane, 1911,
p. 100).

The plots of the two analyses are shown in Figure
15, with M representing the oxldes of the chill zone of
this intrusive and A, Cornwall's average analysis. The
composition of the material that must be subtracted from

A to give M must be plotted at the right of A. The
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TABLE 15.--Comparison of analyses of chilled rocks from
Mineral Lake Intrusion with other chilled rocks.

Chill Zone Cornwall's Skaergaard Stillwater
Mineral Lake #1 Liquid
SiO2 47.01 47.84 h7.97 50.68
TiO2 1.15 1.53 1.32 0.45
A1203 13.26 16.98 18.32 17.64
Fe203 2.19 3.18 1.23 0.26
FeO 15.08 7.92 8.58 9.88
MnO 0.09 0.17 0.12 0.15
MgO 6.99 6.73 8.09 7.67
CaO 9.03 10.01 10.77 10.47
Na20 2.75 2.63 2.42 1.87
K20 0.80 0.48 0.21 0.24
P205 0.31 0.18 0.08 0.09
H2O+ 0.74 2.23 0.61 0.42
HZO- 0.11 - 0.09 0.06

lAnalyst - Norman D. Berlin, Jr.

2Average of two analyses of basalts from Greenstone
flow (Cornwall, 1951, p. 155).

3Average of three chill phase analyses (Wager, 1960,
p. 375).

uHess (1960, p. 162).
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composition shown as S will serve as an example of sub-
traction of material from A. The actual composition of
S might be varled somewhat but as the silica content 1s in-
creased its composition becomes more extreme (anorthositic).
The most extreme posslibility would appear to be at about
49.3 per cent SiO2 which 1s the point where FeO, Fe203 and
K2O all fall to zero. The composition chosen at point S
gives reasonable values for the compositions of the re-
sulting normative mafic minerals. The norms of A and M
are shown in Table 16 along with the norm of the material
to be subtracted from A to give M. It would be necessary
for 52 per cent of A to crystalllize to give a solid of
composition S and a liquid of composition M. It 1s note-
worthy that the composition of the solid material actually
approaches what might best be called an anorthositic nor-
ite. Attention should be called to the fact that the early
differentiates of large mafic intrusions are often noritic.
To be completely obJective, consideration should be
given the alternative hypothesis of contamination. Criti-
cal examination of Figure 15 will reveal that if the graph
were continued far enough to the right and 1f the content
of Mg0O, Na

O, and K,O were slightly higher in A, all of

2 2
the oxldes but FeO and Fe203 would fall to zero as the

silica content 1s reduced. If this is the case and a poor
example of the average magma (A) has been chosen then the

possibility of contamination by iron formation remains.
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However, it should be noted that considerable amounts of
material would have to be assimulated to modify a magma
of the composition of A to produce one of the composition
of M. Further, although this may be within reason, the
fact that at the point where Sample 6-5-65 was collected
the nearest iron formatlon is over a mile to the south.
Although the dips of the iron formation and the base of
the intrusion are such that they may intersect at depth,
the hypothesis now begins to require a number of fortui-
tous circumstances.

Considering the probabllities involved for the
hypothesis of contamination, 1t appears that the alterna-
tive of modification of an original magma by crystal
fractionation is the most likely. Furthermore, as Bowen
(1928, p. 77) pointed out, the material that must settle
out 1is of a composition that it 1s expected to be, while
the other alternative requires assimilation of large
amounts of material of a specific composition.

The foregoing discusslion then, assumes that the
composition of the chill zone rocks is the result of
differentiation of some pre-existing more normal magma,
namely one of a composition similar to that of the
Greenstone flow. Three factors are important to this
line of reasoning:

1. Mineralogical data of the chill zone and the

overlying rocks,
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2. The trend of differentiation of the intrusive,
3. The actual composition of the exposed section
of the intrusive.
If the above hypothesls is workable and the rocks of the
chill zone are indeed the product of differentiation
(fractionation), then these three factors must show data
that 1s in agreement and in turn suggest a mechanism by
which the varidus rock types have evolved. The mlnera-

logical data has already been presented but a brief review

is useful at this point.

Mineralogy

Figure 16 prov;des some impression of the average
composition by volume of the major minerals of the in-
trusion. It was noted in the discussion concerning the
plagioclase that on the basis of modal composition the
average composition of the plagioclase for the entire
intrusion (An. .56) was far more calcic than that of the
chill zone (An. .42). There are two possibilities that
wlll explain this discrepancy, a large, more acldic
portion of the intrusive 1s missing or the chill zone is
not representative of the bulk composition of the original
magma. If the former suggestion is true then similar
compositional discrepancies should be found for all of
the minerals. The pyroxenes of the chill zone have a
composition that 1s far more rich in iron than those

immediately above, however, it may be noted in Figure 16
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that the pyroxene compositions over the whole intrusive
probably average out to about that of the chill zone
pyroxene. The ollvine like the plagloclase appears in
Figure 16 to be too magnesian where it occurs to average
out over the whole intrusive the same as the chill zone
olivine composition.

On the basis of this data, 1t appears that the
pyroxene composition found in the chill zone 1s roughly
representative of the average value for the whole in-
trusion while the compositions of the chill zone ollvine
and plagioclase are respectively too iron rich and too
sodic. The only possible answer to this situation is
that the olivine and plagioclase in the middle levels of
the intrusion, at least in part, have crystallized from
a magma which had a composition relatively richer in mag-
nesium and calcium than the liquid from which the chill
zone rocks crystallized. These minerals then represent
the solid portion subtracted from the average liquid in
Figure 15 while the pyroxene has crystallized, for the most
part from the remailning liquid, which has been called the
interprecipitate (Wager, et al., 1960). The later, more
iron rich mafics and more sodic plagloclase of the fer-
rodiorite are also products of the 1lnterprecipitate liquid
some of which may have migrated upward through filter pres-
sing. It appears that the plagioclase of the anorthositic
rocks has to a large degree crystallized before the magma

reached the level of the intrusion which 1s now observed



113

at ground level and was carried up to this level in
suspension in the magma. At the same time the olivine
also crystallized at a. lower level and was carried up-
ward, but due to the greater density settled more rapidly
and 1s now found in the lower third of the intrusion.

A more precise analysis of settling veloclties willl be

made later in this chapter.

Trend of Differentilation

The hypothesis which has been introduced in the pre-
ceedlng paragraphs proposes that parts of the intrusive
are products of the fractionation of a liquid which is
more primitive than that from which the lower marginal
rocks crystallized while later parts of the intrusion and
the interprecipitate are direct descendants of the "chill
zone magma." It follows then that the "chill zone magma"
must be on the line of descent from the earller magma.

Table 17 presents the oxide data from several rock
analyses in tabular for.n which 1s plotted graphically in
Figure 17. The plotted data suggests that the ultra-
mafics and the anorthosite have been subtracted from the
original magma (Cornwall's #1 liquid) to give the compo-
sition of the chlll zone rocks. The line of descent
then continues in the direction of iron enrichment toward
the composition of the ferrodiorite. 1In the later rocks

the trend of iron enrichment 1s reversed toward the
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composition of the granite. This trend, as is shown in
the diagram, 1s similar to that shown by the Skaergaard
and Duluth complexes.

Numerous writers, Wager and Deer (1939), Kennedy
(1955), and Osborn (1959) to mention a few, have discussed
the trends of differentiation observed in mafic rocks.
Kennedy (1955, p. 500) reviewed the problem of alkall
versus iron enrichment as argued by Bowen and Fenner re-
spectively and on the basis of his melting experiments con-

cluded that either trend was possible depending upon PH 0
2

on the system at the time of crystallization.

Through studies of the system MgO—FeO-Fe203-8102,
Osborn (1959) has defined the paths of liquid descent
under conditions of: (1) constant oxygen pressure,

(which requires that oxygen content varies during crystal-
lization) and, (2) constant total composition, (which re-
quires that oxygen pressure change during crystallization).
If Figure 11 is compared with Figure 18 it is apparent
that these represent essentially the same systems under
different conditions. The latter dlagram contains Fe2q3
as a result of the higher oxygen pressure which requires
that some of the iron be in the ferric state allowing
the formation of magnetite as an early phase coexisting
with olivine. The earlier diagram (Figure 11) does not
contain iron oxides as a phase in the area of basaltic

rock compositions and hence allows 1lron to be enriched

in the 1liquid as the early silicate phases are rich in
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magnesium. Furthermore, the thermal low in Flgure 18 1is
at point D which prevents the liquid from becoming en-
riched 1n iron while the thermal low in Figure 11 1is along
the FeO - SiO2 sildeline so that liquids may proceed in the
direction of extreme 1lron enrichment under conditions of

low PO where early iron oxldes cannot form.

2
The situation then is as follows. If the P is

0

high resulting in a high Fe203/FeO ratio in the maéma
then magnetite may form during the early stages of crystal-
lization using large amounts of 1ron and allowing later
enrichment 1in alkalis. If the Fe203/FeO ratio is low then
theoretically magnetite cannot form (although in reality
it does in small quantitles) and a magnesian olivine is
the early mafic precipitate. 1In the first case no silica
1s used as a result of precipitation of magnetite so that
silica enrichment results under these conditions. However,
in the second case considerable amounts of both silica and
magnesla are used in the early precipltates so that a de-
crease of both elements may accompany crystallization.
The Skaergaard Intrusion shows thils trend particularly
well.

The trend of iron enrlchment holds for the Mineral
Lake Intrusion and Figure 19 indicates that the trend of
differentiation is simllar to that of the Skaergaard In-
trusion and the Duluth gabbros. Very little data con-
cerning the trend of silica has been collected for the

Mineral Lake Intrusion but data from the chill zone
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KEY:
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G = Cornwall's #1 Liquld Greenstone Flow
F = Calculated from average modal composltions of the four

ferrodiorites in Table 6.
After Wager and Deer (1939).
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analysis, a modal analysis of four ferrodiorites and the
Greenstone flow are compared with the Skaergaard trend
in Figure 19 and a remarkable parallelism 1s shown.

Finally, an investigation of the Fe203/FeO ratios
was accomplished to determine 1f the oxygen pressure was
as it should have been to produce the trends shown in
Figures 17 and 19. These ratios are presented in tabular
form in Table 18 and again a striking similarity to the
Skaregaard Intrusion is shown. Kennedy (1955, p. 501)
notes that these ratios from the Skaergaard are among
the lowest found 1n any rocks 1n the world and considering
the unusual suite of rocks that appears to be a cause and
effect relationship. Osborn's work appears to confirm
this relationship.

One further comparison between the Mineral Lake and
Skaergaard Intrusions is of interest. Wager (1960, p. 398)
has estimated the composition of the "hidden zone" of the
Skaergaard Intrusion and has determined that when the magma
was about 70 per cent solidifled the solld portion was
about 80 per cent plagloclase. This would suggest that
under the conditions outlined above and where crystal
settling 1is a strong factor that the early precipitate
would normally be anorthositic in composition. So far
as the writer has been able to determine, this possibility
has not been widely recognized in the literature. The
only additional factor necessary to produce anorthositic

rocks under these conditlons iIn a mechanism by which the
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early preclipitate 1s separated from the remainder of the
magma. With this in mind, we shall now consider the
average composition of the intrusion based on modal analy-
ses 1n an effort to compare the actual composition with
what would be expected from the fractional crystallization
of a basaltic magma.

Average Composition of the Exposed Section
of the Mineral Lake Intrusion

With the full realization of possible inaccuracies,
the writer has attempted to provide some indication of the
average composition of the exposed section of the intrusion
that was mapped. Two methods have been used both of which
are subject to errors. The simplest method was to pick
modal analyses every thousand feet across the intrusion
and calculate from these an average composition giving each
sample equal weight in the calculations. This was done for
two traverses using a total of 31 modal analyses from which
an average rock composition was determined.

The second method was conslderably more sophisticated
although possibly no more reliable. The relative areas of
the four major rock types as shown on Plate I were deter-
mined with the use of a compensating polar planimeter.

The relative sizes of these areas are given in Table 19
along with the weighted amounts of each of the minerals
determined for each area. The calculated chemical compo-

sitions from both methods are presented in Table 20.
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TABLE 20.--Calculated analyses from the two methods
described in the text.

1000 Feet From Area Method From
31 Modal Analyses 62 Modal Analyses
510, 53.50 50.36
Al2O3 21.30 21.32
Fe2O3 1.47 2.62
FeO 5.23 7.02
MgO 3.64 4,63
Ca0 10.49 9.73
Na2O 3.72 3.42
X,0 0.61 0.39
P205 ND 0.10

Some interesting comparisons may now be made. If we
compare the average modal compositions of the intrusive as
shown in the right hand column of Table 19 with normative
composition of the solid (Table 16, Column 3) that must be
Subtracted from Cornwall's average liquid to give the
composition of the chilll zone a striking similarity may
be noted. However, this comparison is not entirely valid,
as column 3 of Table 16 represents only about one-half of
the original magma, the other half having the composition
of the chill zone. Agaln the evidence suggests a dis-

continuity between the chill zone composition and that of

the overlying rocks.
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If the above data 1s anywhere near valid it is
apparent that a considerable amount of the mafic minerals
has been removed from the bulk composition of the intrusion.
There are at least three mechanisms that may be active dur-
ing the cooling period which would tend to cause contrast-
ing rock types to be produced. Crystal settling in combi-
nation with a convecting magma has been proposed by several
workers, Hess (1938) and Wager and Deer (1939), to produce
cryptic zoning combined with igneous banding. Such a
mechanism would also explain fluxion structures found in
many of the large mafic intrusions. A second mechanism
that has been proposed to explain contrasting rock types
in a single intrusive 1s filter pressing. Finally, flow
in one direction combined with crystal settling could pro-

duce contrasting rock types if the proper conditions are

achileved.

Form of the Intrusion and the
Mechanics of Differentlation

The roughly tabular shape and northwesterly dipping

attitide appears to be reasonably well established. The

timing of the tilting also 1s well enough establlshed to
indicate that the intruslon was emplaced along a tilted

surface. The exact dip of the plane along which the 1n-

trusion was emplaced cannot be known for sure but when

all of the factors discussed 1in Chapter II are taken 1nto

account the dip appears to be petween 30 and 60 degrees.
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The studlies of the composition of the intrusive
and of the chill zone indicate that a large portion of
the original magma had crystallized by the time the in-
trusive reached the present ground level. The chemical
calculations indicate that about half of the original
magma must have ¢érystallized to produce a liquid of the
chill zone composition, so that one might envlsion the
magma at this point as a crystal mush of which a high per-
centage 1s solid material. The fabrlc of the anorthositic
rocks is so strikingly well oriented that flowage of a
crystal mush seems the obvious conclusion. Another dis-
tinct possibility is that a crystal mush as pictured here
would be a natural situation under which filter pressing
could take place. However, fllter pressing alone does
not seem adequate to account for the removal of a large
amount of early mafic material. The fact must be kept 1n
mind that the high iron content of the chill zone rocks

requires the early removal of considerable amounts of

magnesian mafics. The early plagioclase 1s availlable to

see in the anorthosite but the mafics are not.

The former alternative that flowage played some role

in the production of these rock types deserves some further

consideration. If an lgneous body of the proportions of

the Mineral Lake Intrusilon is to rise to the level in the

crust at which it is now found, the magma probably moved a

vertical distance of at least 20 miles. The mechanisms

that are currently popular for the production of such
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magmas, Turner and Verhoogen (1960, p. 442), would not allow
a large amount of superheat and we can probably assume that
crystallization beglns soon after the ascent of the 1liquid.
We cannot expect that very much crystal settling could take
place if the magma were one-half crystalline material but

at the lower levels the magma was less than half crystal-
line by considerably amounts and under these conditions
crystal settling could take place. The next step then 1is

to determine 1f and how crystal settling might affect the
composition of an intrusive.

Hess (1960, p. 139) has discussed settling velocities
of crystals in a magma in reference to the origin of layer-
ing in the Stillwater Complex. He makes use of Stoke's law
which he notes 1s fairly accurate even for large grains
under conditions of high viscositles and low settling rates.
Hess has calculated values for settling velocities for
several grain sizes and viscosities. Table 21 1s from
Hess' data and shows the very great difference in settling
veloclties between the two minerals of similar size.

Several factors about Hess' data should be noted.

The effectiveness of differential settling is highly de-
pendent upon the rate of flow of the magma itself (see
Flg. 20). Bhattacharji and Smith (1964, p. 151) have used
magma velocity values 1in the range of 3 to 15 meters per
hour for the Muskox feeder dike. If these values are
applicable to the Mineral Lake Intrusion, a great lateral

distance would be required for differential settling to
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take place with the settling velocities calculated by Hess.
However, with grain sizes on the order of 2.0 mm. and
velocities of flow of the mass of the same magnitude of
the settling velocities this could be a very efficient
mechanism over a short distance. An even more efficient
mechanism might be one in which velocitles of flow were
variable. Under conditions such as this during periods of
low magma velocity showers of maflcs would descend toward
the floor whille plagloclase remained behind 1n relative
suspension.® With the 1ncrease of flow again the plagio-
clase would be removed to higher levels gradually changing
the composition of the remaining solid toward a more an-
orthositic character.

It should be noted that the ultramafic pods found
near the base all seem to be more coarse than the surround-
ing rocks and always have boundaries which grade toward
more normal rocks. The pyroxenites are particularly coarse
often containing crystals larger than 5 mm. Also, the tex-
tures of the picrites in particular are sometimes glomeropor-
phyritic which would further enhance differential settling.

Another point which enhances the settling of mafics
1s density difference. 1In Table 21 pyroxene has a density

of 3.3 while olivine somewhat heavier, settles: &4t greater

¥One might expect that with changes of magma velocity,
banding could result, but if the surges were infrequent only
large zones of relatively mafic content would result, not
the "inch scale" layering that is seen in the Stillwater
and other large intrusives.
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Plagioclase

Pyroxene
AD = 0.7

Fig. 20.--Hypothetical cross section of Mineral
Lake Intrusion showing possible mechanism for the
production of anorthosite.
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velocity. A final point of great importance is that the
values in Table 21 assume a liquid density of 2.58. The
average density of a completely liquid basaltic magma is
about 2.65 (Hess, 1960, p. 85). This has been reduced
slightly by Hess in the calculations of Table 21 because
of the early removal of the mafics which for purposes of
the calculatlons 1s now solid and cannot be consldered in
determining the liquld density. Under the trends of
differentiation that are displayed in this intrusion, the
enrichment of iron should hold the liquid density more
nearly constant and 1t 1s even possible that plagioclase
(density 2.7) could rise.

The crystallization process then 1s as follows: With
the rise of the magma along 1its 1nclined floor early mafics
settle more rapidly than the plagioclase. As ascent con-
tinues the solid portion becomes more feldspar rich as a
result of differential settling and the liquid more iron
rich. Flow of the magma must have been great enough to
hold a large proportion of the feldspar 1n suspension.

The nonporphyritic chill zone probably resulted because the
liquid magma preceeded the crystal charged portion or some
fllter pressing forced the completely liquld material from
which the chilled rocks crystalllzed on ahead of the crystal
mush. Figure 17 pictures the probable mechanism.

Taking all of the factors into consideration thg
hypothesis proposed here seems to be a workable one. How-

ever, it is not without difficulties, and several factors
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should be evaluated. It 1s not known for what distance
the surface along which the intrusive was emplaced was in-
clined at the angle suggested earlier. It 1s to be ex-
pected that the dip decreases with depth particularly if
the locus of intrusion was a thrust fault plane. Changes
of dlp would most certainly alter the effectiveness of the
mechanism as well as changes of fluld velocity and density.
Upon maklng comparisons with other similar intrusions
in the Lake Superior reglon one notable difference comes
to light. Taylor (1964), and Grout and Schwartz (1939)
have noted conspicious block structures of large cognate
incluslons of anorthosite within anorthosite in Minnesota.
Such features are notably absent in the Mineral Lake In-
trusion. It might be expected that the suggested pulsing
mechanism might cause the formation of such blocks by tear-
ing them off from areas where they solidified during low
velocity perilods and carrying them to higher levels during
high velocity periods. The absence of such blocks here
seems to require that most of the feldspar remained in
suspension during the upward movement of at least the part
of the intrusion that 1s now exposed. Further, the excel-
lent fluxion structure also seems to support thils proposal.
It is noteworthy that the solid material subtracted
from the normal liquid to give the composition of the chill
Zone 1s already anorthositic containing almost 70 per cent
plagioclase. Further, the average composition of the ex-

posed intrusion is only 80 per cent plagioclase requiring
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that only a moderate amount of mafics settle out by the
time the magma.body reached this level.

The hypothesis that has been proposed should be
treated as tentative. However, when reviewlng the litera-
ture concerning the origin of anorthosite layers 1n eother
similar Intrusions such as the Stillwater and Duluth Com-
plexes, it appears that some progress toward a workable
solution of the problem may have been made by this study.
Concerning the anorthosites at Duluth, Taylor (1964, p. 54)
has written:

Some type of differential movement was necessary

to separate the feldspar from the liquild; this may

have been by crystal floating, but more likely it

was accomplished by frictional drag on the crystals
during movements of the magma. The expected basic
complimentary rocks have been cut out by the in-
trusion of three miles of gabbro of the layered
series but no evidence of their existence 1is avail-
able.

A major difference displayed by the Mineral Lake In-
trusion is that at least some of the "basic complimentary
rocks" are in evidence and no doubt the remainder would
be found down dip. Also the presence of the basal chill
zone which is not avallable in the Duluth gabbro provides
a valuable clue as to the nature of the liquld as the

intrusion reached the present ground level.



CHAPTER VI
CONCLUSIONS
General

One of the objectives of this study was to show
whether the Mineral Lake Intrusion originated by one or
more than one intrusive eplisode. The lack of intrusive
contacts 1s not conclusive as it is negative evidence.
Several factors support singular complex intrusion as
well as provide evidence for the origin of the various
rock types, particularly the anorthosite which has been
noted as a major problem in this and many other intrusions.
Several observations are listed here.

1. Lack of any chilling within the intrusion sug-

gests only one intrusive event.

2. Cryptic layering resulting from gradual change
of mineral compositions with height supports
the concept of a single intrusilon.

3. Phase layering as well as the cryptic layering
provides valuable evidence as to the nature of
the changlng composition of the magma.

4. The chemical trend which the liquid followed

during cooling suggests the environmental

134
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conditions as well as processes of fractionation
under which the magma crystallized.

5. The almost perfect fluxion structure in the an-
orthosite suggests that movement of the partially
crystalline mass was an important part of the em-
placement process.

6. The almost total lack of banding indicates that
some conditions involving this intrusive were
different from many large mafic intrusives in
which banding 1s common.

7. The composition of the chill zone is such that
it must have evolved from a more primitive
basaltic magma.

8. The very low ferric to ferrous iron ratio re-
flects the strong iron enrichment found near the
top of the intrusion and hence supports singular
iIntrusion as well as differentiation by fractional
crystallization to form the various rock types
now observed.

9. The mineralogical compositions at different
levels of the intrusion suggest that plagio-
clase and olivine crystallized from an earlier
liquid than the "chill zone 1liquid" while the
pyroxene for the greater part crystalllzed from
a later interprecipitate.

Regional studies 1indicate that the intrusive was

wedged Into position by bulging the overlying rock units



136

toward the north. Some faulting of the overlying units
may have taken place as a result of the tension created

by the emplacement of the intrusive. These factors com-
bined with the almost perfect fluxion structure within

the intrusive attest to the gradual concordant emplacement
of the Mineral Lake Intrusion. Anderson (1940) studied

the mechanics of emplacement of tabular igneous bodies

such as this and hils requirements for emplacement at shallow
depth are met in this example. Shallow depth may well be an
important factor responsible for the low oxygen pressure in
evidence in the intrusive.

Flowage or movement of the magma during emplacement
has played an important role in the evolution of the en-
tire intrusive. As upward movement of the intrusive took
place and solid material crystallized from the magma the
liquid portion was gradually changed in composition. The
early very magnesian mafics settled more rapidly than the
plagioclase resulting in two radically different products.
The plagioclase which remained in suspension was carried
upward by virtue of the movement of the entire magma mass,
which upon complete solidification produced the anorthositic
portion of the intrusive. The other product of the combined
fractionatdon and flowage was the interprecipitate liquid
which through the trend of fractionation that was followed
suffered strong iron enrichment. The 1nterprecipitate is
now seen as the basal chill zone of the intruslon. Settling

of plagioclase in the middle and upper parts of the
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intrusive caused some of the later liquid to be displaced
to even higher levels above the settling plagioclase where
it has crystallized as intermediate (ferrodiorite) and
late (granitic) residual rocks.

These concluslons more or less specify the history
of the intrusion, however, none are counter to current
petrologlic thinking. One restriction is that the intrusive
history begins with a basaltic magma which undergoes strong
fractionation during its cooling period. This 1s neither
unreasonable nor presumptuous but is what a magma 1s ex-
pected to do given the opportunity.

A second concluslon 1s that the magma was under motion
of an unidirectional nature during much of its cooling
period. Again it seems reasonable to the writer that move-
ment of an igneous body of this nature toward the higher
levels of the crust are to be expected. Furthermore, field
evidence strongly supports thls conclusion. Some late
filter pressing may have been responsible for upward move-
ment and separation of the late liquid. This mechanism,
however, cannot explain the early removal of magnesian
mafics from the magma which must be attributed to com-
bined crystal settling and flowage.

Temperature data appears to be somewhat conflicting.
Pyroxenes provide the best geothermal data and they show
a temperature drop of between 100° and 300° centigrade be-
tween thelr earliest and latest occurrence. The granltic

rocks finally crystallized after an additional drop in
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temperature of another 150°, if the higher value above is
used for the earller rocks. Further work may provide more
accurate geothermal data with which better estimates con-

cerning temperatures may be made.

Suggestions for Further Work

There are several aspects of the Mineral Lake In-
trusion which make 1t ideal for study. The fact that the
entire intrusion 1s reasonably well exposed is important
but the simplicity of the regional structure 1s also an
important advantage.

Several aspects of thls intrusive may have important
bearing on many current petrologlc problems. The writer
considers that some progress has been made toward the
solution of at least part of the anorthosite problem. It
is hoped that in the near future additional work 1n this
area will provide new evidence on this problem.

The pyroxenes of the Mineral Lake Intrusion are
particularly well suited for detalled study. It 1s hoped
that in the near future more detailed work will be ac-
complished with the pyroxenes. A study of the minor ele-
ments and theilr distribution among phases has already been
initiated in an attempt to provide additional thermochemi-
cal data, particularly between pyroxene pairs.

It is hoped that in the near future additional field
work can be accomplished for several purposes. Only the

eastern half of the Intrusion has been mapped in this
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study and it would be useful to tie this map 1n more closely
with that published by Leighton (1954). A more thorough
study of the basal rocks 1in the area further west may also
prove of value in the study of the intrusive and cooling
history. Although the western half of the area 1is poorly
exposed some useful data along the extreme western contact
would be of value. Flnally, additional mapping of the
overlying rocks will be of considerable value in working

out the sequence of intrusive events.
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PLATE II
PHOTOMICROGRAPHS OF CHILLED ROCKS

Intergranular texture showing aggregates of
granular pyroxene that is interstitilal to
plagioclase. Note how cores of plagioclase
laths are dusted with minute inclusions of
what 1is probably pyroxene. Sample D16-822,
x35, ordinary light.

Same as A with analizer.

Subophitic texture showing large plates of
pyroxene partially surrounding plagloclase.
Sample 6-5-65, x35, ordinary light.

Same sample as above showing heavily in-
clusion charged pyroxene (right side of photo).
Inclusions are arranged in a concentric pattern
and extinctlon positions are perpendicular to
this pattern, suggesting a common origin.
Sample 6-5-65, x35, with analizer.

Very fine porphyritic chilled rock. Sample
7-1, x35, with analizer,

Same sample as above showing groundmass only.
Sample 7-1, x100, with analizer.
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PLATE III

PHOTOMICROGRAPHS OF ULTRABASIC ROCKS
AND OLIVINE GABBROS

Pyroxenlte showing rounded hypersthene grains
surrounded by interstitial and somewhat later

plagioclase. Sample D15-42, x10, ordinary
light.

Olivine rich rock (eucrite). Plagioclase is
interstitial to olivine (grey). Sample 7-3,
x10, ordinary light.

Olivine gabbro with late crystal of magnetite
enclosing olivine and plagioclase. Sample
11-35A, x35, with analizer.

Large plate of clinopyroxene enclosing plagio-
clase and olivine (left center). Sample
11-35A, x35, with analizer.

Paragenetic relationships in olivine gabbro
sequence: olivine, plagioclase, pyroxene,
opaque. Sample 11-35A, x35, with analizer.

Ophitic texture with large pyroxene plate

enclosing plagioclase and olivine. Sample
14-154, x10, with analizer.
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PLATE IV
PHOTOMICROGRAPHS OF ANORTHOSITE

Olivine Gabbroic Anorthosite from lower levels
of anorthosite. Sample 11-9, x10, with
analizer.

Well oriented anorthosite. Sample 11-18, x10,
with analizer.

Well oriented nesophitic texture. Dark areas
are pyroxene. Sample 1l-4, x10, ordinary light.

Same as C with analizer.

Well orilented plagloclase with many bent and
broken crystals. Sample 31-101, x10, with
analizer.



149







150

PLATE V

PHOTOMICROGRAPHS OF FERRODIORITE, TRANSITION
AND GRANITIC ROCKS

Ferrodiorite. Pyroxene light grey, olivine dark
grey, plagioclase white. Sample 25-42, x35,
ordinary light.

Altered diorite with abundant hornblende (grey),
note euhedral magnetite. Sample 25-12, x35,
ordinary light.

Porphyritic quartz monzonite, large K-feldspar
phenocryst on left, quartz 1is white. Sample
24-7, x35, ordinary light.

Quartz diorite showing quartz replacing plagio-
clase. Plagioclase strongly altered to
sericite. Sample 25-38, x10, with analizer.

Granite - mostly orthoclase (grey) and quartz
(white) with minor euhedral plagioclase.
Sample 24-3, x10, with analizer.

Graphic intergrowth between quartz and orthoclase
in interstitial areas between plagioclase laths.
Sample 25-38, x10, with analizer.
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PLATE VI
PHOTOMICROGRAPHS OF MINERALS

Orthorhombic pyroxene showing exsolution along
(001) of original pigeonite and along (100) of
inverted orthopyroxene. Sample 3-10, x100,
with analizer.

Opaque 1inclusions in clinopyroxene. Sample
14-15A, x100, ordinary light.

Euhedral zoning in plagioclase from transition
to granite zone. Sample 25-37, x100, with
analizer.

Perthite from granite. Sample 24-3, x100, with
analizer.

Graphic intergrowth between K-feldspar and
quartz. This always occurs as an interstitial
filling in the transition rocks but rarely in

the true granite. Sample 25-38, x100, with
analizer.

Intergrowth between plagioclase and ortho-
pyroxene, from chill zone. Sample 6-5-65,
x100, with analizer.
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PLATE VII

MEGASCOPIC PHOTOGRAPHS OF ANORTHOSITE
AND RELATED ROCKS

Poorly oriented nesophitic anorthosite from
sample 3-10. Note compass sight for scale.

Well orlented anorthosite with pyroxene
phenocrysts resulting in a spotted appearance.
Pencil provides scale. Sample 11-7.

Very well oriented anorthosite with some large
plagioclase phenocrysts. Sample 11-12.

Very coarse gralned gabbro usually found near
base of anorthosite zone. Marking pen is .
five inches long. Sample 11-11.
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