ABSTRACT

METAMORPHIC PETROLOGY OF THE ANIMIKI SERIES
IN THE REPUBLIC TROUGH AREA,
MARQUETTE COUNTY, MICHIGAN

by James W. Villar

‘The Republic trough 1s located in southwestern
Marquette County in Michigan's northern peninsula. It con-
stitutes a tightly folded belt of Precambrian rocks which
represent a southeasterly extension of the southern 1limb of
the Marquette synclinorium. The rocks include an undiffer-
entiated basement complex which 1s overlain by metasedliments
of the Animikle series. These are intruded by sill-like
amphlbolites which are themselves metamorphosed and also
considered of Animikle age. Locally there are minor occur-
rences of unmetamorphosed diabase dikes (Keweenawan?).

The oldest clearly discernable metasediments are cor-
related with the Ajibik formation. Contact relationships
with underlying granitic appearing rocks are transitional.

The upper portions grade into iron-rich metasediments of the
Negaunee. Rocks of the Ajibik are subdivided into eight
principal l1lithologic types based on major mineral assemblages.
These include quartzite, schist, and gneilss with quartz, mica,
and feldspar as the most common constituents. Locally,
garnet, slllimanite, andalusite, epldote, amphibole, or

chlorite appear as a major phase.
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The 1ron-rich metasediments of the Negaunee are
divided into three members according to major mineral con-
stltuents. These normally reflect a close relationship
between stratligraphlic position and major mineral assemblage.
In descending stratigraphic order the mineral assemblages of
a complete section generally are: (1) guartz-specular
hematite, (2) quartz-magnetite, and (3) guartz-grunerite-
magnetite. The rocks are typlcally banded although oolltic
structures occur locally. Chemically and mineralogically
the upper two members are of simple composition and reveal
very llttle relative to parent constituents. The quartz-
grunerlte-magnetite member provides considerably more
evidence relatlve to the sequence of mineral development
during regional metamorphism. The most apparent 1s the
development of silicates, especlally grunerite, at the
expense of magnetite. Thils 1s reflected in both the bulk
chemlstry of the rock and mineral relationships.

Locally, a basal conglomerate which is frequently
iron rich occurs between the Negaunee and overlying Goodrich
formatlon. In addition to the conglomerate the Goodrich
lncludes quartzite, schist, and gnelss. These are subdivided
into six principal lithologic types based on salient mineral
assemblages. Quartz, mica, eplidote and feldspar are the most
common constituents. Amphibole, garnet and sphene occasion-
ally occur 1n significant quantities.

Rocks of the Michigamme formation are believed to

represent the youngest metasediments of the area. Contact
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relationships with the underlying Goodrich are obscured by
intrusives at all observable sites. Four lithologic types
are recognized which include: (1) quartz-grunerite schist,
(2) quartz-mica-andalusite-garnet schist, (3) quartz-mica
schist, and (4) quartz-grunerite-stilpnomelane schist.
Amphibolites, which are normally sill-1like, occur
throughout the entire area. These are grouped into four
classes: (1) amphibolite, (2) plagloclase amphibolite,
(3) quartz amphibolite, and (4) pyroxene amphibolite. There
1s an apparent regional partitioning of these classes.
Mineral assemblages reflectling conditions of both the
middle to upper greenschist and almandine amphibolite facies
are present. Prograde assemblages of the greenschist facles
are limited in extent. The principal indicators are stil-
pnomelane, actinolitic hornblende and iron chlorite.
Transition from the greenschist to the lower almandine
amphibolite facles (staurolite-quartz subfaces) 1s marked by
the breakdown of stilpnomelane, appearance of epldote with
intermediate plagloclase, calcite and muscovite reacting to
glve potash feldspar and epidote, blue green hornblende
replacing actinolite, and substantial decrease in 1ron
chlorites. There 1s evidence that metamorphic grades ex-
ceeding the staurolite-quartz subfaclies were attained. The
major indicator 1s the appearance of sillimanite. This marks
the lower part of the sillimanite-almandine subfaces (first

sillimanite 1sograd). There 1s no evidence of sillimanite



JAMES W. VILLAR

formation at the expense of potash feldspar (second silli-
manite 1sograd).
The age of metamorphism is placed at 1.61 billion

years on the basis of Kuo/.l\.“0

determinations on muscovite
from the iron-formation. This 1s comparable to the Penokean

orogeny between Middle and Late Precambrian.
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CHAPTER I

INTRODUCTION

Location and Accessibility

The Republic Trough 1s a narrow syncline of Animikie
rocks located along the western portion of Marquette County
in the northern peninsula of Michigan. Figure 1 shows 1its
approximate location. The area that 1s herewlth included
as a portion of the trough extends from the Republic Mine
northwesterly along the Michigamme River to the vicinity
of the old workings of the Magnetic Mine (Sec. 20, T. 47 N.,
R. 30 W.). Extensions perpendicular to the major synclinal
axls, which roughly parallels the Michigamme River, have
been arbitrarily set to include all rocks of the Animikie
serles and sufficlent portions of the undifferentiated base-
ment complex to provide‘a structural framework. This
includes an area of approximately 15 square miles.

The Village of Republic, with a population of 1600
people, 1s readily accessible via State Highway M-95 and
several county roads. Furthermore, in conjunction with the
development of the Republic Mine, an eight mile extension of
the Lake Superior and Ishpeming Rallroad was constructed from
the Humboldt Mine (Sec. 11, T. 47 N., R. 29 W.). The central

and north portions of the trough are less accessible.
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Princlpal access 1s by a county road along the western
edge of the Michigamme River. There are numerous logging
roads but these are generally 1lnaccessible by automobille.
The area northeast of the Michigamme River can no longer
be reached by automobile north of State Highway M-95. A
few small bridges were constructed but these have been

washed out during spring thaws and are no longer passible.

Topography and Drainage

The Michigamme River 1s the principal control on
surface dralnage in the Trough area. It flows southeasterly
from Lake Michigamme and 1s regulated to some extent by two |
dams: one at the southern tip of Lake Michigamme and the
other near the Village of Republic. Numerous tributaries
feed the Michigamme River from the ridges along both flanks.
The gradients of these smaller streams have considerable
variation over short distances. Thils results in poor
drainage with frequent swamps and marsh areas. These
swamps are most extensive along the Michigamme River.

The topography of the area 1s characterized by numerous
irregular ridges and knob-1like hills which are interrupted by
the lowland swamps along the Michigamme River. Maximum
rellef 1s about 220 feet. The area 1s, for the most part,
covered with thick vegetation. This, along with the numerous
swamps and 1rregular ridges, causes considerable difficﬁlty

in conducting continuous traverses on a set bearing.






CHAPTER II

METHOD OF STUDY

Field Mapping

The fleld work for this investigation was carried out
primarily during the summers of 1958 through 1961. Addi-
tional mapping was conducted on a part time basis during
1963 and 1964.

A varilety of base maps and mappling methods were
utilized. In the vicinity of the Republic Mine field data
were compiled on 1" to 50' base maps. Surveys were conducted
with a transilt lnasmuch as the area contalns numerous control
statlons and affords excellent visibility. In all other
areas where 1ron formation occurrences were anticipated a
plane table and telescopic alidade were employed. Traverse
intervals ranging from 50 to 100 feet were maintained. The
cholce of 1Interval depended largely upon the guantity of
follage. Outcrops were plotted on 1" to 200' base maps.
Other formations of the Animikle serles were mapped by means
of pace and sundial. Traverse intervals of 200 to 400 feet
were utilized and data were plotted on either 1" to 200' or
1" to 500" base maps. The majority of outcrops within the
basement: complex were located on aerial photographs or en-
larged topographic sheets (1" = 500'). Survey control was

maintailned on 500 to 1000 foot traverse intervals.






A limited number of magnetic surveys were conducted
to determine the continulty of several magnetite bearing
units. These surveys were carried out with a Jalander,
flux-gate type, magnetometer.

Sample Collectlion and Preparation
for Chemical Analyses

In all cases where samples were collected for chemical
analyses an effort was made to select areas that would
represent, as nearly as possible, the entire width of the
unit. Surface.exposures were then channel sampled perpen-
dicular to the strike of the unit avoiding as much as possi-
ble zones of extenslve secondary alteration. Sample quanti-
tles 1n excess of 500 pounds were collected from each site.
This composite was then thoroughly mixed and quartered. A
split portion of approximately 100 pounds'was stage crushed
to pass 6 mesh and gain mixed. A split of approximately 5
pounds of the crushed material was compiled from the sample
and cleaned with a weak magnet to remove any metallic iron
contamination that may have been introduced. A one per cent
portion was then pulverized by hand with an automatic type
ceramic pulverizer. A simllar procedure was employed when
utilizing drill core. However, in this case the drill core
was split in quarters and a lesser amount of total sample
was collected. In most instances 1t was necessary to
utilize more than one drill hole, 1n which case an effort
was made to prorate sample quantitles in accordance with

thelr respective stratigraphic horizons.



Modal Analyses

The "point count" method was employed for determining
the relative proportions of mineral species in thin sections.
A randomized technique was chosen in that the majority of
the samples exhiblt a pronounced banding. Whenever possible,
traverses were run nearly normal to the banding. A travers-
ing mechanism equlpped with a vernler was used and traverse
intervals were randomized between one millimeter spacings.
Thlis method 1s similar to the "stratified random" sample
described by Chayes (1956). The randomization was accom-
plished by arbltrarily selecting a block of numbers, appropri-
ate for the dimenslons of the measurement area, from a table
of random numbers (Dixon and Massey, 1951). If, in a single
analysls, the count length was less than 500, a second deter-
mination was made drawing a new set of numbers. In this
manner all count lengths included at least 500 points.

In determining average modes for a particular lithologic
type each thin section was not always treated with equal
welght. In many instances where two or more sections were
cut from one specimen, these were averaged and weighted

equally with a single section from another site.

Mineral Separations

A limited number of mineral separations were made to
determine specific optical and chemical propertiés. The

usual procedure for these separations was to grind the sample



in a laboratory rod mill to the desired liberation size
required for the particular mineral. In the usual case,
where the mineral was non-ferromagnetic, the ground sample
was passed through a Davis Magnetic Tube in order to

remove all magnetite. The non-magnetic fraction was then
subjected to heavy liqulid separation utilizing mixtures

of formic acld thallous salt and malonic acid dithallous
salt as the medla for various gravities. In the event of
fine gralned separations an International Model CM type
centrifuge was employed for 10-20 minute time intervals at
1500 r.p.m. to accelerate separation. The desired fraction
was then cleaned by means of a Frantz Isodynamic separator.
All samples were frequently inspected with a binocular

microscope to determine the degree of separation.

Regional Geologlc Setting

The Republic Trough 1s a portion of a major structural
feature known as the Marquette synclinorium. A brief review
1s presented of the gross geologic features of this syn-
clinorium in order to provide a framework for the rock types
and successions of the trough area.

The bedrock of the Marquette synclinorium consists
almost entirely of Precambrian metasediments, granites and
metavolcanics. These form a westerly plunging synclinorium
that extends roughly 40 miles along an east-west axis (see

Figure 2). The synclinorium opens up at the western end



in several extenslons one of which has been folded into a
tight syncline known as the Republic Trough.

The Middle Precambrian metasediments of the synclin-
orium overlay a basement complex of lower Precambrian
granites, gneisses, metavolcanics, schists, and quartzites.
The Mesnard Kona and Wewe formations mark the lower portion
of the succession of Middle Precambrian metasediments
(Animikie series). This section of the column consists
predominately of quartzite, dolomite, metagraywacke,
arglllite, and conglomerate. The Kona and Wewe are overlain
successively by the Ajlblk and Siamo formation and the
Negaunee 1ron formation. In the western part of the syn-
clinorium there has been no distinction made between the
AJibilk and Siamo formations. These consist of quartzites,
schists, metagraywackes and argillites. Locally, the Siamo
contains minor occurrences of iron formation. The Negaunee
iron formation has been and 1s the principal source of iron
ore productlion. It consists of a variety of types but 1is
most commonly banded with alternating layers of chert and
one or more lron bearing minerals. The chief iron bearing
mienrals are hematite, magnetite, iron carbonate and iron
silicate. Locally, iron sulfide and goethite are found.

The Goodrich and Michligamme formations are found over-
lying the Negaunee iron formation. The Goodrich 1s com-
prised chiefly of quartzite and metagraywacke with subordinate

quantities of schist and conglomerate. Rock types represented
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in the Michigamme formation include slates, schlsts, meta-
graywackes, pyroclastics, metavolcanics, quartzites, con-
glomerates and iron formation. Submembers have been
recognlzed within the Michigamme. These include a magnetic
member at the base (Greenwood), a pyroclastic horizon
(Clarksburg) and an iron formation (Bijiki).

Numerous dikes and sills are found throughout the
synclinorium. The least altered of these have been
generally considered post Animikie and tentatlively corre-
lated with the Keweenawan.

In addition to the granitic rocks comprising the
basement complex there are indications of younger granites.
Pegmatlites are known to cut Animikie sediments. However,
the quantity of granlite and gnelss that can be clearly

designated late or post Animikle 1s problematical.

Stratigraphic Terminology

Subdivislon of the Precambrian rocks in northern
Michigan has undergone recent revisions (James, 1958).
Various stratigraphic terminologies have been employed
throughout previous studles. Although this 1investlgation
1s not concerned with reglonal correlations a brief review
1s presented of the terms that have been used for the
various subdivisions. This 1s included to avold possible
confusion. Emphaslis 1s placed on the units directly

related to the area of investigation.
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James (1958) has proposed three major categories for
the Precambrian rocks of Northern Michigan--Lower, Middle,
and Upper. Thils three-fold nomenclature has been adopted
by the U. S. Geological Survey and replaces the previous
designations which are tabulated below. It 1s the division

that 1s utllized throughout thils study.

VanHlise and Lelth Leith, Lund and Leith James
(1911) (1935) (1958)
Algonkian Late Precambrian Upper Precambrian

—————————— Middle Precambrian
Archean Middle Precambrian Lower Precambrian
————— Early Precambrian —_———

(after James, 1958)

VanHise (1891) proposed correlation between the metased-
iments of the Marquette district and the Huronian series.
Thls original correlation was later modified in a publication
by VanHise, Adams, Bell, and Leith (1905) and a three-fold
division of the Huronian was accepted. Thils sequence (see
following page) had been widely used prior to the studies of
James (1958).

James (1958) proposes adopting the term Animikie for
the metasediments previously called Huronian. Hils sugges-
tions stem mainly from extensive field work 1n central
Dickinson County (James et al., 1961). This lends itself

to comparative terminology for the Marquette District.
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VanHise, Adams, Bell Marquette
VanHise (1891) and Leith (1905) District
Upper Marquette Upper Michigamme
Series
(Upper Huronian) Huronian Goodrich
Middle Negaunee
Siamo
Huronian
Lower Marquette S1amo
Series
Lower Kona
(Lower Huronian Huronian Mesnard

Central Dickinson County Marquette District
Michigamme#*
§ Baraga group
0 — Goodrich®*
=
«—~ O
(T
o2 Negaunee®
55 Menominee group Siamo
E 8 o1k
EEB Ajibik
oo
< &
Kona
Chocolay group
Mesnard

(after James, 1958)
*Formation names used in the Republic Trough area.



12

VanHise, Adams, Bell Marquette
VanHise (1891) and Leith (1905) District
Upper Marquette Upper Michigamme
Series
(Upper Huronian) Huronian Goodrich
Middle Negaunee
Siamo
Huronilan
Lower Marquette Siamo
Series
Lower Kona
(Lower Huronian Huronian Mesnard
Central Dickinson County Marquette District
Michigamme#*
o Baraga group
w3 Goodrich®*
T
-~ O
05
%:g Negaunee#*
o > .
E': Menominee group Siamo
E g ;
EE Ajibik#
o o
< &
Kona
Chocolay group
Mesnard

(after James, 1958)
*Formation names used in the Republic Trough area.
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Mining History

Since 1864 there have been several periods of explora-
tlon and exploitation of the iron formation within the
Trough area. The vast majority of these activities were
limited 1n scope and duration. An exception to the afore-
mentioned in the present day site of the large mining,
benefliclating and agglomerating operation known as the
Republic Mine (Sec. 7, T. 46 N., R. 30 W.).

The history of the Republic Mine dates back to 1870
at which time the Republic Iron Company was organized.
Production peaks in excess of 235,000 long tons per year
were recorded during the 1880's. The ore consisted of
rich specular hematite "lump" which was mined underground
for the most part. The Cleveland-Cliffs Iron Company
obtained the property in 1914. Production of the direct
shipping ore continued until 1937. Total shipments of
this rich ore are recorded at 8,563,170 tons. From 1937 to
1947 the property was 1dle. Exploration was agaln resumed
in 1947 when a diamond drilling program was undertaken.

The emphasis was now on the low grade iron formation as
potential crude ore for concentrating. A concentrating
plant with an annual capacity of 650,000 long tons was put
into operation during June, 1956. An expansion was com-
pleted during February, 1962, increasing the annual capacity
to 1,500,000 long tons of iron ore concentrates. This ex-

pansion included a pelletizing unit designed for producing
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over 800,000 long tons of pellets annually. Expansion of
concentrating and pelletizing facilities contlnued until
February, 1964. The present plant 1is capable of producing
in excess of 3,000,000 long tons of iron ore concentrates
and 2,000,000 long tons of pellets annually. An areal
view of these facilities is shown in Figure 3.

Exploration and development was also pursued in
several other sites. The bulk of these activitles took
place from 1864 to 1899. The significant areas of inter-
est are 1llustrated in Figure 4. Data on these properties
are tabulated in Table 1.

TABLE 1.--Minor Exploration and Development of Properties
of the Republic Trough Area.

Total Approximate
Property Name and Location Production Period cf
Long Tons Activity

Kloman, Sec. 1 (46-30) and

Sec. 6 (46-29) 94,813 1873-1883
Riverside, NW 1/4, Sec. 35

(47-30) 16,160 1888-1893
Chippewa, S 1/2, Sec. 22 (47-30) ? ?
Metropolis, NE 1/4 & SE 1/4,

Sec. 2 (46-30) 289 1888
Standard, NE 1/4, Sec. 34(47-30) ? ?
Cannon, NE 1/2, Sec. 28 (47-30) ? 1876
Erie, NE 1/2, Sec. 28 (47-30) 9,194 1876-1883
Magnetic, NW 1/4, Sec. 20 (47-30) 1,136 1864-1899
NW Republic, SE 1/4. Sec. 19

(47-30) ? 1885-1890

Norman, SE 1/4 Sec. 19, & NE 1/4
Sec. 39 (47-30) ? ?
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CHAPTER III

AJIBIK FORMATION

General Information

The oldest clearly discernable metasediment of the
area 1s assigned to the Ajibik formation. This designation
1s based primarily on stratigraphic position and not with
respect to lithologlc correlation. The so-called "Ajibilk
quartzite" was originally described by VanHise and Bayley
(1897). The type location is in the vicinity of the
AJibik Hills northeast of the Village of Palmer (T. 47 N.,
R. 26 W.). At this and other localities the rock is pre-
dominantly a quartzite. However, in the Republic Trough
area there are a variety of rock types comprising the
AjJibik and hence the term "formation" is considered mcre
approprlate.

Along the eastern porticns of the Marquette Range a
slate formation (Siamo) is commonly found between the Ajibik
and overlying Negaunee iron formation. lHcwever, as a
general rule, this rock type is not distingulshed as a
separate unit in the western portion of the Range where its
thickness 1is greatly reduced.

The Ajibik has been reported as lying unconformably

upon Archean (Pre-Animikie) rocks (Smytn, 1897). Later

17
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Lamey (1937) cited evidence which he claimed indicated that
the granltic rocks at Republlic to be younger than the over-
laying quartzites. Neither vliew can be supported on the
basis of the outcrops and diamond drill core examined
throughout this study. The contact appears to be transi-
tlonal within the areas investigated. This 1s indicated

on the geologic map and sections (Plates 1 through 5).

The contact has been arbitrarily located between rock that
appears predominantly granitic and those that exhibit
definlite metasedimentary characteristics.

Generally a quartzitic member 1s found grading 1nto
a sericlitlc quartzite which contains progressively more
feldspar as the so-called "granite" 1is approached. In some
cases a zone resembling migmatites 1s encountered. In any
case no distinctive break in lithologles was observed.

The upper contact appears conformable. The transition
from clastic metasediments to 1ron formation 1s in part
gradatlional. Most frequently as the Negaunee iron-formation
1s approached, the Ajibik becomes progressively mcre scnistose
with increasing amounts of iron sillcates and iron oxides.

In some areas garnetiferous zones are present. Furthermore,
the ratio of recrystallized chert to clastic quartz increases.
However, it should be noted that the contact areas are often
masked by basic intrusive sllls occurring between the typical

clastic metasediments and iron-formation.
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The AJjibik appearing as typlcal metasediment ranges
from zero to 1000 feet in thickness throughout the area
that was mapped. Some of the best exposures are found in
the vicinity of the old Magnetic Mine (Section 20, T. 47
N., R. 30 W.) and south of the Republic Mine (Section 18,
T. 46 N., R. 29 W.). In addition, scattered outcrops
occur throughout the bulk of the area. Diamond drill
holes have also penetrated the Ajlbik to a minor extent.
Although the majorlity of exploration drill holes were term-
inated after encountering the clastic metasediments, a few
relatlively complete sections were cored. A composite of
AJiblk metasediments was compiled from three drill holes
in Section 2, T. 46 N., R. 30 W. This composite represented
the bulk of lithologlc types. Chemical data and normative
minerals of the composite are given in Table 2 on the

following page.

Lithologic Types

Eight principal lithologic types are recognlzed within
the Ajlbilk formation. These include micaceous quartzite,
quartz-blotite-sillimanite-andalusite-garnet schist and
gnelss, quartz-mica schist, quartz-feldspar-mica schist and
gnelss, chloritic micaceous quartzite, quartz-garnet-biotite
schist, quartz-garnet-amphibole schist, and quartz-zoisite-
hornblende-mica gneiss. Subdivision 1s based primarily on
majJor mineral assemblages which are readily identified in
hand specimen. Only those varietles that appear in signifi-

cant quantitles are included as a distinctive phase.
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TABLE 2.--Chemical and Normative Composition of Ajibik
Formation Within Section 2, T. 46 N., R. 30 W.

Per Cent by Weight# C.I.P.W. Norm
8102 76.54
Al203 11.87 Q 57.81
Fe203 1.09 ' C 7.75
Fe0 3.77 or 16.14
MgO 1.73 ab 4.20
Caol 0.42 an 0.83
Na,0 0.50 hy 9.73
K20 2.69 mt 1.62
H20+ 0.31 il 0.46
T10, 0.20 pr 0.18
MnO 0.10 ce 0.40
S 0.10
CO2** 0.18 (molar quantities of
less than 0.002 are
omitted)

*Run on dry basis with HQO_ (105°C.) = 0.23%.

#*Calculated on basis of total C as CO, (W. Pasich,
Jcnes & Laughlin Steel Co., Negaunee, Michigan Analyst).

Micaceous qguartzite.--Quartzites containing varying

quantitlies of mica represent the most abundant pnase cf
the AJibik. Numerous specimens from outcrop and drill core
were examined. Stratigraphically the rcck type 1is not
restricted to any particular position. However, 1t occurs
most frequently in the intermediate sectors.

Generally the rock exhibits some laminations, the

extent of which 1is a function of the development of mica.
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The mica 1s predominantly muscovite which occurs both as
fine aggregates and as well defined plates. A minor amount
of blotite 1s present in most specimens. In thin section
it 1s pale brownish green. There 1s a considerable range
in the grain size of quartz. In single thin sectlons dia-
meters of from 0.1 mm to over 1.0mm were recorded. The
most common quartz size is in the vicinity of 0.3 mm.

Minor amounts of feldspar and garnet are also present.

The garnet 1s fresh and generally appears in clusters. The
only feldspar definitely identified is microcline which
appears relatively fresh. A few samples contain a mineral
entlrely altered to clay which could well represent a pre-
exlsting feldspar. Accessory minerals include tourmaline,
sphene and apatite. An average modal analysis 1s presented

In Table 3.

Quartz-bilotite-sillimanite-andalusite-garnet schist

and gneiss.--Several samples of sillimanitie bearing schist

and gneiss were observed. These were found only in drill
core and restricted to the lower portions of the Ajibik.
The best examples came from Section 2, T. 46 N., R. 30 W.
The rock appears both schistose and gneissic and is
commonly assoclated with micaceous and feldspathlic quartzites.
Quartz and biotite normally account for over 50 per cent of
the rock volume. In thin section the quartz is relatively
equigranular averaging 0.3 mm in diameter. Two varleties

of blotite are present. The most common has a greenish
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brown color and 1s generally assoclated with garnet and
andalusite. A subordinate variety exhibits a more greenish
color and is found only 1in zones where garnet and andalusite
are sparse or absent. Very limited chloritization was
observed in either variety.

Andalusite, sillimanite, garnet, and muscovite con-
stitute the remaining major minerals. Andalusite appears
relatively fresh exhibiting only minor alteration to
sericite. Cross-sections range from 0.2 mm to 2.0 mm.
Sillimanite occurs both as fibers and prismatic crystals.
Alteration to pyrophyllite 1s conspicuous in some specimens.
Thls replacement is pseudomorphic with the typical silli-
manlte transverse fractures being well preserved. Garnet
frequently occurs as large polkiloblasts up to 2 mm in dia-
meter with numerous quartz and biotite inclusions. Chloriti-
zatlon 1s rare. Muscovite was not observed in all specimens.
When present 1t occurs as both a fine aggregate and as
distinct plates. Association with andalusite is common.
Accessory minerals include tourmaline and apatite.

Modal analyses of three speclimens from Section 2, T.
46 N., R. 30 W., are presented in Table 4. Mineral assocla-

tions are 1llustrated in Figures 5 and 6.

Quartz-mica schist.--Schistose rocks consisting pre-

dominantly of quartz and muscovite occur intermittently
throughout the entire formation. Stratigraphically they

commonly grade 1nto micaceous quartzites or feldspathic
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gneisses and schists. Excellent exposures are found 1in
Sections 20 and 28, T. 47 N., R. 30 W.

In thin section quartz 1s present in two distinct
habits consisting of a fine (less than 0.2 mm) and a coarse
(greater than 2.0 mm) fraction. The coarse variety 1is
commonly ellipsoidal exhibliting dimensional orientation.
It 1s characterized by marked undulatory extinction. The
fine fraction is equigranular and constitutes, in part,
interstitial material between the "augen 1like" quartz.
The mica 1s predominantly muscovite which occurs both as
coarse plates and fine aggregates. In a few instances
remnants of biotlte were also belleved present. However,
extreme alteration to cholorite (var. penninite) impedes
definite l1dentification. A minor amount of microcline was
also found in one area. Addltional mineral constitutents
include tourmaline, sphene, apatite and hematite. The
tourmaline (var. schorlite) 1s found almost exclusively
in contact with muscovite.

Modal analyses of three common occurrences of quartz-

mica schilst are presented 1n Table 5.

Quartz-feldspar-mica schist and gnelss.--Rocks rich

iIn quartz, feldspar and mica account for a substantial
quantity of the Ajiblk formation. Thils phase 1s present
as both schist and gneiss which appear interlamlnated in

part. In general the gnelssic variety predominates at the
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stratigraphic base of the formation. Gradational transition
into micaceous quartzite or quartz-mica schist 1s character-
istic.

Microscopically, quartz appears 1lnequigranular with
diameters varying from less than 0.2 mm to over 3.0 mm.
The coarser fractions exhibit strain features and are in
part fractured. A portion of the finer fraction forms in-
clusions within the various porphyroblasts. The gquantity
and type of feldspar varies between samples. Potash feld-
spar was recognized only in samples void of garnet. The
apparent incompatibility of garnet and potash feldspars in
these rocks 1s discussed more fully in a later section,
Plagloclase feldspar 1s present in all the samples. It is
typlcally twinned with estimated compositions ranging
between Ab_. to Ab

5 20°
were observed 1n some sections. Perthitic intergrowth with

Combined Carlsbad and albite twins

microcline 1s also locally present. Alteration of plagio-
clase 1s common but fresh crystals are not unusual. The
potash feldspar includes both microcline and orthoclase with
the former appearing most fréquently. Crystals range from
0.5 mm to over 4.0 mm in diameter. Late seritization is
conspicuous. Mica as muscovite 1is ubiquitous in varying
quantitiles. Plates measuring over 3.0 mm parallel to 001
are not uncommon. Brownish biotite was found in only one
assemblage. Garent, when present, appears only in quanti-

tles averaging one per cent by volume. However, where
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present 1t occurs as fresh porphyroblasts with diameters
in excess of 0.6 mm. Patches of carbonate (calcite) were
observed in a few thin sections. They are closely associ-
ated with muscovite. This relationship is considered in a
later sectlon. In one assemblage several large crystals of
tourmaline were noted. These appear as skeleton crystals
with quartz and calcite. Accessory minerals include epidote,
apatite, chlorite and sphene. The chlorite occurs in small
patches of probable secondary origin.

Modal analyses of six frequently observed assemblages
are tabulated in Table 6. Salient mineral associations are

1llustrated in Figures 7 and 8.

Chloritic micaceous quartzite.--The occurrence of mica-

ceous quartzite which chlorite as a phase of its major
assemblage was found along the northeastern flank of the
Trough. The best samples are avallable from exposures in
Section 6, T. 46 N., R. 29 W. Limited outcrop impedes posi-
tioning this unit stratigraphically within the Ajibik.
However, 1t appears to occur near the base immedlately above
feldspathlc gnelss and rocks resembling granite.

Rounded grains vary from 0.1 mm to 0.8 mm in diameter.
The majority are in the range of 0.3 mm and in general the
rock 1s considered equigranular. Much of the chlorite
appears as fresh porphyroblasts. This 1s not considered

a product of post-metamorphic alteration. Pleochroism is
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from nearly colorless to pale green. Interference colors
are mostly of the anomalous brown type which according to
Albee (1962) would indicate a magnesium rich variety
(SPMO At60). Assoclation with opaques 1s clearly manifest
wilth suggestions of iron oxide released from chlorite.
However, coarse magnetite crystals were also noted
throughout the specimens. A few scattered patches of
garnet were observed. Thils garnet 1s fresh with little or
no alteration. Plates and aggregates of muscovite are also
present. These are frequently assoclated with chlorite.
Figure 9 1llustrated a typical microscoplic view. A

modal analysils 1s given in Table 9.

Quartz-garnet-blotite schist.--A few examples of

schistose rock consisting largely of quartz, blotite and
garnet were found exclusively 1in the upper portions of the
Ajibik. The best samples were taken from Section 34, T.
47 N., R. 30 W. Although the rock is normally schistose,
it may also appear somewhat gneissic as foliation planes
become obscured.

As seen in thin sectlions, quartz appears equlgranular
(0.2-0.3 mm). Garnets are concentrated in bands up to 2 cm
in wldth. Thils compositional layering 1s most conspilcuous
in the least follated rocks. Biotite occurs as aligned
plates exhlblting a pronounced pale to dark brown pleochroism.
Fine gralned aggregates of what appears to be muscovite are

also present. These are undoubtedly a pseudomorphlc
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alteration product but 1ldentification of the original
mineral could not be ascertalned due to the extensive re-
placement.

An average mode of the aforementioned schist 1s given

in Table 10.

Quartz-garnet-amphibole schist.--A series of schists

rich iIn garnet and amphibole commonly occur in the vicinity
of the contact between Negaunee I1ron-formation and Ajibik
formation. 1In part these schists are interpreted as con-
stituting a portion of the Ajibik. They differ from the
typlcal silicate iron-formation (Negaunee) by a paucity of
iron oxides (less than 5 per cent). In addition, quartz
grains appear preponderantly clastic. There are relatively
few dusty nuclel which characterize much of the recrystal-
lized chert of the Negaunee. However, it should be noted
that this 1s somewhat of an arbitrary division in that
similar appearing zones have been found within the iron-
formation.

In those phases designated as Ajibik, the guartz is
characterized by a considerable variation in size. A fine
fraction averages 0.2 mm whilile a coarser variety commonly
exceeds 1.0 mm. Garnets generally show some peripheral
alteration to chlorite. The amphibole is in the cumming-
tonite-grunerite series. Preclse identification relative

to the FeO:Mg0O ratios was not determined. Optic angles of
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nearly 90 degrees were estimated and both positive and
negative crystals are belleved present. A conspicuous
quantity of chlorite also appears pseudomorphic after
what resembles a sheet silicate.

Two modes from typlcal occurrences are tabulated in

Table 7.

Quartz-zolslte-hornblende-mica gnelss.--A banded

quartzose rock rich in zoislte, hornblende and muscovite
occurs locally near the stratigraphic center of the forma-
tlon. It seldom accounts for thicknesses 1n excess of 15
feet and ordinarily grades into micaceous and feldspathic
schists and gnelsses. Banding i1s made conspicuous by com-
positional layering which 1is largely dependent upon the
relatlive quantity of quartz.

In thin section quartz grains appear elongated and in
subparallel dimensional orientation. Short and long dia-
meters average 0.5 and 1.0 mm respectively. Planes of liquid
inclusions are frequently present. Amphibole and zoisite
occur 1In close association. The amphibole is belleved to be
hornblende with pleochroism from nearly colorless to green.
Its optic sign 1s negative with a moderate 2V. The zoisite
exhlbits anomalous blue interference colors. In part it
includes another epidote mineral resembling pistacite. The
paragenetic implications relative to the amphibole-zoisite

assoclation are considered in a discussion on metamorphism.
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Muscovite is present in two forms. The dominant varilety
occurs as matted aggregates resembling an alternation pro-
duct. Coarse porphyroblasts are present but rare. Small
quantities of calclte were also observed. The most common
occurrence 1s 1n close assoclation with hornblende. Minor
amounts of chlorite are present as a surface alteration of
amphlbole. Magnetite and traces of sphene constitute the
remalning mineral phases. An average modal analysis is
given 1n Table 8. A typical microscopic view is illustrated

in Figure 10.



MODAL ANALYSES OF VARIOUS LITHOLOGIC TYPES FROM THE AJIBIK

FORMATION

TABLE 3 Mode of typical micaceous

quartzite.

MINERAL

PERCENT VOLUME

Quartz
Muscovite
Biotite
K-Feldspar
Garnet
Tourmaline
Sphene
Apatite
Opaques

TABLE 7 Modal analyses from two
common varities of quartz-garnet-

amphibole schist.

83

X X X X — N

MINERAL PERCENT VOLUME
Quartz 83 15
Garnet A 4
Amphibole 5 38
(cummingtonite -grunerite)

Chlorite (secondary) 3 2!
Opaques | 4

TABLE 4 Modes from three varieties
of quartz-biotite-sillimanite -andalusite
~-garnet schist and gneiss.

TABLE 5

quartz-mica schist.

Modes from three types of

MINERAL PERCENT VOLUME

MINERAL PERCENT VOLUME

Quartz 7| 67 64
Quartz 38 62 37 Muscovite 28 2} 29
Biotite 17 17 e K-Feldspar = 2 =5
Andalusite 19 8 6 Chlorite X =) X
Sillimanite 12 4 22 (biotite alteration)
(includes pyrophyllite) Tourmaline = = X
Garnet 8 8 r Apatite X - X
Muscovite 5 = 8 Opaques X X 6
Tourmaline = X =
Apatite X X: -
Opaques X X 6

TABLE 8 Mode of quartz-zoisite-
hornblende -mica gneiss.

MINERAL

Quartz

Zoisite (in part pistacite)
Hornblende

Muscovite

Calcite

Chlorite

Sphene

Opaques

39
26
16
15

__PERCENT VOLUME

tr. exceedingly rare as fine grains.

micaceous schist.

TABLE 9 Mode of chloritic

MINERAL PERCENT VOLUME
Quartz 66
Chlorite 15
Muscovite 9
Garnet I
Sphene (2) tr.
Opaques <

X less than one percent but frequently observed.

TABLE 6 S/x modes of quartz-
feldspar-mica schist and gneiss.

MINERAL PERCENT VOLUME
Quartz 45 4| 29 Sh SR 8RS 8
K-Feldspar - = 267, 242939 18
Plagioclase 24 46 26 28 22 22
(Ab5-20)

Muscovite 28 e 1L 8 8 6
Biotite = = — = = 6
Garnet | I S e =
Calcite = 2 X 3 A
(secondary)

Tourmaline = 2 = = =
Epidote X = = = = =
Chlorite X X X I 2 =
Sphene X = X = X =
Apatite X = X = = =
Opaques X X = X = =3

TABLE |0 Average modal analyses

of quartz-garnet-biotite schist.

MINERAL PERCENT VOLUME
Quartz 62
Garnet 18
Biotite 14
Muscovite 5
(alteration product)
Opaques X
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Figures 5 through 7.--Photomicrographs of Rocks from the
Ajibik Formation.

Figure 5 B Figure 6

5.--Sillimanite schist and
gneiss

Sillimanite blades (cross
fractures) with quartz and
biotite. Sillimanite in
part replaced pseudomorphi-
cally by pyrophyllite

6.--Sillimanite schist and
gneliss

Fibrous sillimanite with
garnet, biotite, quartz
and andalusite (center left).

7.--Quartz-feldspar-mica
schist_& gneiss

Tourmaline (var. schor-
lite) with microcline,
plagioclase (slightly
altered), muscovite and
quartz.

Figure 7

Note: All figures, ordinary light, x52.
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Figures 8 through 10.--Photomicrographs of Rocks from the
Ajibik Formation

Figure 8 Figure 9

8.--Quartz-feldspar-
mica schist & gneiss

Development of garnet
with muscovite and
plagioclase. Garnet
occurrence appears to
restrict formation of
potash feldspar.

9.--chloritic micaceous
quartzite

Magnesiﬁm rich chlor-
ite porphyroblast with
quartz and muscovite.

10.--Quartz-zoisite-
hornblende-mica gneiss

Association of horn-
blende with zoisite
Figure 10 (in part pistacite).

Note: All figures, ordinary light, X52




CHAPTER IV

NEGAUNEE IRON FORMATION

General Information

The banded iron-formation occurring above the Ajibik
formation has been correlated with the Negaunee (Smyth,
1897). The type locality for this iron-formation is in
the vicinity of the City of Negaunee where thicknesses 1in
excess of 2,000 feet are attalned. At the type location
the majJor iron bearing minerals are earthy hematite,
martlte, magnetite, 1ron carbonate and iron silicate.

In the Republic Trough area the greatest thicknesses
are attalned at the Republlic Mine (see Plate 2) where the
formation is well exposed as a result of mining activity.

On the northeast 1imb of the trough the lron-formation can
be readily traced by outcrop through Section 6, T. 46 N.,

R. 29 W. and Section 1, T. 46 N., R. 30 W. There are excel-
lent exposures at the Kioman property (SW 1/4, Section 6).
Along this 1limb, farther to the northwest there are very

few exposures. Limited outcrops were observed at the River-
side Mine (NW 1/4, Section 35, T. 47 N., R. 30 W.) and the
Chippewa exploration (SW 1/4, Section 22, T. 47 N., R. 30
W.). Magnetic surveys between these occurrences substanti-
ate a partlal continuity of the iron-formation; however,

thicknesses are greatly reduced.
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Along the southwest l1limb the Negaunee appears to be
absent 1mmedlately northwest of the Republic Mine area.
Magnetic anomalies have been recorded but these may be
attributed to magnetite enrichment in the Goodrich. The
first positive evidence of iron-formation is in Section 2,
T. 46 N., R. 30 W. This area is known as the Metropolis
Mine. Samples of Negaunee were studied in both drill coré
and outcrop. Progressing northwest along this 1imb the
next major occurrence of iron-formation is in the NE 1/4,
Sectlion 34, T. 47 N., R. 30 W. (Standard Exploration).
Although outcrops are rare the existence of iron-formation
has been proven through diamond drilling. Further to the
northwest the 1ron-formation is again exposed in Section
28, T. 47 N., R. 30 W. (Caonnon Exploration and Erie Mine).
Diamond drilling had been conducted in this section; however,
there was no drill core available for study. The extreme
northwest end of this 1limb (Section 20, T. 47 N., R. 30 W.)
1s marked by numerous exposures of iron-formation. This
area 1s known as the Magnetic Mine:'and limited diamond
drilling had been undertaken. The core from this drilling
program was avallable for examination. The iron-formation
1s known to extend beyond the Magnetic Mine through Section
19, T. 47 N., R. 30 W. (Northwest Republic Exploration)
and Section 30, T. 47 N., R. 30 W. (Norman Exploration).
Although the Magnetic Mine markes the terminus of this study,
limited mapping and drill core examlnation was conducted 1n

these extensilons.
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In addition to the aforementioned, there are two
unusual occurrences of lron-formatlon along the southwest
limb of the trough. One of these occurs in Section 35,

T. 47 N., R. 30 W., where an outcrop of banded magnetic
iron-formation lies within the basement complex. The out-
crop contains a zone of iron-formation approximately 50
feet wide which 1s bounded on the east by a coarse granitic
appearing rock and on the west by amphilbolite and mica
schist. The contacts are roughly parallel to the strike

of the banded iron-formation. Magnetic surveys across this
outcrop revealed very little extension along strike. The
writer considers this a faulted segment of the Negaunee.
This 1s suggested by extensive shearing 1in adjacent rocks.
The only alternate interpretation would be to postulate a
Pre~ Animikle iron-formation for which supporting evidence
could not be found.

A second occurrence of 1ron-formation which 1is also
apparently within the basement complex occurs 1n Section 7,
T. 46 N., R. 29 W. Granitic appearing rocks are exposed
adjacent this outcrop but contact relationships are masked
by overburden. The appearance of this iron-formation
differs somewhat from typical Negaunee. However, there are
portions of the lower iron-formation which resemble this
rock and, therefore, it 1s also considered a faulted segment
of the Negaunee. This interpretation is based primarily on
the absence of evidence for alternate explanations and 1is

tentative at best.



o




36

The contact relationships between the Negaunee and
underlying Ajiblk formation have been discussed. Relation-
shlp with the overlying metasediments 1s considered in a

following section on the Goodrich formation.

Lithologic Types

The Negaunee iron-formation of the trough area can be
subdivided into three basic lithologlic types according to
major mineral constituents. These normally reflect a close
relationships between stratigraphic position and major
mineral assemblage. In descending stratigraphic order the
mineral assemblages generally are: quartz-specular hematite,
quartz-magnetite and quartz-grunerite-magnetite. Transition
from one type to another 1s not necessarily abrupt and,
therefore, there are several intermediate types. For
example, when passing from quartz-specular hematite to
quartz-magnetite there 1s generally a transitional zone of
increasing ferrous to ferric iron ratios. However, for the
most part the rocks falls into fairly well defined groups.
Figure 11 1llustrates the fields for each group as deline-
ated on a portion of the Fe203-FeO-Sio2 plane. The boundaries
are drawn on the basls of seventy-five chemical analyses

taken from samples that are considered representative of

each group.

Quartz-specular hematite member.--The most extensive

development of the quartz-specular hematite member 1s within
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the southern sector of the trough area. It 1s also found in
lesser quantities throughout the northern sector. When
occurring with other types of iron-formation it almost
always appears 1in the upper stratigraphic horizons.

The rock 1s typically banded with alternating layers
rich in specular hematite and quartz (see Figure 19). The
bands vary from 0.1 to several centimeters in width. Quartz
bands aré often reddish in color as a result of finely dis-
seminated micron size hematite. Ellipsoidal islands of
quartz are frequently found within the iron rich bands.

In the hlghly folliated portions of the iron-formation bands
of rich specular hematite are often found cutting across
quartz layers.

The rock 1s typically banded with alternating layers
rich 1n specular hematite and quartz (see Figure 19). The
bands vary from 0.1 to several centimeters in width. Quartz
bands are often reddish 1in color as a result of finely
disseminated micron size hematite. Ellipsoldal islands of
quartz are frequently found within the iron rich bands. In
the highly folliated portions of the 1ron-formation bands of
rich specular hematite are often found cutting across quartz
layers.

The most common constituent other than quartz and
specular hematlte 1s muscovite. Locally 1t accounts for as
much as 15 per cent of the rock volume but is normally less

than 5 per cent. Chlorite, apatite, epldote, tourmaline and
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garnet also occur in minor quantities of generally less
than one per cent. An average modal analysis of over 100
thin sectlions and polished surfaces from the Republic Mine
area 1s given in Table 11.

TABLE 11.--Average Modal Analysis of Quartz-Specular
Hematite Member.

Hematite Member % Volume

Quartz
Hematite
Muscovite
Magnetite
Garnet
Apatite
Tourmaline
Epidote(s)
Chlorite(s)
Sphene
Carbonate(s)

= =

.
el T T T T ~gF ~i'e o] UN)

ot ot
B8R

X
tr.

(s)

less than one per cent but frequently observed.
trace

normally occurs as an alteration product or
late fracture filling

A considerable variatlion was noted in the grain size
of quartz. Diameters from less than 0.01 mm to over 0.06
mm occur wlthin single thin sections. All efforts to relate
grain size variations to specific zones or horizons precved
frultless. With the exception of a few clastic grains the
vast majority of the quartz 1s considered a recrystallized
chert. It 1s characterized by inclusions of submicron size

iron oxide particles which often form a dusty appearing
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nucleus. Clastic quartz 1s very rare and found most fre-
quently near the stratigraphic hanging wall.

The specular hematite normally occurs in two habits.
A coarse variety (0.1 to 2.0 mm) is common within the iron
rich bands while a finer fraction (less than 0.05 mm)
ordinarily occurs with the quartzose bands. The coarse
plates of specular hematite are frequently twinned. The
twin planes, which may be construed as evidence of shearing,
often reflect in fine striations on the surface of the
mineral.

Locally, specular hematite occurs with quartz in
elliposidal aggregates that strongly resemble oolltes (see
Figure 20). These occurrences are found most frequently in
the upper stratigraphic horizons. However, oolitic-like
structures were also observed in the quartz-grunerite-
magnetite assemblages of the lower Negaunee.

A minor amount of magnetite is normally found with
the specular hematite. For the most part it occurs as dis-
crete grains exhibiting varying degrees of oxidation (see
Figures 21 and 22). In addition there are examples of what
resembles magnetite and hematite intergrowth. A third
occurrence 1s as remnants within plates of specular hematite.
This can be observed to a limited degree in Figures 21 and
22. Such occurrences are very suggestive relative to the
paragenesis of the specular hematite. This topic 1is con-

sidered 1n a later section.
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Muscovite generally occurs as coarse plates between
quartz grains 1in subparallel orientation. It 1s often
partially replaced by hematite. This replacement feature
1s especlally common in the Metropolls area.

Garnet was found to occur with specular hematite at
the Republic Mine. Positive 1dentification of this garnet
was not attained due to the extreme difficulty 1n obtaining
a clean separation for chemical analysis. 1In all cases
the crystals contaln numerous inclusions of specular hema-
tite (see Filgure 23). It appears very similar to the
almandine garnets found elsewhere. If this 1s truly alman-
dine 1t would have serious implicatlons relative to equili-
brium conditlions of the iron-formation during metamorphism.
The writer has observed similar o-currences at the Humboldt
Mine.

A minor amount of apatite and tourmallne occur locally.
They appear most frequently with muscovite. This is
especially true of tourmaline and suggests a dependency upon
muscovite for 1ts formation. Such a situation would prevail
1f boron solutions permeated the rocks. These solutilons
would then precipitate tourmaline upon contact with an
aluminous rich mineral such as muscovite.

The chemlstry of the quartz-specular hematite member
1s remarkably uniform when considering a natural system.
For the most part the guartz plus hematite combinations

account for over 95 per cent of the rock weight. The range
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of 1ron and silica within this member 1s also largely
restricted to relatively narrow limits. This 1s illustrated
in Pigures 12 and 13. These results represent 181 analyses
on 3882 feet of sample from holes drilled perpendicular to
the strike of the quartz-specular hematite horizon.

The oxlides present in addition to hematite and quartz
include minor amounts of FeO, MgO, CaO, MnO, A1203 and
P205. Phosphorus 1s nearly a constant ranging from 0.011
to 0.058 per cent over 175 samples of typical formation.
Quantities as high as 0.105 per cent are present in small
veins of rich hematite (+60 per cent Fe); however, these
occur along fracture planes or near the Goodrich contact
and are considered a product of secondary enrichment. It
1s interesting to note that if the phosphorus content of
these occurrences 1s diluted by the normal quantity of
silica in the formation 1t recalculates to amounts that
very nearly approximate the average range.

Only limited data were obtained on MnO contents.
These 1ndicate a small variation from 0.05 to 0.15 per cent
by welght.

The presence of FeO within this horizon 1s generally
limited to less than 2 per cent. However, it should be
noted that quantities 1n excess of this may be encountered
throughout the transition zones between quartz-specular
hematite and quartz-magnetite members. The division

between these types has been more or less arbltrarily set
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and therefore exceptions would be anticipated. As a general
rule there appears to be a tendency for the ferrous iron
content to 1ncrease from the upper to the lower portions
of the quartz-specular hematite horizon.

Variations 1n the weight per cent of other oxides were
also noted with a range of 0.07 to 0.32 for CaO, 0.04 to

0.44 for MgO and 0.39 to 0.91 for Al Although the data

203.
are iInsufficient to postulate any systematic variation
relative to stratigraphic position, there appears to be a
relationship between the quantities of several oxide pairs.
This 1is illustrated in Figures 14 and 15, where a direct |
functional relationship 1s indicated for MgO to CaO and FeO
to A1203.

Analyses for sulfur were also conducted on six samples.
The content 1s extremely low averaging less than 0.003 per

cent. The hydrated water content 1s also very low as indi-

cated by a loss on ignition of merely 0.24 per cent weight.

Quartz-magnetite member.--Rocks consisting of essen-

tially quartz and magnetite with only minor guantities of
elther hematite or grunerite are quantitatively the most
limited of the iron-formation types. However, theilr occur-
rence 1s widespread throughout the trough area. They
normally occur immediately above the quartz-grunerite-
magnetite member. The best examples in the south sector
occur at the Republic and Kloman Mine areas. In the north

sector the most extenslve development 1s throughout the



Al, O3 (% WT)

Ca0 (% WT) x100

WITHIN QUARTZ-SPECULAR HEMATITE

46

RELATIONSHIP OF SOME MINOR OXIDES

IRON FORMATION

MgO (% WT) x 100

00 o
yd
yd
.80 |- e
yd
e
70 | o
y
p
.60 | yd
y
//
.50 | o
yd
/ (o]
40 I~ o
yd
| | 1 | | | ] | | J
30 .40 .50 .60 .70 .80 .90 .00 1I0 120 1.30
FeO (% WT)
yd
o 7
30 yd
e
yd
yd
e
o//
20 e
yd
e
~
yd
e
10 I~ // (o)
o 7
o
o ~
yd
| | | | J
10 20 30 40 50

FIGURE

FIGURE

14

15



b7

Standard and Magnetic Mine areas. In these latter occur-
rences the horizon 1s normally free of specular hematite
while in the south sector gradations into both overlying
quartz-hematite and underlying quartz-grunerite-magnetite
members were noted.

The rock 1s banded in a manner similar to that des-
cribed for the quartz-specular hematite member. However,
in thils case the quartzose bands are either clear or dark
gray resulting from inclusions of fine gralned magnetite
rather than hematite (see Figure 19). In addition to the
typlcal banded formation there are local developments of
iron rich velns which transect the normal bands. The mag-
netite 1n these velns 1is generally coarse (+0.1 mm) and
frequently oxidized to martite (see Figures 24 and 25).

Minerals in addition to quartz and magnetite include
hematite and muscovite 1n the upper zones and grunerite
and occaslonally hornblende in the center and lower zones.
Varylng quantities of garnet, chlorite, apatite and carbon-
ates occur throughout the entire member. Average modes of
the upper and lower zones are tabulated 1n Table 12 as
shown on the followlng page.

In general, the assemblages contalning grunerite are
free of specular hematite with the exception of several
locallzed examples which are clearly related to post-
metamorphic processes. These occurrences are discussed in

a forthcoming section.
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TABLE 12.--Average Modal Analysis of Quartz-Magnetite Member

Per Cent Volume

Quartz-Magnetite

Upper Zone Lower Zone
Quartz 49 42
Magnetite® 12 37
Hematite 33 -
Muscovite 4 -
Grunerite - 3
Hornblende - X
Garnet 1 3
Chlorite(s) X X
Apatite tr. tr.
Carbonates(s) tr. tr.

# = includes martite

X = 1less than one per cent but frequently observed
tr. = trace
(s) = normally occurs as an alteration product or late

fracture filling

The magnetite within this member occurs in two dis-
tinct size fractions as did the specular hematite 1n the
overlying horizons. A coarse varlety which 1s normally over
0.10 mm. occuples the 1ron rich bands whille a fine fraction
of micron size 1s distributed throughout the guartzose bands
These minute crystals resemble the pre-metamorphic magnetite
found elsewhere on the Marquette Range. Both the coarse and
fine fractlions exhiblt varylng degrees of oxidation to
martite. Figure 26 1llustrates a typical microscopic view
of the quartz-magnetlte member.

For the most part the texturai features and chemical

relationships of this member are merely an extneslon of
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those observed 1n the quartz-grunerite-magnetite type.
These characteristics are, therefore, applicable to both
types and will be considered in the discussion related to

the latter member.

Quartz-grunerite-magnetite member.--The quartz-

grunerite-magnetite member of the Negaunee represents the
most abundant type of iron-formation within the trough
area. It 1s well exposed at the Republic Mine and in the
vicinity of the o0ld workings at the Magnetic Mine. Both
occurrences of 1ron-formation within the basement complex
contaln grunerite and resemble thils rock type. In addi-
tion 1t occurs as a major phase of the iron-formation in
Section 6, T. 46 N., R. 29 W., and Section 1, T. 46 N.,
R. 30 W., on the northeast limb and throughout Section 34,
T. 47 N., R. 30 W., on the southwest 1limb. In all cases
where data are avallable on adjacent iron-formation types,
it occuples the lower stratigraphic horizon. Therefore,
it 1s most 1likely present in nearly all areas containing
iron-formation. The only known exception is in Section 2,
T. 46 N., R. 30 W., where diamond drill core passed
directly from a quartz-specular hematite-magnetite rock
into Ajibik formation.

S111-1ike amphibolites are commonly associated with
the grunerite rich rocks. This 1s exemplified in the

Republic Mine area where a series of amphivolites divide
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the lower portion of the iron-formation into three discrete
zones (see Plate 2). 1In other areas the amphibolites
appear as dikes as well as sills. This 1s especlally true
in areas of intense folding such as the nose of the trough
where the aforementioned zones lose their identity.

The rock 1s typlcally banded as a result of composi-
tional variations in the ratios of quartz, magnetite and
grunerite. Islands of quartz commonly occur within the
iron rich bands. Furthermore, bands of grunerite and
magnetite frequently transect quartzose layers. These
features are illustrated 1n Figure 27 which represents by
far the most typlcal of the quartz-grunerite-magnetite rock
types. Figures 28 through 30 illustrate lesser varietiles
that were found locally. These 1nclude a hilghly oxidized
sample from the Magnetic Mine (Figure 28), a rich magnetite
band with coarse grunerite from the Standard area (Figure
29), and the banded formation from within the basement com-
plex in Section 35, T. 47 N., R. 30 W. (Figure 30).

The mineralogy of the quartz-grunerite-magnetite mem-
ber 1s far more complex than either of the aforementioned
members. Minerals in addition to quartz, grunerite and mag-
netite include garnet, hornblende, pyroxene, stilpnomelane,
minnesotalite, calcite, hematite and an unidentified brownish
green silicate. These minerals represent at least four
generations of development. Scattered gralns of clastic

quartz and some very fine gralned magnetite appear to have
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survived transformation and are considered pre-metamorphic.
Reglonal metamorphism promoted the growth of some magnetite
and quartz, and de?eloped grunerite, garnet, hornblende and
pyroxene. Stllpnomelane, minnesotaite, hornblende and
calclte are consldered products of retrograde metamorphism.
Minerals attributed to post-metamorphic processes include
fracture fillings of quartz-calcite, quartz-hematite and a
brownish green silicate. Pseudomorphic replacements of
magnetite by martite and grunerite by hematite and quartz
are also considered post-metamorphlec.

Quartz occurs in several distinct habits. As 1in the
case of the other 1ron-formation members, the vast majority
1s considered a recrystallized chert. However, there are
occaslonal grains that exhibit original clastic features.
For the most part, these grains are well rounded with
limited undulatory extinction. The quartz occuring as
recrystallized chert is extremely variable relative to grain
slze. Measurements across dlameters ranged from less than
0.05 mm to over 0.3 mm in single thin sections. Normally
the 1iron rich bands contain the finer fractions. Cursory
examination indicated an overall tendency for graln size
increase as a function of quartz clarity. That 1s, the
quartz grains relatively free of magnetite and other 1m-
purities are the coarser. However, a systematic study of

this possible relatlionship was not conducted.
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A few local examples were found of grunerite crystals
pseudomorphically replaced by quartz. In thls case the
fibrous outlines of the amphibole are completely preserved.
Hematite 1s a ubiquitous associate and usually occurs along
graln boundaries and cleavage planes.

The magnetite of this formation is also characterized
by extreme varlations in size. Diameters ranging from 0.05
to over 0.8 mm. are common. The extremely fine variety
appears most frequently in the quartzose bands and as par-
tially replaced remnants within silicates. The former also
occurs wlthin and surrounding the oval shaped oolites. This
may well represent a pre-metamorphic state of the magnetite.
The coarser crystals appear to have formed through the re- ‘
crystalllzatlon and assimilation of finer grains. They fre-
quently contaln impurities but all degrees of crystal devel-
opment were observed.

Magnetite crystals that occur within grunerite commonly
exhibit outllnes that are extremely frayed (Figures 29 and
30). This feature 1s also common to magnetite occurring
wlthin other silicates but to a lesser degree.

Grunerite 1s the characteristic mineral of this iron-
formation member. It 1is developed most extensilvely between
magnetite and quartz bands. This is illustrated in Figures
31 and 32. The crystals tend to penetrate the magnetite
bands. These usually contain numerous magnetite inclusions

(Figure 33). It was noted that where grunerite penetrates
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magnetite rich bands 1t frequently 1s euhedral in contrast
to anhedral outlines in areas surrounded by quarts. The
degree of crystal perfection may well be a functlion on the
avallability of 1ron units. Grunerite developed between
the quartzose and iron rich bands tends to form perpendicular
to the banding (Figure 34).

Grunerite also occurs within the magnetite rich bands.
In thls case the crystals are elther randomly arranged or
in subparallel orientation with the banding (Figures 35 and
36). In these occurrences magnetite incluses are very
common as 1llustrated in Figure 36.

Numerous attempts were made to obtalin sufficiently
clean concentrates of grunerite for chemical analyses.
Only two samples were consldered pure enough to glve rellable
data. The results of these analyses are given in Figure 16.
In addition, the molecular ratios of MgO, FeO and MnO are
plotted for comparison wlth a nomenclature suggested by
Klein (1964). These analyses 1ndicate a possible range of
compositions for the grunerites. The manganoan variety
(D.D.H. #18) originated from the nose of the Republic Trough
in an area of intense shearing and folding. The second
sample (D.D.H. #19) was collected from an area of lesser
deformatlon.

Features related to the possible origin of grunerite

are considered in a forthcoming discussion.
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Garnet 1s a relatively common constituent of this
iron-formation member. It occurs most frequently within
the iron rich bands and generally contalns numerous in-
clusions of magnetite (Figure 37). In some instances
remnants of the magnetite band can be traced through
garnet prophyroblasts. As 1n the case of grunerite, there
1s a noticeable decrease in the quantity of magnetite with-
in the garnet as compared to surrounding positions.

Garnet appears to have formed later than grunerite,
This 1s suggested by inclusions of grunerite within garent.
Furthermore, many grunerite crystals are truncated by
garnet porphyroblasts.

Pyroxene 1s a relatively rare constituent. It was
observed most frequently along the northeast flank of the
Republic Mine area. Remnants of grunerite within pyroxene
are very common. This would suggest that pyroxene formed
after and possibly at the expense of grunerite.

Although carbonates are relatlvely rare, there are a
variety of occurrences which would indicate more than one
generation of development. For the most part, the carbonate
1s highly calclc as revealed on a seriles of differential
thermal analysls curves. It was found as a principal constl-
tuent of some bands between magnetite-grunerite layers. In
these 1nstances it occurs with elther magnetite or garnet
as equigranular grains 1n apparent equilibrium with adjacent

minerals. There are no indications of reaction rims or
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replacement textures. A second occurrence 1is as irregular
grains and minute blades replacing silicate-magnetite bands
or as secondary velnlets (Figure 38). Such replacements
are normally localized and marked by thelr irregularity.
Finally, carbonate rarely occurs as a major constituent of
some oollites embedded 1in quartz. In this case the quartz
and possibly some magnetite within the oollte are belng re-
placed by the carbonate.

Stllpnomelane occurs only within localized areas,
which are marked by intense shearing and alteration. It is
found most frequently within grunerite crystals and 1s con-
sidered a retrograde product.

Hornblende 1s also considered a product of retrograde
metamorphlsm. It was found as a peripheral replacement of
grunerite, garnet and pyroxene. Where found with grunerite
it exhlbits a blulsh-green coloration while a more brownish
hue 1s more common for occurrences with garnet and pyroxene.
This color variation appears to reflect the compositional
differences of the host mineral.

A few clusters of a brownish-green layered iron
silicate were observed within several quartz grains. Iden-
tification of this silicate could not be ascertained but it
strongly resembles minnesotaite. This mineral was also found
within several garnets where it appears as a retrograde or

later alteration product.
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Chemically the quartz-grunerite-magnetite member 1is
the most complex of the 1lron-formatlon types. Fifty
chemical analyses for Fe++, Fet++, 8102, Mgo0, A1203, and
Ca0 were conducted on drill core samples representing the
major occurrences in the Republlic Mine area. The average
oxide composition with respect to these analyses 1s glven
in Table 13. This table also lists the extremes that were
noted.

TABLE 13.--Partial Composition of the Quartz-Grunerlte-
Magnetite Iron-Formatlon Based on Fifty Analyses.

Per Cent Welght

Oxide Range
Average Low High
FeO 28.49 19.03 36.14
Fe203 20.53 4.00 30.46
SiO2 4o.82 35.39 48.07
MgO 2.62 1.14 4.g5
A12O3 0.99 0.26 4.38
Cal 1.91 0.35 4,90

Thls writer was unable to detect any systematic vari-
atlon in the rock composition relative to stratigraphlc
horizons within the iron-formation member. There 1is a
general tendency for an increasing ferrous to ferric iron
ratio as one progresses towards the lower stratigraphilc
horizons; however, this 1s not clearly defined. The rela-

tive distribution of oxides within individual samples
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irrespective of stratigraphic position appears to relate for
more consistent relationships. These are consldered in a
following discussion on the paragenetic relationships of
some lron-formation minerals.

Paragenetic Relationships of Some
Iron-Fromation Minerals

There 1s 1little evidence relative to the parent con-
stituents of the quartz-specular hematlte and quartz-
magnetite members. Transitions within these rocks have been
so complete that relationships indicatlve of the rock evolu~
tion are masked. Furthermore, these members are character-
ized by simple compositions whereln quartz and 1ron oxlde
account for nearly the entire assemblage. A sequence of
mineral development would not be expected 1n such a simple
system. This 1is especially true 1n lithologles where hema-
tite constitutes a principal phase. According to Yoder
(1956) hematite would appear as a stable phase only if the
oxygen partial pressures were 1n excess of those limlting
the development of most silicates. That 1s, the normal
sequence of silicate development would not be realilzed
throughout progressive metamorphism 1f hematlite persilsted
as a stable phase. The lccalized occurrence of garnet
within the quartz-specular hematite member (see Flgure 23)
appears to contradict this concept. Thils may represent an
assemblage that 1s not 1in equilibrium, although there 1s no

evidence of reaction borders. The chemistry of these
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garnets 1s unknown and untll such data are obtalned 1t 1s
presumptuous to speculate on the phase relationships.

The frequent appearance of magnetlte remnants withiln
specular hematite plates merit note. If merely textural
relationships are considered this would strongly suggest
that specular hematite formed at the expense of magnetlte.
The remnants occur most frequently within the plates and
normally exhibit an irregular outline which would further
support the contention that specular hematite formed after
magnetite, at least 1n part.

The quartz-grunerite-magnetite member provides con- "
slderably more data relative to the sequence of mlneral
development during regional metamorphism. To a large ex-
tent these have been discussed 1n a previous section. One
of the most significant observatlions seems to be the devel-
opment of silicates, especilally grunerite and garnet, at
the expense of magnetite. The following mineral relation-
ships support thils concept:

1. preferential development of grunerite between

magnetite and quartz rich bands,

2. growth of grunerite and garnet porphyroblasts
within nearly pure magnetlite layers wherein
portions of the original band can be traced
through the silicate,

3. substantlal decrease in the ratio of fine gralned
magnetite within grunerite as compared to

quartzose zones,
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4. a depletion in the fine grained magnetite
surroundlng grunerite,

5. growth of grunerite adjacent magnetite velnlets
that cut quartzose bands,

6. ‘irregular outlines of magnetlte gralns in
grunerite and garnet in contrast to subhedral
and euhedral crystals in quartz, and

7. presence of quartz-magnetite remnants within
grunerite and garnet.

If, as 1ndicated by the aforementioned mineral rela-
tlonships, silicates did form at the expense of magnetlte,
thls should also be reflected 1n the bulk chemlstry of the
rock. In an effort to determine 1f any relationships
exlsts between iron occurring as silicate and oxlde, fifty
samples representing all horlzons wilthin the member were
analyzed. Each sample was analyzed for acld soluble
(hydrochloric plus stannous chloride) iron and total iron
(fusion method). Within thils area the iron occurring as
sillicates 1s normally 1insoluble while that as oxldes 1s
soluble. In order to check these analyses twenty-filve
samples were also analyzed for total and soluble ferrous
iron. 1In all instances the insoluble ferrous 1ron checked
within 0.8 per cent of the total insoluble iron.

The data obtained from these samples are plotted on
Figure 17. These analyses clearly indicate an inverse rela-

tionshlp between the 1lron occurring as silicate and oxilde
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which strongly supports the contention that grunerite,
garnet and possibly other silicates formed at the expense
of magnetite. Thils does not preclude the participation

of other reactants such as carbonates and layered iron
silicates. Some source would be needed to satisfy the
elemental requirements of the particular silicate. Such
minerals may have been the controlling factor relative to
the extent of reaction. That 1s, the quantity of available
oxides such as Ca0 and MgO may have determined the amount
of magnetite that was consumed in the reaction. In order
to Investigate this possiblility the aforementioned fifty
samples were also analyzed for CaO and MgO. These quanti-
ties were then compared wlth the amount of FeO occurring

as sillicate. A slight trend was detected as indicated in
Figure 18; however, thls relationship 1s far less positive
than that noted in Figure 17. To some extent thls may
reflect 1n varylng silicate composlitions which 1s certainly
suggested on the basis of the two grunerite analyses glven
in Figure 16. 1In any event, reactions independent of mag-
netite are not considered paramount in the formation of
silicates in the quartz-grunerite-magnetite member. This
does not exclude the possibllity of grunerite development
independent of magnetite in other lithologles. Reactilons
depending mainly on minnesotalte and stilpnomelane are con-
sidered for rocks of the Michigamme formation which 1s

dlscussed 1n a forthcoming section.
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Silicate formation at the expense of magnetite 1s not
a new concept. However, within the trough area 1t appears
to have taken place on a relatively wlde scale. This does
point out that the treatment of oxygen as a fixed component
throughout all grades of progressive metamorphlsm is not
applicable 1n every instance. Any reaction producing
grunerite at the expense of magnetite would requlre a re-
duction in the oxygen partial pressure. The ferric iron
content of the grunerite 1s insufficient to account for
any major transition.

An addltional clue related to the sequence of milneral
development is the common remnants of grunerlte within
garnet and pyroxene suggesting that these latter mlenrals
formed late during progressive metamorphism. To what extent
grunerite participated in their formation could not be

ascertained.
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Figure 19.--Contact between banded quartz-specular hematite
(left photo) and gquartz-magnetite (right photo) iron for-
mation types.

Figure 20.--Oolitic appearing aggregates of specular hema-
tite (white) in quartz (dark gray) with a minor amount of
magnetite (light gray). Polished surface, x80.
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Figure 21.--Typical quartz-specular hematite iron formatlon
member. Note relationship between hematite (white) and
magnetite (light gray). Polished surface, x80.

Figure 22.--Coarse specular hematite plates assoclated with

finer grained partially oxidized magnetite. Note a few

remnants of magnetite (1light gray) within specular hematite.
Polished surface, x100.
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Figure 23.--Garnet poiklloblasts 1n quartz-specular hema-

tite member at the Republlic Mine. Note numerous inclu-

sions of specular hematite within the garnets. Pollshed
surface, x80.
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Figure 24.--Rich coarse magnetite vein cutting quartzose
layer. Occurrence is typical of intensely folded areas.

Figure 25.--Portion of rich magnetite band al com-
pletely oxidized to martite. Note small patches of mag-
netite (light gray). Polished surface, x80.
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Figure 26.--Typlcal quartz-magnetite iron formation member.
Note variation in grain size of magnetite. Polished
surface, x80.
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Figure 27.--Drill core specimens of typlcal quartz~grunerite-
magnetite type iron, formation. Note iron rich bands cutting
quartzose layers and some quartz islands within grunerite-

magnetite band. Also note extenslve grunerite development
along quartz-magnetite interface.
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Figure 31.--Typical occurrence of grunerite (light gray) along
contact between quartz (dark gray) and magnetite (white).  Note
frayed appearance of magnetite with grunerite in contrast to
subhedral to euhedral crystals elsewhere. Polished surface, x80,

Figure 32.--Preferential development of grunerite

and magnetite band. Note slight decrease of fine

netite in the vicinity of grunerite within quartz
surface x80.

between quartz
grained mag-
band. Polished



Flgure 33.--Grunerite crystals penetr
layer. Note fine grained inclusions
grunerite. Thin sectlion, cross

Figure 34.--Formation of grunerite b

rich layers. Note long axes orienta

dicular to direction of banding. Thin
nicols, x80.
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Figure 35.--Random growth of grunerite in magnetite band.
Polished surface x80.

Figure 36.--Development of grunerite, in subparallel orienta-
tion to direction of banding, within magnetite band. Note
magnetite inclusions within grunerite. Polished surface, x80.






Figure 37.--Poikiloblastic garnet with numerous inclusions of
magnetite. Garnet appears to have formed at the expense of
magnetite and later than grunerite. Polished surface, x80.

Figure 38.--Carbonate vein cutting quartz, magnetite and
grunerite. Note partial oxidation of magnetite. Polished
surface, crossed nicols, x100.



CHAPTER V

GOODRICH FORMATION

General Statement

The metasediments occurring lmmediately above the
Negaunee iron-formation were deslignated by VanHise, Bayley,
and Smyth (1897) as Goodrich Quartzite. The type locality
for thls formation 1s approximately 3-1/2 mlles southwest
of the City of Ishpeming. The reference exposures are ad-
Jacent to the Goodrich Mine (Section 19, T. 47 N., R. 27 W).
In this vicinity the rock is essentlally conglomeritic at
the base consisting of mostly iron-formatlion pebbles 1n a
quartz-mica matrix. The conglomerate grades upward into
micaceous and feldspathic quartzite.

In this study all the metasediments occurring strati-
graphically above the Negaunee iron-formatlon and below the
Michigamme formation are considered Goodrich. These rocks
include conglomerate, schist, gquartzite and gneilss of
various composition (see below). Therefore, the term
"formation" 1is preferred. Elsewhere on the Marquette syn-
cline, formations such as the Greenwood and Clarksburgh have
been described as mappable units occurring between the
Goodrich and Michigamme (Swanson, 1931; Zinn, 1931; Hase,

1957). Fileld evidence did not Justify this distinction
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within the Republic Trough area. Zones of magnetic highs
exlst at or near the Goodrich-Michligamme contact (Sections
20, 21, 27, and 28, T. 47 N., R. 30 W.) but these are
limited in scope and the rock types were not observed 1n
elther outcrop or drill core. Furthermore, the contact
zones between these formations are masked, for the most
part, by sill-like intrusives.

Angular unconformities in the range of 15 degrees
have been reported for the Negaunee-Goodrich contact (e.g.,
VanHise, Bayley, and Smyth, 1897; Hase, 1957). Unequivocal
evidence for an angular discordancy related to original
sedimentary conditions was not observed durling fileld mappihg
of the trough area. Variations 1n the attitude of adjacent
bedding planes within either formatlon often exceeds that
observed for the overall discordanclies at the contact area.
Such differences could easily bé attributed to differential
movement of parallel beds during folding. Furthermore, in
areas of lesser deformation, a general rule of parallelism
was noted.

The Goodrich attalns thicknesses 1n excess of 1,000
feet at the southern extremity of the Trough. Thils 1ncludes
some U400 feet of conglomerate. The rock 1s well exposed in
the vicinity of the Republic Mine (Section 7, T. 46 N., R.
29 W.). Elsewhere within the trough the Goodrich commonly
constitutes 200 to 700 feet of thickness. However, the con-

glomeratlic member 1s generally absent and where present
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seldom attalns thicknesses 1n excess of several feet. The
marked development of conglomerate at the nose of the

trough certainly suggests, by virtue of localization, an
extremely 1rregular topography prior to Goodrich deposition.

The continulty of Goodrich along the southwest 1limb
(see Plates 1 and 2) 1s substantiated by scattered outcrop
and several diamond drill holes. Continulty along the north-
east 1limb 1s less certain due to very few outcrops north of
the Kloman Mine (Section 6, T. 46 N., R. 29 W.). However,
old test pit data and diamond drill hole records Jjustify
delineatling a continuous extension.

Samples of Goodrich representing 338 feet of strati-
graphic thickness were composited from diamond drill core.
Six holes from Section 2, T. 46 N., R. 30 W. and Section 34,
T. 47 N., R. 30 W., were used in this compilation. The core
did not include the aforementioned conglomeratic member.
Chemlcal data and normative minerals of the composite are

presented in Table 14 (see following page).

Lithologic Types

The Goodrich formation is subdivided into six basic
rock types based on salient mineral constituents. These
types include micaceous quartzlte and quartz-mica schist,
quartz-feldspar-mica schist and gneilss, quartz-feldspar-
mica-epldote-amphibole schist and gnelss, quartz-feldspar-
mica-epldote schist and gneilss, quartz-feldspar-amphibole-

epldote gneiss, and quartz-mica-epidote schist.
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TABLE 14.--Chemical and Normative Composition of Goodrich
Formation Occurring in Section 2, T. 46 N., R. 30 W., and
Section 34, T. 47 N., R. 30 W.

Per Cent by Weight® C.I.P.W. Norm

SiO2 60.20

A1203 12.59 Q 19.89
Fe2O3 3.27 C 0.71

FeO 7.34 or 15.59

MgO 2.4y ab 22.03

Cal 4.48 an 16.97
Na20 2.61 hy 15.10

K,0 2.68 mt 4.63

H2O+ 0.25 il 2.58

TiO2 1.38 ap 0.67

P205 0.30 pr 0.09

MnO 0.25 cc 1.20

S 0.07 (molar quantities of less
CO,** 0.51 than 0.002 are omitted)

*Run on dry basis with H,0  (105°C.) = 0.21.
2

##%¥Calculated on basis of total C as CO, (W. Pasich,
Jones and Laughlin Steel Co., Negaunee, Nic%igan, Analyst)

In addition the conglomertic phase constitutes a major
member. Cursory examination indicates a considerable varla-
tion in mineral constituents for this rock type. No attempt
was made to subdivide the conglomerate into speciflc types
due to limited data; however, the iron rich phases may be
roughly divided into quartz-muscovite-specular hematite and
quartz-chlorite-magnetite members. It was noted that the

former occurs almost exclusively at the southeast nose of
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the trough while the latter 1s the common type along either
limb. Figures 39 through 41 illustrate a few examples of

these members.

Micaceous quartzite and quartz-mica schist.--The most

abundant rock type within the Goodrich consists of mlcaceous
quartzite and quartz-mica schist. These rocks are found
throughout the extent of the formation. Compositionally
there 1is no unique partitioning between the quartzitlic and
schistose phases. This appears to be more a function of
deformational environment than mineral assemblage.

Transition into different rock types 1s generally
graditional. Common assoclates are micaceous feldspathlc
quartzite and quartz-feldspar-mica schist occurring both
with and without epldote. Over short distances there can
be conslderable variation in the relative proportions of
major mlenrals. However, the rock 1s characterized by the
absence of both feldspar and epldote.

Quartz generally accounts for over 60 per cent of the
rock volume. The individual grains in the quartzitic phases
are relatively equidimensional ranging from 0.2 to 0.3 mm.
Two size ranges are common 1n the schistose varlety. One
1s normally less than 0.2 mm whille the other often exceeds
1.5 mm. The coarser quartz fraction is characterized by a
pronounced undulatory extinction and occasionally exhibits
granulated borders. Muscovite 1s the characteristic mica

and 1s ubiquitous in this rock type. It occurs predominantly
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as subparallel plates often found engulfing coarse ellip-
tical quartz gralns. Varying quantities of olive to brownish
green bilotlte are also frequently present. However, locally
this mica may be rare or absent. In the more schistose
phases 1t usually exhibits partial alteration to chlorite.
Minor quantities of sphene, apatite and tourmaline occur
infrequently.

Average modal analyses from seven locatlons are

presented in Table 15.

Quartz-feldspar-mica-schist and gneiss.--A rock type

similar to the quartz-mica schist previously described
occurs intermlittently throughout the formation. Presence

of feldspar and pauclty or absence of bilotite are the dis-
tingulshing features. Two typical assemblages are glven 1n
Table 16. One contalns both plagioclase and potash feldspar
while the second type contains only the latter.

In this section both assemblages exhibit quartz grains
with a conslderable variation in size. Two hablts are
clearly distinguishable. The flrst averages less than 0.2 mm
in diameter and generally forms as a matrix. A larger frac-
tion, averaging over 1.2 mm, appears very similar to the so-
called "augen'" that were described for certaln varieties of
Ajiblk schist. The composition of plagioclase is estimated
at An.,.. Some crystals appear poikiloblastic with numerous

15
inclusions of quartz and muscovite. These are commonly over
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2 mm and generally exhibit frayed edges. Smaller crystals
(0.2 mm) of plagioclase are also present. There appears to
be no pronounced compositional variation between the two
occurrences. However, calclte was noted within several of
the larger crystals which suggests a possible releast of the
Ca0 molecule. The potash feldspar occurring with plagio-
clase 1s belleved to be orthoclase. In rocks voild of plaglo-
clase, microcline was the only feldspar ldentified.
Muscovite 1s present both as an alteratlon product of feid—
spar and as distinctive plates. Chlorite occurs pseudomor-
phically after what 1s believed to be biotite. Minor
remnants of materlal resembling bilotite were observed witﬁin
several masses of chlorite. Where blotite was positively
identifled 1t exhlbits dark olive green to pale green pleo-

chroism.

Quartz-feldspar-mica-epidote-amphibole schist and

gnelss.--Several zones of schist and gneiss were observed
vold of muscovite and containing varying quantities of pot-
ash feldspar, biotite, epidote and amphibole. The most com-
mon occurrence was noted in Section 2, T. 46 N., R. 30 W.

In this area the rock type accounts for at least 130 feet

of stratigraphic thickness. Megascoplcally 1t 1s grayish
and resembles a metagraywacke. As a general rule, secondary
alteration appears more pronounced as the iron-formation is
approached. Schistose phases were also observed more fre-

quently in proximity to the iron-formation contact.
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In thin section, quartz appears to be relatively
uniform in size, averaging 0.2 mm across dliameters. Blotite
in the least altered phases 1s brownish green to pale buff.
Preferred orientation along 001 1is conspicuous. The
amphibole is hornblende exhibiting strong pleochrolism from
blulsh green to pale green. Excellent development 1is
characteristic. Milnor amounts ofcarbonate were often
found associated with the amphlbole. Epldote 1s a major
constituent 1n all the specimens. Grains up to 0.9 mm were
observed. It appears predominantly as pistacite; however,
subordinate quantities of zoisite were recognized in several
samples. The feldspars are, for the most part, altered.
This impeded positive identification, although the presence
of microcline was ascertained. The exlstence of plagloclase
i1s uncertain. A few small altered grains exhlblt what
appears to represent relic albite twin planes. Sphene was
found 1n most specimens and frequently in amounts up to 3
per cent. Polysynthetic twinning was noted in some of the
larger grains.

Average modes from three occurrences are presented
in Table 17. Figure 42 illustrates a typlcal microscoplc

view.

Quartz-feldspar-mica-epidote schist and gnelss.--

Numerous samples of quartzose schist and gneiss with varylng

quantities of feldspar, mica, and epidote were observed
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throughout the Goodrich. Both schistose and gnelssic
textures were noted within single outcrops. Textures
appear to be mainly a functlon of the quantity of mica.

The gnelssic phases are generally well banded with alter-
nating layers rich in quartz. Individual bands vary from
1.2 to 3.0 cm in width. They are often discontinuous along
strike. Although the rock type 1s common, 1t 1s not
belleved to represent a unlque stratigraphic horizon within
the Goodrich. Samples occur intermittently along strike
and dip throughout the entire formation.

In the majority of thin sections quartz exhilblts a
relatively equidimensional character. Grains average be-
tween 0.2 and 0.3 mm across diameters. In some of the
more schlstose phases two size fractions were noted. These
include a fine variety averaging less than 0.2 mm and a
coarse fraction in the range of 0.6 mm. Mica 1s present
as both blotite and muscovite. Bilotite was observed 1n all
but one case. In thils Instance chlorite 1s present and be-
lieved to represent an alteration product of pre-exlsting
biotite. Muscovite 1s a common constituent in the majority
of occurrences. However, 1t was not found 1n specimens con-
taining over 20 per cent epidote. The implications of this
apparent restriction are considered during the discussion
on metamorphism. Microcline was the only feldspar positilvely
identified. This, however, does not preclude the presence

of plagioclase. Minor amounts of highly altered grains



85

suggest a plaglioclase parent. Epidote, as plstacite, 1s a
characteristic constituent. Occasionally zolsite can be
observed 1n subordinate quantities. Its appearance
generally markes the presence of calcite.

Average modes from specimens collected over nlne

locallties are tabulated in Table 18.

Quartz-feldspar-amphlbole-epidote gnelss.--Zones of

quartzose gnelss with feldspar, amphibole and epldote as
common constituents were found in limited quantity near the
base of the formation. A complete absence of mica, other
than that representing late alteration, characterizes this
lithology. Generally the rock is banded although dlscrete
compositional layering 1s somewhat subtle in hand speclmen.
The rock 1is best exposed in Section 7, T. 46 N., R. 30 W,
and Section 27, T. 47 N., R. 30 W.

Microscopically, quartz 1s equidimensional within
individual thin sections; however, slze variations ranging
from 0.1 to 0.4 mm were noted for samples collected from
different localitles. Potash feldspar 1s present both with
and without plagioclase. Microcline was the only feldspar
noted in assemblages void of plagloclase. In specimens con-
taining plagloclase the potash feldspar 1s belleved to be
orthoclase. However, this identiflcation 1s questlonable
due to extenslve secondary alteration. Very few of the
plagioclase crystals were amenable to compositional deter-

mination by extinction angle methods. Measurements on a
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few grains indicated a sodic content of less than Ab8o.
The amphibole 1s well developed and considered hornblende.
It is pleochroilc from green to pale brownish green and
lacks the blulsh tint noted in hornblendes characteristic
of other lithologlc types. Epldote (mostly plstacite) is
present 1n varylng quantities. It is generally found
assoclated intimately with hornblende.

Table 19 relates average modes of assemblages with
and without plagioclase. Mineral relatlionships are 1llus-

trated in Figure U43.

Quartz-mica-epidote schist.--Quartzose milcaceous

schists with epidote were found widely distributed through-
out the Goodrich within the Trough area. Numerous samples
were collected from Section 6, T. 46 N., R. 29 W.; Sectlon
12, T. 46 N., R. 30 W.; and Sections 28 and 34, T. 47 N.,
R. 30 W. Quantitatlively the rock type appears most preva-
lent at the stratigraphic center of the formatlon. However,
limited examples were also noted in the upper and lower
portions. The rock 1s distinguished from other epldote
bearing schists by the absence of feldspar. It 1s, however,
marked by a conslderable variation in mlineral constltuents.
Amphibole 1s present 1n several assemblages and garnet was
recognized in one locality. Mica may constitute anywhere
from 9 to 45 per cent of the rock volume.

In thin section the quartz grains are fairly uniform

averaging from 0.15 to 0.30 mm across diameters. Mica is
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normally present as both muscovite and biotite; however, a
few specimens were found to contain only the latter. Bilo-
tite 1s typically olive green to brownish green 1in assemb-
lages lacking garnet. It exhlblts a more pronounced
brownish hue when found with garnet. Muscovlite appears
both as large subparallel plates and 1in fine grained aggre-
gates. The bulk of the epldote 1s pistaclite with mlnor
quantities of zolsite. Polkilobastic garnet up to several
millimeters is present infrequently. Iron oxldes and quartz
are common inclusions. The amphibole found in a few samples
1s 1dentical to the blue green hornblende observed in other
Goodrich lithologles. It is generally well developed witﬁ
cross-sections in excess of 0.8 mm. Numerous quartz inclu-
sions are common.

Modes representing six variations of the rock type
are given in Table 20. Several mineral constituents are

1llustrated in Figures 44 and 45.
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MODAL ANALYSES OF VARIOUS LITHOLOGIC TYPES FROM THE GOODRICH FORMATION
TABLE |5  Modes from nine composites of TABLE 16 Modal/ analyses from two TABLE |7 Average modes from three
micaceous quartzite and quartz-mica schist. varieties of quartz-feldspar-mica occurrences of quartz-feldspar-mica-
schist and gneiss. epidote-amphibole schist and gneiss.
MINERAL PERCENT VOLUME MINERAL PERCENT VOLUME MINERAL PERCENT VOLUME
Quartz 62 64 Quartz 31 31 61
Quartz 79 65 63 58 64 75 91 72 89 K-Feldspar 6 6 K-Feldspar 19 21 7
M}Jscovﬂe V@S2 6T 2B NI (8 ey G Plagioclase 2.2 = Plagioclase | X =
Biotite 5 oS - - S (S B X X = = Muscovite 9 2| Biotite 19 19 1
Chlorite 8 L AR i e et 4 Biotite - 1 Hornblende (M} 6 5
Sphena A e B Te X X Chiorite®® ! - Epidote 12 Fget o2
Apatite ) X! - - - - tr. X X = Calcite X - Calcite 3 X X
Tourmaline tr. X = o = P = = _ Apatite - X Sphene 3 X 8
Opaques 2 4 O 2 X 2 3 X Opaques X 7 Apatite tr. X tr.
(s) alteration product. () alteration of biotite Opaques tr. 5 X
TABLE 18 Modes of quartz-feldspar-mica- TABLE |9 Modal analyses of typical TABLE 20 Six average modes of
epidote schist and gneiss from nine locations. quartz-feldspar-amphibole-epidote quartz-mica-epidote schist.
neiss.

MINERAL PERCENT VOLUME 9 MINERAL PERCENT VOLUME
Quartz 43 62 53 61 61 46 63 61 66 MINERAL PERCENT VOLUME Quartz 53 56 49 39 45 46
K-Feldspar 3 | 5 9 2 8 | 2 I2 Muscovite 36 5 4 | =20
Muscovite - — 5 5o 2 s, 9 Quartz 63 49 Biotite 425 178 2980! 9 22
Biotite 23 ST 6 B T AR o 4 SR s K-Feldspar 8 9 Chiorite® = ¥ i SR
Chiorite® o e S TSR ¢ Plagioclase - 10 Garnet == e
Epidote 28 21 5 3 1o 15 2 4 9 Hornblende 12 25 Hornblende = es - 8 41 =~
Calcite - - - - 3 - = = Epidote 14 [ Epidote I roSle8s et 2t Ue)
Sphene S (S R R O Opaques 3 5 Calcite® —5 T s SRR
Apatite T I N TR G 8 S R Sphene e e L Xt
Tourmaline - - X S R S Apatite R - S R
Opaques X O 5 T AT S 5 3 Opaques X XA g g |

(8)in part appears as alteration product. (s) alteration product
tr. exceedingly rare. X less than one percent but frequently observed.




89

Figures 39 through 41.--Iron-Rich Members of Goodrich Con-
glomerate.

FigureJﬂO

39.--Sample of magnetic con-
glomerate from the Kloman Mine.

40.--Partia
netite and
clastic quart
phase of conglo
Kloman Mine.

41.--Quartz-muscovite-specular

hematite phase of conglomerate

from the Republic Mine area.
Polished surface, x80.
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Figures 42 and 43.--Photomicrographs of Rocks from the
Goodrich Formation.

Figure 42 Figure 43

42.--Occurrence of biotite, pistacite, quartz and feldspar in
quartz-feldspar-mica-epidote-emphibole schist and gnelss.
Note minor presence of sphene.

43.--Typical development of pistaclite and hornblende in quartz-
feldspar-amphibole-epidote gnelss.

NOTE: Both figures, ordinary light, x52.



91

Figures 44 and 45.--Photomicrographs of Rocks from the
Goodrich Formation.

Figure 44

44,--Local development of poikiloblastic hornblende in quartz-
mica-epldote schist. Note concentration of epldote along
periphery of amphibole crystal.

45. Local devélopment-of garnet prophyroblast in quartz-mica-

epldote schist. Note hand of iron oxldes extending through
1 garnet.

NOTE: Both figures, ordinary light, x52.



CHAPTER VI

MICHIGAMME FORMATION

General Statement

Rocks of the Michligamme formation are belileved to
represent the youngest metasediments of the Republlc
Trough area. Thils formation outcrops extensively through-
out the western end of the Maréuette syncline. Specially
in the vicinity of Lake Michigamme where the type locality
was designated by VanHise, Bayley, and Smyth (1897). At
that site 1t 1s predominantly slate and mica schist. The
formation 1s also well exposéd immediately north of the
Republic Trough. There 1t consists chiefly: of garnetifer-
ous mica schist with local development of abundant stauro-
lite and andalusite. Several excellent exposures were
found along the Michigamme River in Sections 17 and 18, T.
47 N., R. 30 W. Although these outcrops are beyond the area
delineated by Plates 1 and 2 they are belleved to represent
the upper portion of the Michigamme as it exlsts throughout
the northern sector of the Trough. Channel samples were
taken from these outcrops representing 45 feet of strati-
graphic thickness. Chemical data and a calculated norm from

these samples are given 1n Table 21.

92
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TABLE 21.--Chemical and Normative Composition of Upper
Michigamme Formation throughout the Northern Sector of
Republic Trough.

Per Cent by Weight®

C.I.P.W. Norm

8102

A1203

Fe2O3

FeO
MgO
Cal
Na20

KZO

H2O+

TiO2

P205

MnO
S

ne
CO2

61.52
17.84
1.14
7.34
3.70
0.50
0.62
3.48
0.54
0.69
0.16

0.14
0.05
1.10

Q 32.75
C 12,13
or 20.60
ab 5.24
an 2,50
hy 20,72
mt 1.62
11 1.37
pr 0.09

(molar quantities of
less than 0.002 are
omitted.)

NOTE: cc not considered in
norm with 0.30 per cent
welght of carbon assumed
organic.

*Run on dry basis with H20- (105°C.) = 0.12

##Calculated on basis of total C as CO, (W. Pasich,
Jones and Laughlin Steel Co., Negaunee, Mic%igan Analyst).

Within the actual trough area there are very few ex-

posures of metasediments above the Goodrich. The most

likely location for these outcrops is in proximity to the

axial plane of the syncline.

However, this area 1s marked

by abundant swamps and in part contains the Michlgamme River.
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These features are belleved to reflect the relative erod-
ability character of the underlying bedrock.

The best specimens of Michigamme that were obtalned
from within the northern sector of the trough came from
diamond drill core (Section 20, T. 47 N., R. 30 W.).

These consist predominantly of mica schist with a subor-
dinate iron bearing member. Stratigraphlically the core
represents the lower portion of the formation.

Throughout the southern sector of the trough the
Michigamme outcrops infrequently in several sections. The
most extensive exposures occur in Section 6, T. 46 N., R.
29 W., and Section 1, T. 46 N., R. 30 W., where the rock
1s typically schistose. Fifty pounds of chip samples were
composited from a series of outcrops occurring in the
vicinity of Highway M-95 (new) approximately 1,400 feet
south of the new bridge (Section 1, T. 46 N., R. 30 W.).
Chemlcal analyses were conducted on a split portion of
thls composite. These data, along with a calculated norm,
are tabulated in Table 22, on the followling page.

It should be noted that the actual contact between
the Goodrich and Michigamme was not observed. These con-
tact relationships have been obscured by sill-1like intru-

sives at all potential observation sites.



TABLE 22.--Chemical and Normative Composition of Michigamme
Formation in Section 1, T.

95

46 N., R. 30 W.

Per Cent by Weight# C.I.P.W. Norm
8102 61.44
Al203 8.03
Fe203 2.59 Q 33.95
FeO 15.48 C 4,28
MgO 3.13 or 9.46
Cal 1.16 ab 6.29
Na20 0.76 an 2.23
K2O 1.60 hy 32.77
H20+ 0.37 mt 3.70
TiO2 0.55 i1 1.06
P205 0.17 pr .44
MnO 0.12 cc 1.30
S 0.28 (molar quantities of less
CO2** 0.59 than 0.002 are omitted)

#*Run on dry basis with H

#®Calculated on basis of total C as CO
Jones and Laughlin Steel Co., Negaunee, Mic%i

Four lithologic types were recognized on the basils of

2

Lithologic Types

0~ (105°C.) = 0.34.

(W, Pasich,
gan, Analyst).

limited outcrop and diamond drill core speclmens.

division 1s agaln 1n accord with domlnant mineral assemblages,
The basic types 1nclude quartz-grunerite schist, quartz-mica-

andaluslite-garnet schist, quartz-mica schist, and quartz-

grunerite- stilpnomelane schist.

This sub-
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Quartz-grunerite schist.--Quartzose schists rich in

grunerite were found throughout the southern portion of
the trough. These rocks commonly contaln varylng quantities
and combinations of biotite, garnet and hornblende as major
constituents. The aforementioned exposures in Section 1, T.
46 N., R. 30 W., and Section 6, T. 46 N., R. 29 W., typify
thls rock type. These schists are well banded, reflecting
compositional variations, particularly in the quartz and
iron silicate ratios. The bands are generally extremely
contorted and often discontinuous along strike.
Miscroscopically quartz occurs 1n two hablts in most
specimens. These consist of a coarse and fine fractlion
measuring 0.6 mm and 0.1 mm across diameters. In a few
samples a relatively equlgranular hablt was noted. These
average approximately 0.2 mm. Grunerite crystals measuring
up to several millimeters in length are common. Surface
alteration to a hydrated 1ron oxlde was noted locally.
Polysynthetic twinning 1s very prevalent. Interference
figures revealed a very large 2V (80-90°). The majority of
the crystals appear to be optically negative, although the
exlstence of subordinate cummingtonite cannot be precluded.
Garnet was found in all but one outcrop area. It frequently
occurs as coarse euhedral poikiloblasts over 2.0 mm in dia-
meter. Iron silicates and quartz are common inclusilons.
Chloritization 1s rare and limited to fracturs and peripheral

areas. Blotite 1s a common constituent 1in all assemblages
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except those contalning hornblende. This restriction is
further considered in a following section. The bilotite is
normally olive green to pale yellow brown. It 1s generally
fresh, although minor chloritization was observed locally.
A blue to pale green amphiobole, thought to be hornblende,
1s present in one outcrop area. It 1s frequently intergrown
with grunerite. Extinction angles on longitudinal sectlons
are in the range of 20 degrees. The optlc sign 1s negative
wlth a moderate 2V. A limited quantity of plagloclase is
present 1n a few specimens. Extinctlion angle measurements
on alblte twins suggest a composition near andesine. Precise
determination was not possible due to the sparce occurreﬁce.
Modal analyses of speclimens from four outcrop areas
are tabulated in Table 23. Figure 46 illustrates the rela-

tionship between amphiboles.

Quartz-mica-andalusite-garnet schlst.--A few scattered

outcrops of micaceous schist with quartz, andaluslte, garnet
and chlorite were found 1n the northern extremity of the
trough. This rock 1s very similar to the aforementioned
schilst occurring between Lake Michigamme and the Republilc
Trough. A noteworthy exception 1s the absence of saturolite.
The rock 1s typlcally grayish brown and characterized
by large andalusite crystals, up to several centlimeters
across, 1n a'micaceous groundmass. On weathered surfaces a
knobby appearance is made conspicuous by the more resistant

andalusite crystals.
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In thin section quartz appears equigranular averaging
0.2 mm iIn dlameter. Andalusite is typically poilkiloblastic
wlth numerous inclusions of muscovite and blotite. Seriti-
zation of the andalusite 1s only locally pronounced. Bilo-
tite also occurs as subparallel plates throughout the rock.
It is pleochrolc from brown to nearly colorless and fre-
quently contalns clouded centers which may well represent
carbonaceous matter. Fresh garnet crystals up to 2.0 cm
can be observed truncating all surrounding minerals. A
chlorite mineral 1s generally found in the vicinity of the
garnet. However, 1t occurs as a distinct phase and not as
a product of secondary garnet alteration. There 1s no petro-
graphic evidence to suggest that these two minerals are not
coexisting in equilibrium. The chlorite exhibits abnormal
blue to brown interference colors and 1s optically negative.
This indicates an intermediate variety (Albee, 1962) relative
to the FeO : MgO ratio.

Figure 47 illustrates a microscopic view of the rock
type. An average modal analysis of the limited specimens 1s

presented in Table 24,

Quartz-mica schist.--Intensely follated rocks con-

sisting almost entirely of quartz, biotite and muscovite are
common throughout the formation. These occur most frequently
near the Goodrich contact. The rock accounts for some 70
feet of stratigraphic thickness in Section 20, T. 47 N., R.

30 W.
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Microscopically the quartz appears remarkably uniform
in size (0.20 mm) and exhibits 1little evidence of shearing
in spite of the highly foliated nature of the rock. Blo-
tite is brown and exhibits a pronounced preferred orilenta-
tion. Likewise, muscovite 1s well orlented. Some bilotite
has a clouded appearance. This seems falrly typical of the
formation in the northern sector of the trough. It 1s un-
doubtedly caused by some form of carbonaceous matter. This
would reflect some error in Table 21 whereln an analysils for
total carbon was all calculated as carbon dioxide,

A typlcal mode of the rock type 1s tabulated in

Table 25.

Quartz-grunerite-stilpnomelane schist.--A quartzose

schlst wlth coexlisting grunerite and stilpnomelane was found
to occur in the northern half of Section 20, T. 47 N., R. 30
W. The rock type was not observed in outcrop and samples are
limited to a single drill core. It 1s believed to represent

a portion of the aforementioned iron rich member of the Michi-
gamme. The specimens are greenish brown and crudely banded
with alternating layers rich in iron silicates and quartz.

In thin section the quartz has a more clastlc appear-
ance than the typled recrystallized chert of the Negaunee
iron-formation. Some clouded grains are present but to a
much lesser degree. The gralns are relatively equldimen-

sional averaging 0.30 mm across diameters. A colorless to
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very pale green amphibole was identified as grunerite. The
mineral has a more frayed appearance than the grunerite
observed elsewhere. However, polysynthetlc twinning 1s con-
spicuous and the birefringence 1is relatively high. Inter-
ference figures relate a very large 2V with a negative

sign. These figures, as well as the mode of occurrence,
strongly suggest grunerite. Hesitétion stems from the

pale green coloration of some crystals, although thls feature
1s not entirely absent in the grunerites of the Negaunee,
Yellow brown stilpnomelane was found to occur predomlnantly
in the gruneritic rich bands. Several examples of filbers

up to several millimeters in length were noted. The minéral
exhibits marked pleochroism from yellow to yellow brown,
Basal plates reveal a nearly unlaxial figure with a nega-
tive sign. A typlcal occurrence 1s as radiating plates

from a micaceous mass. The mineral 1s relatlvely fresh and
appears to cut across crystals of grunerite.

In addition to the above mentioned constltuents,
apatite was found in noteworthy quantity. Clusters of grailns
are concentrated mostly in individual bands. These are
usually closely assocliated with magnetite.

Figure 48 relates a microscoplc view of the rock type.
An average modal analysis 1s given in Table 26. Cursory
polished section study of the opaque minerals reveal this
to be mostly magnetite. Hematite was also noted along the
graln boundaries of quartz. Additional opaques 1nclude

pyrlte, chalcopyrite and possibly pyrrhotite.
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MODAL ANALYSES OF VARIOUS LITHOLOGIC

TYPES FROM THE MICHIGAMME FORMATION

TABLE 23 Average modes from
four outcrop areas of quaritz -

grunerite schist.

MINERAL PERCENT VOLUME _
Quartz 27 61 42 36
Grunerite® 35 7 28 19
Hornblende - - - 12
Garnet 19 - 20 28
Biotite I8 30 9 -
Plagioclase - |l - 3
Opaques | X X 2

® possibly includes cummingtonite.

TABLE 25 Moda/ analysis of

guaritz-mica schist.

MINERAL PERCENT VOLUM
Quartz 53
Biotite 36
Muscovite 8
Opaques 3

TABLE 24 Mode of typical

quartz-mica-andalusite-garnet
schist.

MINERAL PERCENT VOLUME
Quartz 19
Muscovite 9
Andalusite 28
Chlorite 3
Biotite 32
Garnet 6
Carbonate(® 2
Opaques * X

(8) alteration product.

TABLE 26 Average mode of

qguartz-grunerite-stilpnomelane
schist.

_MINERAL PERCENT VOLUME
Quartz 33
Grunerite 38
Stilpnomelane (|
Apatite 3
Opaques 15

X less than one percent but frequently observed.
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Figures 46 through 48.--Photomicrographs of Rocks from the
Michigamme Formation.

Figure 47

46.--Quartz-grunerite schist.--
Assemblage of quartz-grunerite-
hornblende-garnet. Note inter-
growth of two amphiboles.

Presence of dark (1
restricts format

47.--Quartz-mic
garnet schist. sit
poikiloblast truncating biotite
rich matrix. Note chlorite (left
center) and light muscovite pla

48.--Quartz-grunerite-stilpno-

melane schist.--Stelpnomelane

porphyncblast in matrix of fine
grunerite and quartz.

NOTE: All figures, ordinary light, x52.



CHAPTER VII

AMPHIBOLITES

General Information

The entire Republic Trough area 1s marked by abundant
quantities of greenish black rocks rich 1n amphibole. 1In
part these include the so-called diorites of Brooks (1873).
They occur predominantly as large sill-llke masses; however,
there are instances where adjacent beds are transected (see
below). These rocks were observed within or adjacent to all
the formations of.the trough, including the basement complex‘
For the purposes c¢f this study they have been grouped in
their entirety as amphibolites. The term amphibolite 1s
used here to designate lithologles rich in amphibole that
occur as a distinctive unit. It does not include those stra-
tigraphic members that can be clearly assoclated to a phase
of any of the previously described metasediments. The amphil-
bol;tes being considered are for the most part of magmatilc
parent. ‘Evidence for this interpretation stems primarily
from field observations. It was noted that 1in several areas
the sill-1like masses actually cut the adjacent bedding.
Furthermore, there are examples of dikes branching from the

major sills. Although chilled borders are rare they were

noted 1n a few instances.
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The actual time cf the parent intrusions 1is undertailn.
Considered as a group they are certainly past early Michil-
gamme. Also, since they all exhlblt metamorphic features,
they must be considered older than the major period of meta-
morphism. Thls places them somewhere between Michlgamme and
the end of Animikie time. The latter restriction is based
on the presence of unmetamorphosed dlabase dilkes correlated

with the Keweenawan type.

Lithologlc Types

Four classes of amphibollites were observed within the
trough area. These irnclude: amphibolite (qtz. = plag. +
10%); plagloclase amphibolites (plag. > qtz. + 10%); quartz
amphibolites (qtz. > plag. + 10%); and pyrcxene amphibolltes,
This subdivision 1is generally in accordance with a classifi-
cation suggested by Cannon (1963). It appears to lend itself
readlily to fileld classification. Furthermore, 1t 1s especlally
sulted for the amphibolites of the trough area in that a

regional partitioning of the specific varletiles 1s formulated.

Amphibolites.--Medium to coarse gralned rocks conslst-

ing predominantly of hornblende outcrop throughout Sections

27 and 28, T. 47 N., R. 30 W. The bulk of these rocks occur
immedlately above the Goodrich formation. For the most part
they appear conformable with adjacent formations., Thilcknesses
of over 350 feet are attained. In hand specimen the amphi-

boles appear as foliated masses in the coarser gralned
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portions of exposures. As the grain slze decreases, a more
pronounced orientation becomes apparent. Thils feature pre-
dominates near contact areas. Locally the rock exhibilts
extensive alteration. Thls feature also occurs most fre-
quently 1in proximity to contact areas.

Microscopically in the least altered specimens the
hornblende is pleochroic from green (slight bluilsh tint)
to pale brown. In speclmens where alteration is more exten-
slve the amphibole exhibits a pale green to almost cclorless
pleochroism. This 1s undoubtedly a more actinolitlc varlety.
Breakdown of amphibole to epidote (pistacite), chlorite
(penninite), and calcite is extensive in some areas. Inl
several Instances a pseudomorphlc replacement was observed.
Although the aforementioned alteration 1s most extensive
along the peripheral portions of the intrusives 1t also
occurs to a limited extent in the central sectors. However,
within the interior portions alteration is generally con-
fined to fracture zones.

Euhedral rhombic sphene 1s a common constituent. It
is frequently associated with leucoxene and skeletal 1lmenlte.

Average modes of both the fresh and altered varileties
are given in Table 29. Figure 49 1illustrates the mineral
constituents of the altered rock as 1t typlcally appears

through the microscope.

Plagioclase amphibolite.--Exposures of amphibolite

relatively rich in plagiocclase occur extensively throughout
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the southern sector of the trough. The mafic sills that
are present within the iron-formation at the Republic Mine
(see Plate 2) typify this rock type. Exposures were also
observed within the Goodrich formation. In most cases a
slll-1ike relatlionships was observed. However, there are
examples where the adjacent formations are definltely
transected. Contact effects with surrounding rocks were
not observed to any great degree. Locally garnetiferous
zones are present at or near the contact planes. The rock
is usually greenish black and medlium grained. Occaslonally
it exhibits a characteristic "salt and pepper" appearance
made consplcuous by the presence of light plagloclase and
dark amphibole.

Channel samples were collected across the three major
sills within the footwall portion of the Negaunee 1lron-
formatlion at the Republic Mine. These were composited and
chemically analyzed. Chemical and normatlve data on thils
composite are given in Table 27, on the followlng page.

In thin section the rock was found to consist predom-
inantly of poikiloblastic hornblende. In fresh specimens
thls hornblende is pleochroic from bluish green to green,
Unequivocal evidence for relating the amphlibole to the
uralitization of pyroxene could not be established., Pseudo-
morphs after pyroxene are absent and only limited fraying
was observed along crystal boundaries. In altered samples

the amphibole exhibits a green to pale green pleochrolsm
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TABLE 27.--Chemical and Normative Composition of Phagloclase
Amphibolite in Section 7, T. 46 N., R. 29 W.

Per Cent by Weight# C.I.P.W. Norm
510, 49.20 Q 4.93
A1203 13.19 C 5.33
Fe203 3.70 or 11.69
FeO 11.51 ab 20.45
MgO 5.16 an 16.69
Ca0 5.52 di 5.54
Na20 2.44 hy 23.93
K20 1.98 mt 5.33
H2O+ 0.43 i1 5.01
T102 2.61 pr 0.18
P205 0.29 ap 0.67
MnO 0.19 ce 1.30
S 0.13 (molar quantities of less
002** than 0.002 are omitted)

®Run on dry basis with H20_ (105°C.) = 0.27%.

®®Calculated on basis of total C as C02 (W. Pasich,
Jones and Laughlin Steel Co., Negaunee, Michigan Analyst).

indicating a more actinolitlc varlety. This 1s considered

a secondary product after the aforementioned hornblende.
Justification for such an interpretation stems primarily

from the relationshlp with other altered products such as
plagioclase to saussurite, biotite to chlorite and 1llmenite
to leucoxene. In unaltered samples the plagloclase 1s
andesine. Crystals up to one centimeter with numerous quartz

inclusions were observed. Biotite 1s present in most
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specimens. When fresh 1t is pleochroic from dark greenilsh
brown to pale buff. Chloritization of the bilotite to vary-
ing degrees was observed locally.

The appearance of rhombic sphene crystals 1s charac-
teristic of this amphibolite. Quantities up to 8 per cent
of the rock volume were noted. Sphene aggregates are
generally found 1n association with ilmenite and magnetite.
These are often partially altered to leucoxene, Calcite
and epidote were identifled in several speclimens. These
represent alteration products, for the most part, with only
a few restricted examples being vold of observable replace-
ment features.

Table 30 gives average modes from three localitles
representing relatively fresh samples and one from an in-
tensely altered zone. Figures 50 and 51 i1llustrate several

typlcal microscopic features.

Quartz amphibollites.--Amphibolltes with guartz as a

major constituent occur throughout the northern sector of
the trough area (see Plate 1). The most promlnent exposures
are found in Section 20, T. 47 N., R. 30 W. In general, the
rocks occur as sill-like masses and tend to plinch and swell
along strike. Thicknesses of 40 to 900 feet were recorded.
Along contact zones a schistose texture 1s prevalent whille
the interlor portions of the sllls are commonly masslve.
Approximately five hundred pounds of chip samples were

collected from the major amphibolite outcrops occurring



109

above the Negaunee iron-formation in Section 20, T. 47 N.,
R. 30 W. These samples were composited and a representa-

tive portion was analyzed. Chemical data and a calculated
norm are given in Table 28.

TABLE 28.--Chemical and Normative Composition of Quartz
Amphibolite in Section 20, T. 47 N., R. 30 W.

Per Cent by Weight# C.I.P.W. Norm
8102 52.96 Q 14.24
Al203 13.89 C 1.84
Fe203 3.93 or 12.25
FeO 7.53 ab 22.03
MgO 3.16 an 15.02
Ca0 3.48 hy 17.60
Na20 2.60 mt 5.79
K20 2.04 11 1.21
H20+ 0.38 ce 0.80
Ti02 0.63
P205 0.06 (molar quantities cf less
MnoO 0.14 than 0.002 are omitted)
S 0.02
CO2** 0.37

*Run on dry basis with H2O~ (105°C.) = 0.35%.

##¥Calculated on basls of total C as C02 (W. Pasich,
Jones and Laughlin Steel Co., Negaunee, Michigan Analyst).

In thin section the rock 1s clearly distingulshable
from the other amphibolites. Equlgranular quartz rangling

from 0.2 to 0.3 mm across diameters 1s a sallent constltuent.
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The amphibole exhiblts a pale green to nearly colorless
pleochroism. This 1is considered a highly actinclitic
variety of hornblende. Blulsh green hornblende 1s con-
spicuously absent. The amphibole occurs as polklloblasts
over one centimeter in length with numerous quartz lnclu-
sions. Biotite 1s generally present although assemblages
void of mica are not uncommon. When blotlte 1s present it
occurs as brown plates in subparallel orientation. Alter-
ation to chlorite is 1locally conspicuous. Twilnned plaglo-
clase was observed in all specimens. Compositionally 1t is
andesine with a somewhat smaller proportion of An molecule
than that observed in the plagloclase amphibolites to thé
south.

It is interesting to note that sphene, which 1s a
characteristic constituent of the amphibolites (per se)
and plagioclase amphibollites, was not fbund in any of
quartz amphibolite specimens. This may well serve as a
distingulshing feature for correlation studles within this
area.

Average modal analyses of assemblages with and withcut
blotite are presented in Table 31. A typical thin sectlon

view 1s i1llustrated in Figure 52.

Pyroxene amphibolite.--Pyroxene bearing amphibolites

were found within the Ajibik formation in Section 2, T. 46
N., R. 30 W. Specimens were limited to diamond drill core

samples. Thils varlety of amphibolite was not recognized 1n
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outcrop. As a result the precise mode of occurrence could
not be ascertained. The rock appears to occur in a serles
of narrow dikes and sills ranging between 5 and 25 feet 1n
width. It was found most frequently near the base of the
Ajiblk formation. Contact planes with adjacent metasedi-
ments are 111 defined and a zone of respective assimilation
1s common. Chilled borders were not observed 1n hand specl-
men. The rock appears relatlvely masslve and 1s frequently
chloritized. The degree of chloritizatlon 1s most prevalent
along the contact zones. The least altered portlons are
generally coarse grained wilth a greenilish black coloration.

In thin section the relatively fresh samples were |
found to consist predominantly of amphibole and pyroxene,
The amphlbole 1s green hornblende which normally exhlbits
frayed crystal borders. The pyroxene 1s optlically positive
with a moderate 2V and exhiblts intermedlate 1nterference
colors. It is believed to be dlopside. Alteration at the
crystal edges and along cleavage planes 1s very common.
Plagioclase was not observed 1n any of the speclmens, Quartz
was found 1n very minor quantities and usually 1s an 1solated
cluster.

The altered phases generally contain considerably less
amphibole and pyroxene. Muscovite and epldote appear
instead as secondary products. The epldote 1s domlnantly
zolsite with subordinate pistaclite. A spectacular anomalous

blue interference color 1s exhiblted by the zolsite. Partlal
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or complete pseudomorphic replacement of pyroxene by the

eplidote minerals 1s a common feature. Muscovite occurs

both as large clear plates and in fine aggregates. For

the most part i1t 1s considered a product of late alteration.
Typical modal analyses of relatively fresh and exten-

sively altered samples are given in Table 32. Specific

mineral assoclations are 1llustrated in Figures 53 and 54.

Depositional Sequence of the
Animikie Seriles

James (1954) consideres the rocks of the Animikie
series as representing a normal sequence 1n geosynclinal
development. He notes that rocks of the lower Anlmikie ére
mostly orthoquartzites (Mesnard) and carbonates (Kona).
These are the common constituents that cccupy miogecsyn-
clines (Kay, 1951) representing relatively stable orogenic
condltions (Cady, 1950). Rocks of the upper Animikle
include mostly conglomerates, graywackes, slates and basic
volcanics which are typlcal of eugeosynclines., The 1ron
rich sediments are found between these lithologles. James,
therefore, concludes that the iron-formations were deposited
during a transitional phase in the structural evolution of
the region. This would be during a period when restricted
basins prevailed as a result of offéhore swells,

It is virtually impossible to determine, with any
degree of certainty, the original sedimentary constituents

of the metasediments within the Republic Trough.
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MODAL ANALYSES FROM LITHOLOGIC

VARIETIES OF AMPHIBOLITE

TABLE 29 Average modal
analyses of amphibolite.

MINERAL PERCENT VOLUME
(altered phase)
Quartz 8 I
Biotite 8 3
Hornblende 74 42
Epidote - 29
Calcite - 14
Sphene 6 9
Opaques 4 2
TABLE 3| Moda/analyses

of wo varieties of quaritz
amphibolrte.

MINERAL PERCENT VOLUME
Quartz 24 32
Plaqioclase 12 13
Biotite 22 -
Hornblende 38 52
Opaques q 3

TABLE 30 Four typical modes of

plagioclase amphibolite.

MINERAL PERCENT VOLUME
(altered phase)

Quartz 11 12 185 10
Plagioclase 23 25 26 29"
Biotite 15 4q 6 4
Hornblende 42 47 39 46
Epidote - a i X
Calcite - | | X
Sphene 6 7 7 8
Apatite - - X -
Opaques 3 4 4 3

‘Soussuriﬁzed

TABLE 32 Moda/ analyses from two
phases of pyroxene amphibolite.

MINERAL PERCENT VOLUME
(altered phase)
Quortz 3 4
Muscovite - N
Hornblende 70 19
Pyroxene 24 16
Epidote - 48
Opaques 3 2

X less than one percent but frequently observed.
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Figures 49 through 51.--Photomicrographs of Various Phases of
Amphibolite.

Figure 50

49.--Amphibolite.--Highly

altered phase consisting of

abundant epidote and rhombic
sphene crystals.

50.--Plagioclase Amphibolite.--

Unaltered variety showing horn-

blende, biotite, quartz and
plagioclase.

51.--Plagioclase Amphibolite.--

Hornblende-plagioclase-quartz-

sphene assemblage. Note slightly

altered plagioclase (upper center)
and typical sphene (center.

Figure 51

NOTE: All figures, ordinary light, x52.






phs of Various Phases

Actinolitic
quartz and

de) crys-
hornblende.

Figure 54

NOTE: All figures, ordinary light, x52.






" Figure 52 B Figure 53

52.--Quartz amphibolite.--
Actinolitic horn nde with
quartz and plagloclase (center,
showing partial al ation).

" v

54.--Pyroxene a

Altered phase s

complete replacement by epildote

(pistacite and zoisite) and mus-
covite.

Figure 54

NOTE: All figures, ordlnary light, x52.
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Recrystallization has obliterated nearly all evidence of
pre-metamorphlc characteristics. It would be presumptuous,
to correlate the present lithologles with the classes of
sedimentary rock that are normally utilized. However, cer-
taln generallzations can be made on the basls of average
compositions if one assumes little or no transfer of matter
during metamorphism.

Representatives of the lower Anlimikle serles are
absent or completely masked throughout the trcugh area.
The oldest clearly discernlble metasediments are represented
'by the AjJibik which includes a varlety of lithologlc types.
Compositions corrleative with carbonates or orthoquartzites
are exceedingly rare. There is evidence in the upper
portlions of the Ajibik for a gradual transitlcn from clastlc
to chemical sedimentation. The increasing quantlty of re-
crystallized chert 1s the principal indicator. However, the
major lithology appears to be more nearly of the subgraywacke
type. Thils 1s also indicated on the basls of the average
chemical composition (see Table 2) which satisfles most
criteria set forth by Pettijohn (1963). The alumina 1s high

(11.87%) and K,0 1is substantially in excess of Ha20 (2.69 :

2
0.50). However, ferric 1ron does not exceed ferrous and
the Ca0 1s somewhat lower than the analyses reported by
Pettijohn (1963). Therefore the rock was probably on the
proquartzite end of the subgraywacke type. Thls 1s further

indicated by a relatively high 8102 content (76.54%).
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The base of the Gocodrich is characterized by the local
development of extensive conglomerate. Thls corresponds
with the pattern of structural evolution suggested by James
(1954) for the period after deposition of iron rich beds.
Many of the rock types wlthin the Goodrich could have been
of a graywacke parent. Feldspar appears to be a more com-
mon constituent than was noted in the AJibik. Chemilcally
the average Goodrich (see Table 14) is very similar to the
éverage analyses of graywackes given by Pettijohn (1963).
The criteria of high alumina and MgO, and excess ferrous
over ferric iron are adequately satisfied. Pettljohn points
out than an excess of Na20 over K2O 1s the most character-
istic feature of most graywackes. Although the NaEO/Kzo
ratio (2.61 : 2.68) 1is slightly less than one (Table 14)
it 1s substantially greater than any other metasediments of
the trough area..

Limited exposures of Michigamme formaticn seriously
impede interpretations relative to the parent sedlmentary
constituents. The rock type occurring in the south sector
is highly ferruginous (see Table 22) and may represent 1n
part a period of 1ron deposition during the lower part of
the upper Animikie. However, the common occurrence of mica
schist suggests that a variety of shale was the domlnant
sedimentary parent. The NaZO/Kzo ratios (Tables 21 and 22)
are substantially less than one for occurrences in both the

north and south sectors. Furthermore, the compositlon of
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the Michigamme in the north sector is similar to the Pre-
cambrian slates reported by Nanz (1953).

The occurrence of amphibolites, which were probably
intruded during late or post-Michigamme time, seems to
correspond with the volcanlc activity characteristic of
eugeosynclines. Therefore, the rocks of the trough area
appear to generally correspond wlith the geosynclinal devel-

opment suggested by James (1954).

Diabase Dikes (Keweenawan?)

Numerous diabase dikes were observed throughout all
the formations of the trough area. No attempt was made to
include these as a mappable unit 1in that they seldom
attain thickness in excess of 10 feet. The dikes are
generally fresh. They normally trend N. 65-85° East with a
nearly vertical dip. Contacts with adjacent formatlions are
sharp, and chilled zones within the intrusive are not uncom-
mon. The age of these dikes 1s uncertaln. However, due to
the absence of either deformational or metamorphilc features
they are certainly post Michigamme. Diabase dikes of
similar description have been reported as Keweenawan and,
therefore, this age 1s assumed.

In thin section the rock exhlbilts a typlcal dlabase
texture of lath-shaped plagloclase with interstitilal
pyroxene. The plagioclase was 1dentified as labradorilte

with a composition near An54. This is based on extinction
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angle measurements of combined Carlsbad and albite twins.
Minor zoning of plagioclase crystals was noted 1n several
sections. The pyroxene is auglte with an estimated 2V of
60°.

Modal analyses for four thin sections 1ndicate a
rock volume consisting of U45% pyroxene, 47% plagloclase,
and 8% opaques. Microscopic features are 1llustrated in

Figure 55.
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Photomicrograph of Keweenawn (?) Dike

Figure 55.--Diabase Dike.--Lath-shaped plagioclase (Ansu)
with interstitial pyroxene (augite).

NOTE: Ordinary light, x52.



CHAPTER VIII

METAMORPHISM

Previous Investigations

Metamorphlc effects on the rocks of the Marquette
synclinorium have been recognized for some time. Reports
such as those by Brooks (1873); VanHise, et al. (1897);
Richarz (1927); and Snelgrove, et al. (1943) encompass
notations relative to speciflc occurrences within the
Republic Trough. However, these studies were not directly
concerned with systematically subdividing regions in
accordance with metamorphic gradients.

Lamey (1934) was one of the first to conslder progres-
sive transitions within mlneral assemblages of the Republic
Trough. He attributed these changés to contact metamorpnism
resulting from the intrusion of post-Animikle granltes.
However, since then, Lamey has concurred with James (1958)
that the so-called "Republic granite'" is for the most part
of pre-Animikie age as originally postulated by VanHilse,
et al. (1897). This would then preclude any major develop-
ment of contact metamorphic aureoles and the interpretatlons
must therefore be disregarded.

The most comprehensive study of the varylng degrees
of reglonal metamcrphism 1in northern Michlgan was conducted

by James (1955). He describes a pattern c¢f metamorphic

121
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gradlients over an area which includes the Republic Trough.
James concludes that the entire trcugh area, as delineated
in this study, 1s within the sillimanite zcne. He states
(James, 155, p. 1461):

Delineation of a sillimanite zone in the Republic
district 1s based chiefly on features shown by the
iron formation, and at best the position of the
isograd is highly approximate. The Mlichlgamme slate--
probably the only rock that would yleld sillimanite--
though not exposed 1s assumed to be present between
Republic and the south end of Lake Michigamme, and an
erratic boulder of sillimanite-bearing Michlgamme
slate derived from this covered area was found 7
miles west-northwest of Republic.

He attributes the presence of lower grade assemblages
to widespread retrograde metamorphism. For example (James,
1955, pp. 1472-1473):

Basic intrusives are well exposed at the town of

Republic within a sillimanite zone. Green horn-
blende and andesine are the major constituents of
the few specimens studied, but the rocks have been
changed extensively by retrograde metamorphlism and
it 1s possible that some features--the color of
the hornblende, for example--are now significantly
different from those produced at the peak of the
progressive metamorphism.

The present writer 1s partlally 1in accord wlth the
conclusions of James. There 1s no longer any doubt that
sillimanite-bearing rocks actually occur 1n the area.
However, data are presented in subseqguent sections that
indicate lesser degrees of metamorphism for much of the
area. Although the influence of retrograde or later alter-

ations 1s pronounced in some local zones, there are many

instances where mineral assemblages do not exhibit any
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characteristics that are typical of these processes. In
the absence of such evidence, it seems to the writer,
there 1s no justification for regarding the varicus

mineral phases as anything but prograde assemblages.

Bulk Chemistry

In attempting to correlate any particular mineral
assemblage with respect to established metamorphic facles
or zones, consideration must be given to the bulk chemlstry
of the host rock. Figure 56 shows the relative position
of several analyzed composite samples from the Republlc
Trough with respect to a chemical classification of meta-
morphic rocks given by Fyfe, et al. (1958). The molar com-
posltions are projected onto the Al2O3 + Fe203 - (NaQO +

K20); Ca0 + CO, - 3 (P205); MgO + FeO + MnO plane after

2
adjusting the various oxide components for accessory
minerals. This fivefold classification 1s somewhat arbil-
trary and can not be directly appllied to all rock units,.
According to this classification five of the silx analyzed
samples would be termed magnesium varieties. In actuality
sample #4 (Michigamme fm., S. Sector) would be more appro-
priately considered as ferruginous. Samples #1 (AjJiblk fm.)
and #3 (Michigamme fm., N. Sector) approach the pelltic
field with resulting assemblages characteristic of that
class. The amphibolites represented by samples #5 and #6

are most likely derivatlves of basic or semibasic 1lgneous



104 FIGURE

ACF DIAGRAM SHOWING POSITION OF ANALYZED SAMPLES

RELATIVE TO CHEMICAL DIVISION
OF METAMORPHIC ROCKS*

O AvIBIK M @ MICHIGAMME  FM. (S. Sector)
® GOODRICH FM. ® aTz. aMPHIBOLITE
(® MICHIGAMME FM. (N. Sector) ® PLAG. AMPHIBOLITE

( POSITIONS CORRECTED FOR ACCESSORIES )

Alz O3+ Fe, 05 = (Na,0+K,0)

Ca0-C0,-3(R,05) MgO + Fe0 +Mn0

*
[COMPDSITIONAL FIELDS AFTER FYFE, TURNER AND VERHOOGEN (|95S)]

56
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rocks. Sample #2 (Goodrich fm.) projects ontd the Join
between the basic and quartzo-feldspathlic fields. The
writer considers the latter field as the most appropriate
for the majority of rocks of the Goodrich formation.

Application of Phase Rule and
Eguilibria Considerations

Interpretation of various mineral assemblages must
also be considered in 1light of equilibria conditions with
respect to thermodynamic principles. The classic approach
to thils problem has been to evaluate the various mineral
phases with regard to the restrictions imposed by Gilbbs
phase rule. Although the phase rule 1s being widely applled
by metamorphic petrolcgists 1t must be considered in 1light
of some sweeplng assumptions. These are best realized 1if
the underlying principles 1n the derivation of the phase
rule are reviewed. Although thils derivation is seldom con-
sldered in geologlc literature it 1s admirably treated in a
publicaton on the scientific papers of J. Willard Glbbs
(1961) and by Glasstone (1947). It is beyong the scope of
thls present study precisely to define all the functions
that are employed in the derivation of the ph&ase rule but
it is considered worthy of a brief review. The reader 1s
referred to the aforementioned discussions for a more
thorough treatment.

A basic requirement for equilibrium in a closed heter-

ogeneous system at a specified temperature and pressure
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(equal at all phases) is that the Gibbs free energy (F)
be at a minimum. If this were not the case a spontaneous
process would occur iIn such a manner zs to decrease the

total free energy of the system.

dF > 0
t,p

Therefore, a closed system at equilibrium must have:

dFt b = 0 (reversible processes)
3
The differential Gibbs free energy for an open system

may be expressed as follows:

dF = -SdT + VdP + Zuidni

where S 1s the entropy, V the volume, T the absolute temper-
ature, y the chemlical potential of each component in each
phase, and n the molar concentration of each component of
the system. At ccnstant temperature and pressure this ex-

pression reduces to:

dFt,p + Zuidni

In order to apply the aforementioned conditions of
equllibrium we must first close our system in the sense of
its entirety. However, this dces not preclude the exchange
of matter throughout the various phases of that system. The

requirement for equilibrium would then be:

dr entire system) = 0
t,p ( y )

and therefore,

0

Lu,dn
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That is for a closed system of a,b,...P phases and 1,2,3...C

components in equilibrium the condition:

phase (a) wpdny + uydn, + ...+ u,dn,

phase (b)

phase (P) u,dn, +

1914 u2dn + ... + ucdnc = 0

2
must hold. If the system as a whole 1s closed then the
total quantity of each component must remain unchanged and

hence the summation of dn, over phases a, b, ..., P totals

1
zero. Lilkewlise, summation of other components over all
phases must also equal zero. If these conditions are met
it would require that the chemical potentlal of individual

components must be equal throughout all phases.

component 1 u U = se.e = U
and a b

component C Ha Hp = eoe =

This equlvalency of chemical potentials for a partic-
ular component throughout all phases at equilibrium is an
essentlal feature of the Gibbs phase rule. The rule estab-
lishes the number of varlables that must be flxed completely
to define a closed system of C components and P phases 1n
equilibrium. Such a system would have C-1l possible concen-
trations for each phase or P(C-1) variables over all phases.
In addition the temperature and pressure must be specifled.

However, the equivalency of chemical potentials of a
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component in all phases reduces the number of variables
that require definition by C(P-1). This actually fixes
this number of separate equaticns. The remaining number
of variables (f) that must be known precisely to defilne
the system is now:
f=C-P+ 2

This equation further shows that for any set number
of components the phases that can coexlst 1in equilibrium
will be at a maximum if f is equal to zero. Furthermore,
at a specified T and P these phases would be equal to, or
less than, the total number of components. Thils 1s
generally known as Goldschmidt's mineralogical phase rulée

The components of a rock system can normally be ex-
pressed 1n terms of i1ts major oxlde constituents, These
most frequently 1lnclude: 8102, A1203, Fe203, Mg0O, Cal,
5 P205, 5 5 5> 55 and H20. If a
particular rock contalned all these components it would be

MnO, FeO, TiO K,0, Na,0, SO co
possible to have 14 phases coexisting in equilibrium. How-
ever, in the usual case, accessory minerals and opaques are
not considered as indicator minerals wilth respect to
regional metamorphism. If these phases are excluded the
number of components must also be reduced in 1nstances
where a particular oxide is known to exist only within that
mineral. Examples of this would be P205 in apatite or S

in sulfides. The number of components may be further

reduced 1f there are any oxides that appear 1n excess 1n a
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relatively pure state. Within the trough area quartz
would fit these circumstances. Thompson (1957) also
presents arguments for considering H20 as a moblle compon-

ent. He polnts out that H,0 should then be considered as

2
an intensive variable 1like P and T which are externally
controlled. That 1s, the chemical potentlial of HZO would
be the only defining characteristic.

Table 33 1lists all the major prcgrade assemﬂlages
that were observed in the trough area excluding those of
the Negaunee iron formation. Opaque phases are not in-
cluded and accessory minerals are tabulated only 1n
instances where they account for over cne per cent of the
rock volume. In the case of all the two, three, and four
phase assemblages the numbers of phases are clearly less
than those permitted by the phase rule. The five and slx
phase assemblages all appear to conform with the phase rule
limitations with P > C. The seven phase assemblage can be
explained by considering 8102, K20, A1203, Fe0O, Mg0O, Cal,
and TiO2 as the essential components. The appearance of
plagloclase in the eight phase assemblage would permlt one
more phase as a result of Na2O. Therefcre, i1t appears that
there is no violation of the phase rule restrictions and
every assemblage can be considered as representing equili-
brium conditions unless contrary evidence 1s noted on the
basls of petrographic observaticns. It should be noted that
these conditions are met without appealing to stabilizing

oxldes such as MnoO, Fe2 33 Zr02, etc.
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Speciflc Mineral Occurrences and
Inferred Metamorphic Reactions

The followilng discusslion is concerned primarily wilth
specific mineral occurrences and possible sources for theilr
formation. Only those minerals that exhibit characteristics
that may reflect upon the metamorphic history of the area
are Included. Various metamorphic reactions and thelr ap-
plicability to mineral occurrences are considered. These
reactions, for the most part, are taken from the literature.
Special emphasis is placed on more recent phase investiga-
tions in an attempt to correlate these data with fileld
occurrences.

The Negaunee iron-formation 1s not consldered as thils

1s treated elsewhere as a separate entilty.

Sillimanite.--The establishment of silllimanite schilsts

and gneisses within indisputable bedrock merits particular
note, even though it was found only to a limited areal extent.
Significance of the Al2 SiO5 polymorphs relative to meta-
morphic zoning has been the subject of numerous studies.
Classic 1sograds are generally delineated by the appearance
of sillimanite and kyanite.

Several reactions have been proposed for the appearance
of sillimanite throughout progressive metamorphism. One
which 1s frequently considered invclves the breakdown of

muscovite (Turner and Verhoogen, 1960; Yoder, 1956).

Muscovite + quartz =
potash feldspar + sillimanite + vapor.
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This potash feldspar-sillimanite producing reaction 1is
normally correlated with conditions of the second (higher)
sillimanite or orthoclase isograd. The requisite appear-
ance of potash feldspar in conjunction with sillimanite was
not observed within specimens from the Ajibik. Furthermore,.
muscovite 1s present in most assemblages as a coexlsting
phase. Therefore, conditions for this reaction were ap-
parently never attalned.

Another sillimanite produclng reactlon has been pro-
posed which involves staurolite as a reactant (Turner and

Verhoogen, 1951; Wykcoff, 1952).

Staurolite + quartz =
almandine + sillimanite + vapcr.

This reaction is favored by James (1955) for the appearance
of sillimanite in the Peavy dam rocks of southeastern Iron
County, Michigan. In those rocks staurolite appears wilth
sillimanite which would indicate a slugglish reaction or some
other circumstance 1impeding equillibrium conditions. Although
staurolite was not identified in the sillimanitic rocks of
the Republic Trough, it appears to be a reasonable reactant.
Staurolite schists represent an abundant phase of the Michi-
gamme formation immediately north of the trough area. The
major oxide constituents of the Ajiblk schilsts are certalnly
adequate to form staurolite under proper condltions.

A second reaction involving staurolite 1s also belleved

to merit consideration.
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Staurolite + muscovite =
sillimanite + bictite.

Thils reaction has generally been employed in reverse to
account for staurolite as a retrograde product (Billings,
1937). If equilibrium conditions were attained, and the
reaction proceeded from left to right during progressive
metamorphism, muscovite would be consumed. However, after
the depletion of staurolite, muscovite could coexlst with
sillimanite as a stable phase. For the most part, there
is 1little direct evidence in thin sections as to the parent-
age of sillimanite. A few samples reflect an intergrowth
of sillimanite blades and bilotite. Thils relationships 1is
1llustrated 1in Figure 57.

In several areas pyrophyllite was observed replaclng
slllimanite. The replacement 1s frequently pseudomorphlc
(see Figure 58) and, therefore, considered secondary. It
is interesting to note that adjacent andalusite crystals
exhibit 1little or no alteration. The sensitlvity of si1l1li-
manite to alteration suggests that andaluslte was the more

stable polymorph formed under the conditions that prevalled.

Andalusite.--Assemblages containing andaluslte were

found throughout the entire extent of the Republic. Trough
area. It occurs predominantly within the Ajiblk and Mlchi-
gamme formations. Andalusite 1s also found as a major
constituent in the belt of Michigamme metasediments extend-

ing north of the trough area and in the Animikle series near
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the Humboldt Mine. This widespread occurrence certainly
suggests a considerable range of stability. Therefore,
it 1s unlikely that any specific indications relative teo
differential metamorphic conditions wculd be reflected
through its occurrence within the trough area.

The aforementioned observaticns suggest that andalu-
site could initiate development during early periods of
metamorphism. Growth must have continued throughout in-~
creasing thermal condltions as 1ndicated in thlin sections
where andalusite porphyrcblasts truncate all coexlsting
phases except garnet (see Figure 59).

Variations 1n the development of andalusite were
noted. In assemblages contalning chlorite 1t frequently
appears clouded with numerous inclusions. The crystals
are noticeably clearer in rocks without chlorite. This
latter generallization does not preclude the presence cf
chlorite as an alteration product of ferromagnesium
silicates.

The initial formation of andalusite presumably in-
volved a dehydration reaction of one or more members of
the montmorillonite group, dlaspore or pyrophylllte, A
logical reaction could proceed as follows:

Pyrophyllite =
andalusite + quartz + vapor.
Chlorite.--Varying quantities of chlorite were ob-

served throughout most of the metasediments. A great
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maJority of this chlorite, which 1s commonly penninite,

can be clearly attributed to retrograde or later altera-
tions. In many cases host minerals such as garnet, biotite,
and amphibole can be readily distinguished. However, in

two localities, metacrysts of chlorite were found that
appear to be stable products of progressive metamorphilsm.
One such area is within the Ajiblik formation of the south
sector along the northeast limb., In thils instance, chlorite
is in coexistence with muscovite, quartz, and garnet., The
garnet 1s essentially free of any chloritlizaticn. Chlorite
1s present as distinctive metacrysts with no indications of
any replacement features. Iron oxides are the only 1nciu—
sions. The chlorite commonly exhibits abnormal brown 1lnter-
ference colors and 1s optically positive. This 1s 1in con-
trast to the abnormal blue and violet colors exhlbited by
the chlorites elsewhere. According to Albee (1962) this
would be an indication of a magnesium rich variety with a

composition in the range of SpuO At60 where:

Al

Sp Feu Al Si, 0 (OH)i and

2 » Aip Ry Yy
Mg, Al, . Al, Si, 0,, (OH)g.

At

Chleorites have generally been considered an indlcator
of low temperature metamorphism. However, recent laboratory
studles have 1ndicated a greater range of stablllity for cer-
tain chlorites (Nelson and Roy, 1958; Turnock, 1960). A

reaction that explains the prevalence of chlorite during
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more intense metamorphism has been suggested by Atherton
(1964).

Chlorite(a) + quartz =

garnet + chlorite,

(b)"

Chlorite would have a higher MgO/FeQO ratio than

(b)
chlorite(a). This applles very well to the Ajiblk rocks
which also contain garnet.

A second occurrence of porphyroblastic chlorite was
observed within the Michigamme formation of the north
sector. It was found coexisting with quartz, andalusite,
blotite, garnet, and muscovite. The chlorite agaln appears
as a stable metacryst. It commonly truncates surrounding
biotite but is cut by andalusite and garnet (see Figure 60),
In this case the interference colors are 1in part abnormally
blue and the optic sign 1is negative. Thus, according to
Albee (1962) this would represent a chlorite cf approximate
Sp6O Atuo composition. Therefore, the afcrementloned re-
action would not apply and one must appeal to a chamosite
type mineral for initial chlorite development. However,
this does not preclude the possibility of continulng trans-
itions and extended stabilities throughout increasing tem-
peratures. For example, Nelson and Recy (1958) have demon-
strated 1n the laboratory that normal chlorite structure 1ln
the presence of high water pressures 1is stable up to approx-
imately 700° C. and 1000 atmospheres pressure. Extreme

condltions such as this are not postulated but merely ncted
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to emphasize the greater possible range cf stabillity for

chlorites during progressive metamorphlsm.

Biotite.--Various members occur throughout many of
the rocks within the trough area. As 1in the case of
chlorite there 1s 1little direct evidence as to thelr
parentage prior to initial stages of transformatlon.
However, certain petrographic observations provide clues
relative to logical reactants 1nvolved 1in thelr formation.

There are numerous examples of an intimate associla-
tion between blotite and muscovite. Thils suggests, 1n
part, a silmilar mechanism for the formation of both

minrals. Halferdahl (1961) has proposed such a reaction:

Glauconite + daphnilte =
muscovite + blotlte + vapor.

The above reaction would mark the inclipent growth of blotite.
In light of the variable bulk chemistry of the rock types

1t 1s unlilkely that any single reaction could account for
all biotite. For example, in rocks with a relatively high
lime content there appears to be an interrelationship
between biotite and epidote as well (see Figure 61). The
writer found no precedent for a reactlon producing a
biotite-eplidote assemblage during progressive metamorphilsm.
However, a feasible choice of reactants and products might

be:

Glauconite + calclte + (chlorite) =
biotite + epidote + carbon dloxide + vapor + (muscovite).
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There are strong 1lndications that a third reaction
was also active locally. In several thin sections of
Ajibik schist, where biotite and garnet coexist, there 1s
a noticeable variation in the color of blotite. The blo-
tite of these rocks 1is normally greenlsh brown but it
becomes noticeably browner in the viclnity of garnet.

This color variation 1s apparent within a surrounding area
of approximately 5 millimeters. One way to explaln such a
color variation would be through a reaction proposed by
Atherton (1964):

Chlorite + biotite(a) + quartz =

garnet + biotite( + vapor.

b)
In the event that the garnet is almanditic, biotite(b)
would have a higher magnesia content than biotite(a). This,
in turn, should reflect in a more brownish coloration (Hall,
1941).

Several writers have attempted to utilize varilatlons
in the color of biotite as an indlcator of metamorphic
grade (Tilley, 1925; Harker, 1932; Engle and Engle, 1960).
Most have agreed that transitions are from greenlsh black
or greenish brown to brown to reddish brown with Increasing
grade of metamorphism. These color changes are directly
related to variations in the molecular proportions of FeO,
Mg0, and TiO2. Within the trough area minor color changes

were noted. However, these are limited to the range of

greenish black to greenish brown to brown. Attempts to
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delineate a "colorgrad" (Engie and Engle, 1560) on the baslis

of characteristic colors prcvded fruitless.

Garnet.--Poikiloblastic garnet is a rather common
constituent of the rock types within this reglon. Chemical
data on these garnets 1s not avalilable although they are
belleved to be almanditic. Heavy liquld separations on
several local occurrences resulted in a garnet "sink" at
4.15 gravity. Furthermore, the refractive index 1s known
to exceed 1.80. However, it should be emphaslzed that the
aforementioned determinations were made on limited samples
and may not be representative of all the garnets.

A number of garnet producing reactions have been con-
sidered 1n previous discussilons. These 1include:

Staurollte + quartz =
almandine + sillimanlte + vapor

Chlorite(a) + quartz =
garnet + chlorite(b)
Chlorite + biotite(a) + quartz =

garnet + biotite( + water.

)
These reactions could account for the majority cf garnet on
the basls of coexisting products. In assemblages devold of
sillimanite, chlorite or biotite, garnet 1s generally found
with combinations of plagioclase, amphibole, and muscovite,

Halferdahl (1961) has proposed reactions, based on his
experimental work, which seem very appropriate for the rocks
of the Michlgamme formation where garnet 1s found with

grunerite.
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liron chlorite =
almandine + vapor

Ferrostilpnomelane
grunerite

+ +

Ferrostilpnomelane
grunerite

-+

almandine + quartz + vapor.

Occurrences of stllpnomelane were establlished wilthin the
Michigamme formation in the north sector. The rocks also
contailn grunerite but in what appears to be early stages
of development. These features are discussed further wilth
relation to the overall metamorphic zonlng of the area.

| Garnet may also form at the expense of muscovite and
biotite according to a reaction given by Ramberg (1952).

Biotite + muscovite + quartz =
potash feldspar + almandine + water.
However, with one exceptlon the coexistence of garent and
potash feldspar was not observed. Plagioclase 1s normally
the only feldspar found with garnet. In the one exception,
a minor cluster of garnet was observed in a rock contalning
microcline. The garnet accounted for only one per cent of
the rock volume and was not observed 1n contact with micro-
cline. Because of the extreme locallzed nature of thils
assemblage, it 1s not considered as evidence for the above
reaction. It 1s, therefore, doubtful if thlis reaction ever
attained significant magnitude to be considered as a source
of garnet within the trough area.
In rocks of a simple chlorite-quartz parentage, alman-

dine may also form directly from chlorlite according to the

classlic reaction
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Iron chlorite + quartz =
almandine + vapor.

Evidence for this reaction (left to right) 1s lacklng. How-
ever, there are numerous examples of the reverse (right to
left) which can be correlated with retrograde or later

alterations.

Eplidote.--A number of lithologlc types from the
Goodrich formation contain substantlal quantities of the
epldote minerals. They are also found locally wlthin the
Ajibik formation and the various amphlbolltes. However,
in these later examples their occurrence might be assoclated
wlth retrograde metamorphism. Pseudomorphlc and peripheral
replacement of amphibole are common sources. The epldote
minerals thus formed are frequently assoclated wlth calcilte
and sphene. This 1s a feature ccmmon to many reglons and
1s generally attributed to the release of calclum lons durlng
retrograde metamorphism which are then fixed 1n milenrals such
as epldote, sphene and calcite (see Figure 62).

The preponderance of epidote within the Goodrich form-
atlon 1s considered a direct product of progressive metamor-
phism. Alteration 1s ruled out by the presence ¢f other
minerals such as hornblende that exhiblt no secondary replace-
ment features.

Two major associations were observed for the epldote
minerals of the Goodrich. One of these 1is with biotlte which

has been discussed previously in conjunction with the



142

formation of that mineral. The second invovles muscovite
and in some instances calcite. In these assemblages epldote
appears to be developling at the expense of muscovite. Pot-
ash feldspar is also a common assoclate (see Flgure 63).
A reaction proposed by Yoder and Eugster (1955) fits these
occurrences very well.
Muscovite + calcite + quartz =

epldote + potash feldspar + vapor + carbon dloxide.
In the event that the 002 pressures become high, thils re-
action would be retarded and calcite in part stablized.
This would account for local prevalence of muscovlte-calclte-

potash feldspar-epldote assemblages.

Hornblende.--The major occurrence of hornblende 1s

within the si1ll-1ike amphibolites. It is also found to a
lesser extent 1n various lithologic types of the Ajibik,
Goodrich and Michigamme formations.

Hornblendes are known to be stable over wlde ranges of
temperature and pressure. This span of stabllity often ob~-
scures any evidence as to thelr parentage within limited
areas. They are known to form at the expense of calclc
plagloclase and pyroxene in basic rocks or from the origlnal
constituents of calcareous shales. Although these are
plausible sources, there 1s no evidence for relating the

hornblendes of the trough area to constituents of thils type.
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The color and chemical charnges within hornblendes have
been utilized by several writers as an indication of meta-
morphic grade (Eskola, 1952; Ward, 1958; Engle and Engle,
1962). 1In general the lower metamorphic grades are charac-
terlzed by an actinolite variety. Compton (1958) observed
an abrupt change from actinolite to hornblende wlthin the
metabasaltic rocks of northern Sierra Nevada. He suggests

the following reaction:

Actinoclite + clorite + epidote =
hornblende + magnetite + vapor + NMg.

The rocks of the trough area locally contain actineclitic
hornblende. Thils 1is found most commonly in altered phases.
However, it does occur within relatively fresh samples of
the quartz amphlbollites from the north sector.

Engle and Engle (1962) noted a systematic change in
the color of hornblende frcm blulish green to greenlsh brown
to brown with 1increasing grade of metamorphism in the north-
west Adirondacks. Color changes within the "normal" horn-
blendes of the trough are not marked. Within the amphl-
bolites they are generally green to blulsh green. A sllghtly
more brownish hue was noted for the fresh hornblendes of
south sector amphibolites.

There 1s an interesting occurrence of blulsh green
hornblende within the Michigamme formation (south sector).
The hornblende appears intergrown with grunerite. Inter-

growths such as this between the cummlingtonite-grunerite
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and pornblende-tremclite series have been cbserved elsewhere
(Eskola, 1950; Tilley, 1957; Asklund, et al. 1962). Specu-
lation on these occurrences has centered mainly on proposing
a misciblillity gap between the two series. The aforementioned
observation cannot detract or substantlate such speculation.
However, a field observation 1s considered worthy of note.
The bluish green hornblende-grunerite intergrowths were

noted only 1in assemblages without blotite. In fact, blotlte
appears to restrict the occurrence of hcrnblende 1n these
rocks. Thls does not preclude the aforementioned miscilbility
gap but does suggest the feasibilllity of relating such occur-
rences dlrectly to pressure, temperature and compositionél

environments during metamorphism.

Stilpnomelane.--The appearance of stilpnomelane 1n

rocks of the Michigamme formation (north sector) may well
mark a critical assemblage. In these rccks 1t ccexlsts
with grunerite which is in an initlal stage of growth as
compared to the grunerites c¢f the south sectocr. In thin
section the stil pnomelane can be seen actually truncatling
the grunerite (see Figure 48). This 1indicates a perioad of
formation which was ccmparable to, or later than, the
initial development of grunerite.

Breakdown reactions of stllpnomelane have been dis-
cussed in conjunction with the develcopment of garnet. FRe-
actants involved 1n the actual growth of stilpnomelane were

not defined 1in the field. However, the experimental work
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of Halferdahl (1961) provides some pertinent data relative
to potentlal sources as reactants. The following reaction
i1s considered especially applicable:

Minnesotalte + iron chlorite =
grunerite + ferrostilpnomelane + vapor.

Minnesotaite, as well as iron chlorites, are known to occur
in outlying areas. In the absence of minnesotalte, stil-
pnomelane could form at the expense of chamoslte and quartz
in the original sediments. The latter reaction would
probably initlate at a lower temperature and, therefore,

be of less significance 1n narrowlng the range of meta-

morphic conditions within the trough area.

Other minerals.--Previous discussions have lncor-

proated the majority of critical minerals within the trough
area. The occurrence of quartz has not been considered at
any length. It 1s not thought to be a reliable indicator

of metamorphic conditions within the area being consldered.
The feasibility of employing grain size distributicns appears
remote in 1light of the extreme varlations noted withiln
limited areas.

Potash and plagloclase feldspars are common constitu-
ents within many of the rock types. Systematlc transitions
within these minerals were not detected. However, in several
assemblages thelr presence provides an indlcation as to possi-

ble 1limiting metamorphic conditions. This 1s also true in



146

THIN SECTION SKETCHES OF VARIOUS MINERAL OCCURRENCES
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the case of calcite. These circumstances will be discussed

in a forthcoming section.

Metamorphic Zoning

The rocks of the Republic Trough do not lend them-
selves readlly to systematic classification wilth respect to
established metamorphic facies or 1sograds. Correlation 1s
in part impeded by wide variations in the bulk chemlstry of
the different lithologic types. It 1is further complicated
by retrograde and later alterations which have locally ob-
literated representative mineral assemblages. However,
there are several "key'" assemblages which appear indicative
of the overall prograde metamorphlc environments. These
coupled with low and high temperature-pressure restrictions,
as suggested by the stablllty of certaln phases, provide a
means for broad classification. At best, a framework can
be constructed within which there are exceptlons to estab-
lished assemblages representing classic metamorphic facles.
Figure 64 illustrated the proposed zones.

It should be emphasized that due to limited outcrops
it 1s not possible to continuously trace a rock unilt through
a facles transition or across an inferred 1sograd. There
transitions are based primarily on the appearance or dlsap-
pearance of a critical mineral or assemblage throughout

scattered outcrops.
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Metamorphism of the Ajibik, Gocdrich,
and Mlchigamme Formations

Mineral assemblages reflecting conditions of both
the greenschist and almandine amphibolite facles are
present within the metasediments of the trough area. The
following discussion 1s concerned primarily with rocks of
the Ajibik, Goodrich, and Michligamme formations. Assemblages
within amphibolite and the Negaunee 1ron-fromation are con-
sldered in detall elsewhere. However, occastional reference

1s made to these rock types for the sake of contlnuilty.

Greenschist facles.--Prograde mineral assemblages of

the greenschist facles were observed in limited quantity.
These occurrences are restricted to the northern portion of
the north sector (see Figure 64). The principal indicator
is stilpnomelane which 1s present in rocks of the lower
Michigamme formation. Adjacent metasediments are compcsed
of minerals such as quartz, muscovite and iron ricn blotlte,
all of which have a considerable stability range and, there-
fore, relate very little wlth respect to metamorphlc grade.
The occurrence of stilpnomelane 1s generally consid-
ered as evidence of low grade regional metamorphism (James,
1955; Deer, 1962). Fyfe, et al. (1958) consider 1t only
within assemblages of the lower greenschist facles; namely
the quartz-albite-muscovite-chlorite subfacies, However, 1n
light of 1ts proximity to higher grade zones and the ccexls-

tence of grunerite, a somewhat elevated position 1s proposed.
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This seems entirely plausible 1f minnesotaite were involved
in the production of stilpnomelane as suggested by the ex-
perimental work of Halferdahl (1961). The appearance of
stilpnomelane with grunerite 1s, therefore, considered
equlvalent to the middle (quartz-alblte-epldote-blotite
subfacles) or upper (quartz-alblte-epidote-almandine sub-
facles) greenschist facies. Thils 1s based on the breakdown
of minnesotaite which is a common constituent 1n adjacent
areas representing low grade metamorphlism. The assumed
transition 1s illustrated in Figure 65. This dlagram also
predicts the incompatability of almandine garnet in quartz-
ose schists containing both grunerite and stilpnomelane.
Field observations are in accord with thils prediction.

The appearance of actinollitic hornblende 1n adjJacent
amphibollites further suggests temperatures more nearly in
the range of the upper greenschist facies. Supportling data
based on the metamorphism of amphibclite are dlscussed 1n
more detail in a forthcoming section.

Quartzose schists with abundant iron blotite and
muscovite were previously referred to as belng a common
lithologic type within this area. Although muscovite (high
silica sericites) may form very early during regional meta-
morphism, biotite 1s generally assoclated with conditlons
somewhat above the lower greenschist facies.

The aforementioned transitions generally involve

chlorite as a reactant. This does not preclude the presence
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of chlorite in rocks of appropriate bulk chemistry. It
does, however, restrict the coexistence of 1ron rich
chlorite with ferruginous biotite or stilpnomelane if

equilibrium conditions were attained.

Almandine amphibolite facies.--Transition from the

greenschist to the almandine amphibolite facles 1s not
clearly defined. However, certain assemblages have been
noted which characterize the lower almandine amphlbolite
facles. This 1s especially true of the area immediately
north of the trough. The presence of staurollite as a major
constituent of the Michigamme schists is a characteristic
feature. Portions of the Michigamme formation of comparable
bulk chemistry are not exposed within the trough area. How-
ever, conditions equivalent to the stauroclite-quartz sub-
facles are believed to have prevalled over much cf the area
within the Republic Trough.

This 1s exemplified in the Goodrich formation which
normally contains numercus epldote bearing assemoblages.
Epidote with intermediate plagloclase (oligoclase-andesine)
i1s generally considered as characteristic of the staurolite-
quartz subfacles (Fyfe, et al.,1958). The epidotes of the
greenschist facles are normally associated with albite and
in higher metamorphic grades such as the sillimanite-
almandine subfacies with andesine or a more calclc plaglo-
clase. DMany of the assemblages recorded in the Goodrich

formation do not contain plagioclase. However, when
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plagloclase was found with epidote it normally contained in
the neighborhocd of 20 per cent ancrthite. This would sug-
gest conditions at the lower end of the staurollite-quartz
subfacles. Sphene, which is frequently present 1n these
assemblages, has also been recorded as a typical accessory
mineral of this subfacies (Turner and Verhoogen, 1960). At
more elevated temperatures and pressures 1t tends to become
unstable.

Calclite appears to have a limlted stabllity withln the
lower portion of thils subfacies. It 1s belleved to react
with muscovite to form epldote and potash feldspar 1in rocks
of appropriate compcsition (see Figure 66). The initiatlon
of thils reaction may well mark the threshold of thls sub-
facles. However, the extent of it woculd depend largely on
the availability of muscovite and calcite and the partial
pressure of Co2 within the system during the prevalling
thermal conditlons.

The breakdown of stilpnomelane 1s considered prima
facle evidence for transition from the greenschist faciles.
It is, therefore, unfortunate that stllpnomelane was recog-
nized within only a limited pcrtion of the Michlgamme
formation. However, rocks c¢f comparable composltion occur-
ring in a simllar stratigraphlc position were observed
within areas that are believed to reflect more Intense meta-
morphic conditions. The inferred transition based on the

breakdown of stilpnomelane 1s 1llustrated in Figure 67.
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This diagram shows that the assemblage quartz-grunerite-
almandine -may originate by elther a simple breakdown of
stllpnomelane or by a reaction between iron chlorite and
stllpnomelane. The latter case would be restricted to

those rocks in which the chlorite was not consumed during

an earlier reaction producing stilpnomelane, The diagram
also 1llustrates that the assemblage grunerite-stllpnomelane-
iron chlorite i1s highly unlikely in that it would be limited
to quartz deficlent rocks which were not observed in the
Republic Trough area.

The common appearance of almandine 1n many llthologlc
types 1s a further indication that the metamorphic grade
had progressed beyond the greenschlst facles. The abundance
of chlorite minerals also decreases markedly; however, their
appearance 1s not precluded. It 1s felt that the magnesiunm
or aluminous varieties may exlst as a stable phase through-
out even higher temperatures. Examples were previcusly pre-
sented of magnelsum chlorites coexisting with essentially
unaltered garnet in apparent equllibrium.

There 1s evidence within the trough area to indicate
that metamorphic grades exceeding the staurolite-quartz
subfacles were locally attalned. The major indicator for
transition from the staurolite-quartz subfacles 1s the ap-
pearance of sillimanite within the Ajlbik formation. These
rocks are believed to reflect metamorphlic conditions equiva-

lent to the lower part of the sillimanite-almandline subfacies,
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The breakdown of staurolite is inferred for this transition.
In the simplest case 1t 1s belleved to react with quartz to
produce sillimanite plus almandine. The transitlon 1s
illustrated in Figure 68. Almandine is a ubiquitous phase
in these rocks and, therefore, a logical product. However,
1t should be noted that in the lower temperature assemblage
(staurollte-quartz subfacles) the join staurolite-quartz
would theoretically prevent the appearance of almandlne
plus andalusite. This 1s not in agreement with flield obser-
vations and, therefcre, some stabllizing elements such as
Mg, Ca, Mn, etc. must constitute a portion of the garnet
composition.

In one area sillimanite was found without msucovite.
This 1s considered unusual in that muscovite 1s present 1in
nearly all the pelitic type rocks of the trcugh., It disap-
pearance would, therefore, suggest consumptlion during a
reactiocn producing sillimanite. The classlc example of
muscovite breakdown to produce sillimanite 1lnvolves the
appearance of potash feldspar. Thils 1s not the case within
these rocks. Another potential reaction, which was pre~
viously discussed, involves staurollite to produce both si1lli~
manite and biotite. This 1s the condlition that 1s favored
for the trough area. The close assoclation observed between
blotite and sillimanite in thin sections from thils area
further substantliates the aforementioned reactlion, Flgure

69 1llustrates the proposed transition. If muscovite were
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in stoichiometric excess of staurolite wilthin the lower
temperature assemblage 1t could appear as an additional
phase. Thils would, hcwever, require that blotite and/or
almandine contaln stabllizing elements.

The preponderance of data points to conditions of
the so-called "first sillimanite 1sograd." There 1s no
evidence of potash feldspar appearance at the expense of
muscovlite. Furthermore, the common assoclatlion of silli-
manite with combinations of musccvite, almandine and bilo-
tite requires tie lines which would reduce the feasibillity
of coexisting potash feldspar under the metamorphlc condl-
tlons that prevalled.

The disappearance of bictite and the appearance of
hornblende within portions of grunerite schist from the
Michigamme formation 1n the south sector merits note.
Although the writer was unable to delineate any specific
zone across which biotite was or was not present, 1t 1s be-
lieved to represent conditions approaching the sillimanite-

almandine subfacies.

Amphibolite Metamorphism

Chemical data on the Republic Trough amphibolltes
are wanting. Only two occurrences were analyzed, These
represent a composite sample from Section 7, T. 46 N., R.
29 W. and one from Section 20, T. 47 N., R. 30 W. The two
sample slites are separated by approximately seven mlles

but occur 1n a relatively similar stratigraphic horilzon.
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Results of these analyses have been presented in Tables
27 and 28. Although sample coverage is insufficlent to
formuilate any specific ccnclusions; it 1s believed that
generalized trends are indicated relative to thermal
gradient,

Engle and Engle (1962) have recorded systematlc
mineralogical and chemical transitions in amphibolites of
the northwest Adirondacks. These varlatlons were ccrre-
lared with metamorphlc grades ranging from the upper alman-
dine amphibolite through the lower granulite facies.

Several goethermometers from surrounding rocks indicated a
thermal gradient cf 525°C. to 625°C. In light of their
findings a curscry comparison was made in an effort to
detect analogous trends within the Republic Trough amphi-
bolites.

Comparative data on major oxlde variations as a func-
tion of increasing metamorphic grade zre presented in Table
34 and Figure 70. The thermal gradient indicated for the
trough area {(Section 20 -1, Section 7) 1s based on mineral
assemblages 1in adjacent metasediments. There appears to be
a definite parallelism in the depletion or increase of these
cxides as higher metamorphlc grades are encountered. The
oxldes that are compared in Table 34 and Figure 70 are those
indicated by Engle and Engle (1962) as revealing the most
systematic varlations. One exceptlon to the general paral-

lelism can be noted. This 1s in the case of alumina which
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Engle and Engle have listed as merely a "prchatble" increase
with increasihg temperature.

There 1s consliderable variation in the absolute magn-
itude of change within the respective areas. However, thls
would be expected in light of overall environmental differ-
ences between the two reglons.

Mineralogical variations were also noted by Engle and
Engle as belng significant 1ndicators of metamorphic grade.
within the Adriondack amphlbolites. The transitions with
increasing temperature that were reported by them include a
decrease in hornblende and quartz with a corresponding in-
crease 1in pyroxene and more calclc plaglioclase. These
changes were not fully relalzed within the trough amphibol-
ites. In part the amount of quartz appears to decrease in
conjunction with increasing quantities of plagloclase. OCn
the other hand there seems to be no correlatlion with respect
to hornblende quantities and metamorphlc grade. Pyrcxene
appears 1n only one area whilch does correspond to an inferred
thermal high on the basis of other rock types. However, a
systematic increase in pyroxene was not observed.

The aforementioned divergency 1n correlating mineral-
oglical changes as a function of metamcrphlc grade may well
be attributed to the degree of metamorphism realized 1in the
respective areas. Data from adjacent metasediments in the
trough area strongly suggest lower overall temperatures.

Conditions comparable to the granulite facles were certalnly
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never attalned. The onrnly p&ssible overiap would be in the
almandine amphibolite facies which 1s the lowesft grade
repcrted by Engle and Engle. They noted that for temper-
atures 1n excess of the almandine amphilbolite facles there
was a marked decrease in the quantlty of sphene. The
prevalence of srhene within the amphibolltes of the south
sector suggests temperature conditlons below 1ts progres-
sive breakdown revealed in the Adirondacks, Thils would
restrict the trough amphibolites to a metamorphic grade
equal to or below the almandine amphilbolite facies. The
pyroxene amphibolites observed in Section 2, T. 46 N., R.
30 W., may represent a local exceptiocn. However, data from
rocks 1mmediately adjacent these occurrences suggest condi-
tions within the almandine amphlholite facies.

Although there are local exceptlons, several mineral-
ogical transitlicns in the Republic Trough amphibolites are
suggested. The followlng general changes were noted with
increasing metamorphic intensity:

(1) actinolitic hornblende —— blue green hornblende ——

green hornblende *brownish green hornblende. ——
(2) slight increase in anorthite molecule of plagioclase.
(3) decreasing quantities of quartz and bilotite.
(4) pyroxene appearance.

The above generalizations are meant to include only

prograde assemblages with no reference to retrograde alter-

atlons.
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Temperature of Metamorphism

James and Clayton (1962) investigated the degree of
oxygen 1sotops fractionation 1n samples of iron formatlon
from the Lake Superior region. Thelr studlies 1included
several samples from the Republic Trough area.

In principle the 018 to O16

ratios 1n coexlsting iron
oxldes and quartz should reflect the thermal hilstory of the
rock units. If equilibrium conditions were realized during
metamorphism and the 1sotoplc compositions were not altered
during subsequent processes, these ratios should be an abso-
lute measurement of the peak temperature to which the
mienrals were subjected.

The data obtained by James and Clayton (1962) on the
samples from the trough area are tabulated in Table 35.

TABLE 35.--Isotoplc Temperature Determinations of Iron
Formation Samples from the Republic Trough Area.

16 ,.18
Sample 07"/0 Values Isotoplc Temperatures
No. Quartz Magnetite Hematite Qtz-Mag Qtz-Hem
16 10. 4 -0.1 280°cC.
17 12.4 2.7 305°cC.
18 8.7 -0.5 320°cC.

(after James and Clayton, 1962)
The first two samples (16 and 17) were collected from

the iron formation near Republic. They apparently represent
smaples of the middle or lower magnetite (#16) and upper
specular hematite (#17) lithologic types. The third sample

(#18) is described as originating from the Magnetic Mine area
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(Section 20, T. 47 N., R. 30 W.). These are all considered
by James as being within the sillimanite zone. He attri-
butes the low temperature measurements to retrograde en-
vironments and concludes that the 1sotoplc composition of
rocks formed at high temperatures 1s not frozen until
temperatures decline to approximately 300°C.

A sample of vein material from the Republic Milne
consisting of specular hematite, calclte and quartz was
also analyzed by James and Clayton (1962). This sample
related somewhat higher temperatures (see Table 36) than
the host rocks.

TABLE 36.--Isotoplc Temperature Determinations of Vein
Material from the Republic Mine.

016,018 values Isotopic Temperatures
Quartz Calcite Hematite Qtz-Hem Cal-Hem
10.7 7.6 2.2 355°C. 385°cC.

(after James and Claytcn, 1962)

These veins appear to be a product of metamorphlc differen-
tiation and, therefore, should reflect the termal conditiocns
during metamorphism. This would then indicate that temper-
atures of at least 385°C. were realized throughout the south
sector. Furthermore, based on the previous discusslon where
mienral assemblages were compared within amphlbolites of the
trough area and the northwest Adirondacks, it would appear
that the prevailing temperatures of metamorphism were some-

what less than 500°C. This would bracket the termal peak.
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between 385°C. and 500°C. 1n the south sector. The temper-
atures within the north sector were probably somewhat lower

with an established minimum possibillity of 320°C.

Age of Metamorphism

The writer submitted samples of muscovite schist to
S. S. Goldrich, then at the University of Minnesota, for
radioactivity age determination by the potassium-argon method.
The samples were collected from the upper part of the Nagunee
iron formation near the Goodrich contact at the Republic
Mine. Goldrich (personal communication) dated the samples
at 1.61 blllion years on the basis of a KMO/AMO determina-
tion. These data are given in Table 37.

TABLE 37.--Potassium-Argon Age Determination of Muscovite
Schist from Republic Mine Area.

Lo 4o 4o K-A Age
K2; II§pm épm A /Kuo 109 Years
6.68 6.69 1.00 0.150 1.61

(after S. S. Goldrich, personal communication)

Goldrich considered this age as representing the time of

major regional metamorphism. Thls was later correlated

with post-kinematic thermal conditions of the Penokean

orogeny (1.7 b.y.) which corresponds to the time boundary

between Middle and Late Precambrian (Goldrich, et al., 1961).
A sample of garnetiferous schist which was reported as

originating from the footwall portion of the "oxidized"
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iron formation at Republic was also dated by Goldrich,

et al. (1961). This probably refers to a zone between the
specular hematite and 1lron silicate type formations. In
this case the KMO/AMO age determination was conducted on
biotite and a date of 1.89 billion years was assigned. It
was interpreted by Goldrich as reflecting a survival value
of an earller orogeny which was later altered by the
Penokean. The writer believes that this second sample may
be suspect due to the extensive alteration which character-
izes the blotite in the area where the sample was probably

collected. To what extent chloritlization may influence

K-A age determination on biotite is still unknown.



CHAPTER IX

SUGGESTIONS FOR FURTHER STUDY

Throughout this study a number of areas that seem
worthy of detailed 1nvestigation become apparent. Several
of those that are considered most pertinent to a better

geologic understanding of the area are summarlzed below.

Magnetic-Specular Hematite Relatiocnships

A detalled study of the relationships between
specular hematite and magnetite throughout the iron forma-
tion may provide a significant insight on the paragenesis'
of the iron oxides. Consideration of the magnetite remnants
within specular hematite plates affords a clue as to the
possible sequencial development. Such a study should
encompass several occurrences such as the Republic Trough,
Humbcldt area, North Michlgamme district, and Champion.

All these areas have transition zones from quartz-specular
hematite to quartz-magnetite members. Detalled microscoplc
study and chemical analyses correlated with stratigraphilc

relationships would be an initlal approach.

Iron Rich Conglomerate

The mineralcocgical details of the pebbles and matrix

materlals that constitute the iron rich conglomerate at the

170
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base of the Goodrich formation have not been studied to any
great extent. Recent minlng activity at Republic and Hum-
boldt has opened up a considerable area that was previously
covered. This affords an excellent opportunity to collect
samples and conduct detalled mapping. Cursory examination
by the writer indicates an interesting distribution between
magnetlte and hematite rich pebbles. In areas of intense
folding such as the nose of the Republic Trough the pebbles
are predominantly hematite in constrast to magnetite bearing
pebbles along the less distorted limbs. This may be the
result of elther differences 1n primary sedimentation or
subsequent variatlicns 1n deformational and metamorphic'

environments.

Quartz Dlameters and Metamorphic Gradients

In several areas the diameters of quartz gralns result-
ing from the recrystallization of chert have been taken as
an indicator of metamorphic grade (James, 1955). A relation-
ship of this type was not apparent throughout the trough area.
However, there appears to be a relatlionshlp between the slze
of quartz gralns and thelr degree of clarity. Impurities
within the quartz seems to have 1mpeded growth., A system-
atic study of this possible relationships subjJected to
statistical scrutiny would provide data as to the valldity

of utilizing measurements of this nature.
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Compositional Variations Within Individual
Iron-Formation Mlnerals

Preliminary data indicates a considerable range 1n the
composition of individual minerals throughout the iron-
formation. This 1s particularly true of grunerlite and garnet.
Wilth conslderable effort 1t may be possible to obtaln samples
of sufficlent purity to determine compositional variations
as a function of the hose rock chemlistry or stratigraphic
occurrences. For example, the chemistry of the various
garnets occurring in different mineral assemblages through-
out the 1ron-formation would be extremely relevant to eval-
uating equilibrium conditions.

Isograds Based on Sllicate Mineral Assembalges
Within the Iron-Formation

The establishment of metamorphlc grades based on iron-
formation mineral assemblages poses an especlally challenging
problem. If reactions could be determlined for the more com-
mon silicates under differing conditions this may well
resolve the amblgulties that are commonly encountered. A
sequence such as minnesotalte to stilpnomelane to grunerlte
to pyroxene may be applicable only under very speclallzed
condltions. For example, there 1s evidence 1in the trough
area for both stillpnomelane and grunerite appearing at low
grades of metamorphism. There 1s also evidence of at least
two reactlons producing grunerite which represent entirely

different thermal conditilons.
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Chemical and Mineralogical Variations in Amphil-
bolltes as a Function of Metamcrphlc gradlent

The rocks of the Marquette Range offer an excellent
opportunity to extend the work of Engle and Engle (1962)
relative to systematic variations in the chemlstry and
mineralogy of amphibolites as a function of metamorphic
gradlents. Thelr work included only the higher metamorphic
grades. Metamorphism on the Marquette Range extends through-
out the lower grades. Furthermore, there are abundant out-
crops of amphibolite and 1t may be possible to trace individ-

ual occurrences throughout several metamorphic grades.

Undifferentiated Basement Complex

The pre-Animikie rocks of the Republic Trough and sur-
rounding area were not studied in any detall. However,
cursory field examination of the so-called "undifferentiated
basement complex" led the writer to belleve that conslderable
study 1s warranted. The frequent observation of rocks that
appear to be of sedimentary origin and the fallure to estab-
lish contacts between granitic and metasedimentary units
sheds considerable doubt on the concept of an entirely
igneous origin. Furthermore, there appears to be a system-
atic distribution of 1lithologlc types wlthin the complex.
Detailed mapping supplemented by chemlical and petrographic
studies may differentiate members reflecting elther or both

l1gneous and sedimentary parents.
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Petrofabric Studies

The Republic Trough 1is somewhat of a structural
rarity representing thin metasedimentary strata tightly
folded over a considerable distance. The quartzitic and
schistose rocks of the Animikie series provide an excel-
lent opportunity to correlate fabric analyses to structural
features. Orientation analyses of quartz axes developed
through the recrystallization of chert in the 1lron-formation

would also be of considerable interest.



REFERENCES CITED

Albee, A. L. 1962. Relationships between Mineral Associ-
ation, Chemical Composition and Physical Properties
of the Chlorite Series: Am. Mineral, V. 47, pp.
851-871.

Asklund, B., Brown, W. L., and Smith, J. V. 1962. Horn-
blende-Cummingtonite Intergrowths: Am. Milneral,
V. 47, pp. 160-163.

Atherton, M. P. 1964. The Garnet Isograd in Pelitic Rocks
and Its Relation to Metamorphic Facles: Am. Mineral,
V. 49, pp. 1331-1350.

Billings, M. P. 1937. Reglonal Metamorphlsm of the
Littleton-Moosllauke Area, New Hampshire: Geol.
Soc. Am. Bull., V. 48, pp. U463-566.

Brooks, T. B. 1873. Iron-Bearing Rocks: Michigan Geol.
Survey, V. 1, 1863-73, pt. 1, 319 p.

Cady, M. C. 1950. Classification of Geotectonlc Elements:
Trans. Amr. Geophys. Union, V. 31, pp. 780-785.

Cannon, R. T. 1963. Classificaton of Amphibolites: Geol.
Soc. Am. Bull., V. 74, pp. 1087-1088.

Chayes, F. 1956. Petrographic Modal Analysis: John Wiley
and Sons, Inc., New York.

Compton, R. R. 1958. Significance of Amphibole Paragenesis
in the Bidwell Bar Region, Californla: Am, Mlneral,
V. 43, pp. 890-907.

Deer, W. A., Howle, R. A., and Zussman, J. 1962. Rock
Forming Minerals: John Wiley and Sons, Inc., New
York.

Dixon, W. S., and Massey, F. J. 1956. Introduction to
Statistical Analysis: McGraw-H11ll Book Co., Inc.,
New York.

Engle, A. E. J., and Engle, C. S. 1960. Progressive Meta-
morphism and Granitization of the MajJor Paragnelss,
Northwest Adirondack Mountains, New York, Part II,
Mineralogy: Geol. Soc. Am. Bull., V. 71, pp. 1-58.

175



176

Engle, A. E. J., and Engle, C. S. 1962a. Hornblendes Formed
during Prcgressive Metamorphism of Amphilbolites,
Northwest Adirondack Mountains, New York: Geol.

Soc. Am. Bull., V. 73, pp. 1499-1514.

. 1962b. Progressive Metamorphism of Amphibolite,
Northwest Adirondack Mountains, New York, pp. 37-38,
in Petrologic Studies: Buddington Volume, A. E. J.
Engle, H. L. James, and B. F. Leonard, Editors,
Geol. Soc. Am.

Eskola, P. 1950. Paragenesis of Cummingtonite and Horn-
blende from Muuruvesi, Finland: Am. Mineral, V. 35,
pp. 728-734.

. 1952. On the Granulites of Lapland: Am. Jour.
Sci., Bowen Volume, p. 133-171.

Fyfe, W. S., Turner, F. J., and Verhoogen, J. 1958.
Metamorphic Reactlons and Metamorphlc Facles:
Geol. Soc. Am. Mem. 73.

Gibbs, J. W. 1961. The Scientific Papers of J. Willard
Gibbs, V. 1, Thermodynamics: Dover Publications,
Inc., New York.

Glasstone, S. 1947. Thermodynamics for Chemists: D.
Van Nostrand, New York.

Goldich, S. S., Nier, A. O., Baadsgaard, H., Hoffman,
J. H., and Drueger, H. W. 1961. The Precambrian
Geology and Geochrcnology of Minnesota: Minn.
Geol. Survey Bull. 41.

Halferdahl, L. B. 1961. Chloritoid: Its Composition
X-ray and Optical FProperties, Stability and
Occurences: Jour. Petrology, V. 2, pp. 49-135.

Hall, A. J. 1941. The Relation Between Chemical Compo-
sition ar.d Refractive Index in the Bictites: Am.
Mineral, V. 26, pp. 34-41.

Harker, A. 1932. Metamorphlism: Methuen, London.

Hase, D. H. 1957. Upper Huronian Sedimentation in a
Portion of the Marquette Trough, Michigan: Jour.
Geology, V. 65, pp. 561-574.

James, H. L. 1954. Sedimentary Facies of Iron-Formation:
Econ. Geolcgy, V. 49, pp. 235-293.






177

James, H. L, 1955, Zcnes of Regional Metamorphism in the
Precambrianr cf Northern Michigan: Geol. Soc. Am.
Bull., V. 66, pp. 1455-1488.

1958. Stratigraphy of Pre-Keweenawan Rocks i1n
Parts of Ncrthern Michigan: U. S. Geol. Survey
Prof. Paper 314-C.

James, H. L., Clark, L. D., Lamey, C. A., Pettijohn,
F. J., et al. 1961. Geology of Central Dickinson
County, Michigan: U. S. Geol. Survey Prof.
Paper 310.

James, H. L., and Clayton, R. N. 1962. Oxygen Isotope
Fractlionation in Mstamorphosed Iron-Formation of
the Lake Superior Region and in Other Iron-Rich
Rocks, pp. 217-241, 1in Petrologic Studies: Budding-
ton Volume, A. E. J. Engle, H. L. James, and B. F.
Leonard, Editors, Geol. Soc. Am.

Kay, M. 1951. North American Geosynclines: Geol. Soc.
Am., Mem. 48.

Klein, C. 1964. Cummingtonite-Grunerite Series: A
Chemical, Optical and X-ray Study: Am. Mineral,
V. 49, pz. 963-983.

Lamey, C. A. 1934. Some Metamorphic Effects of the
Republic Granite: Jour. Geology, V. 42, pp. 248-263.

. 1937. Republic Granite or Basement Complex?:
Jour. Geology, V. U5, pp. 487-510.

Leith, C K., Lund, R. J., and Leith, A. 1935. Precam-
brian Rocks of the Lake Superior Region: U. S.
Geol., Survey Frcf. Paper 184.

Nanz, R. H. 1953. Chemical Composition of Pre-Cambrian
Slates with Notes on the Geochemical Evolution cf
Lutites: Jour. Geology, V. 61, pp. 51-64.

Nelson, B, W., and Roy, R. 1958. Synthesis of the
Chlorites and thelr Structural and Chemical Con-
stitutisn: Am. Mineral., V., 43, pp. 707-725.

Pettijohn, F. J. 1963. Chemical Compostion on Sandstones-
Excluding Carbonate and Volcanic Sands, 6th ed.:
U.S. Geol. Survey Prof. Paper 440-S.



178

Ramberg, H. 1962. The Origin of Metamorphic and Meta-
somatic Rocks: Univer. Chicago Press, Chicago.

Richars, S. 1927. Grunerite Rocks of the Lake Supericr
Region and Their Origin: Jour. Geology, V. 35,

pp. 690-707.

Smyth, H. L. 1897. A Chapter on the Republic Trough,
pp. 525-553, 1n Van Hise, C. R., and Bayley, W. S.,
The Marquette Iron Bearing District: U. S. Geol.
Survey Mon. 28.

Snelgrove, A. K., Seaman, W. A., and Ayres, V. L. 1943.
Strategic Mineral Investigations in Marquette and
Baraga Countles: Geol. Survey Div., Mich. Dept. of
Conservation, 69 p.

Swanson, C. O. 1931. Report cn the Portion of the Mar-
quette Range Covered by the Michigan Geological
Survey 1in 1929: Mich. Geol. Survey (mimeographed
report).

Thompson, J. B. 1957. The Graphical Analysls of Mineral
Assemblages 1n Pelitic Schists: Am. Mineral.,
V. 42, pp. 842-858.

Tilley, C. E. 1925. Metamorphlc Zones 1n the Southern
Highlands of Scotland: Quart. Jour. Soc. London,
V. 81, pp. 100-110.

1957. Paragenesls of Anthophyllite and Hornblende
from the Bancroft Area, Ontario: Am. Mineral.,
V. 42, pp. 412-416.

Turner, F. J., and Verhoogen, J. 1960. Igneous and
Metamorphic Petrology: McGraw-H1ill Book Co.,
New York.

Turnock, A. C. 1960. The Stability of Iron Chlorites,
pp. 98-104, in Annual Report to the Director,
Geophysical Lab., Carnegie Inst., Washington.

Van Hise, C. R. 1891. An Attempt to Harmonize Some
Apparently Conflicting Views of Lake Superior
Stratigraphy: Am. Jour. Sci., V. 41, pp. 117-137.

Van Hlse, C. R., Adams, F. D., Bell, J. M., and Leith,
C. K. 1905. Report on the Special Committee for
the Lake Superior Reglion: Jour, Geology, V. 13,
pp. 89-104.



P
~~
\O

Van Hise, C. R., and Bayley, W. S. 1897. The Marquette Iron
Bearing District cf Michigan: U. S. Geol. Survey
Mcn. 28.

Van Hise, C. R., and Leith, C. K. 1911. Geology of the
Lake Superior Region: U. S. Geol. Survey Mon. 52.

Ward, R. F. 1958. Petrology and Metamorphism of the
Wilmington Complex, Delaware, Pennsylvania and
Maryland: Gecl. Soc. Am. Bull., V. 70, pp. 1425-
1458,

Wyckoff, D. 1952. Metamorphic Facies in the Wissahickon
Schist near Philadelphia, Pennsylvania: Geol. Soc.
Am. Bull., V. 63, pp. 25-58.

Yoder, H. S. 1956. Isograd Problems in Metamorphosed
Iron-Rich Sediments, pp. 232-237, in Annual Report
to the Director, Geophysical Lab., Carnegle Inst.,
Washington.

Yoder, H. S., and Eugster, H. P. 1955. Synthetic and
Natural Muscovites: Geochem. et Cosmochem, Acta,
V. 8, pp. 225-280.

Zinn, J. 1931. Geology of the Portion of the Marquette
Range between Humboldt and Lake Michligan Covered
by the Michigan Geological Survey in 1930: Mich.
Geol. Survey (mimeographed report).



APPENDICES

180



PRECAMBRIAN GEOLOGY OF THE REPUBLIC TROUGH

MARQUETTE GCOUNTY, MIGCHIGAN

(NORTH SECTOR )

EXPLANATION

-

ouTCROP AREA

A—_—————————
CROSS - SECTION REFERENCE

| i |
I AMPHIBOLITES
i =]
MICHIGAVME FORMATION
[ PROBABLE  FAULT
| 2 GOODRIGH FORMATION b
| H
‘ =] =
| staiKe or veATicaL seos
| NEGAUNEE IRON FORMATION
| AJIBIK  FORMATION
o e
2l STRIKE OF VERTICAL FOLIATION
|
| il
‘ £ -
H STAIKE AND OIF OF JOINTS
H BASEMERT COMPLEX
3 UNDIFFERENTIATED
& e
£ STRIKE OF VERTICAL JoinTS
2 NOTE: LATE PRECANSRIAN DIABASE
3 OIKES. A0 PECWATITES. OCCUR s
N ALL FORNATIONS 8UT AR swane
‘ 0T SHOWN DUE TO SMALL SIZE

SECTOR REFERENCE

MAP

h////ﬂ .
U

Ui
NN

30w
Resw

GEOLOGY 8Y uW. VILLAR




PRECAMBRIAN GEOLOGY OF THE REPUBLIC TROUGH AREA

MARQUETTE GCOUNTY, MICHIGAN

(SOUTH SEGTOR)

EXPLANATION

ouTcROP AREA

Awprigoutes. — 0L T I GRS
CONTACT
(APPROIMATE  LOCATION)

i

J

GRADATIONAL CONTACT
UNFERRED. LocATioN)
MICHIGAMME FORMATION

PROBABLE  FAULT

GOODRICH FORMATION

SERIES

o
STRIKE ANG OIP OF BEDS

—+
STRIKE OF VERTICAL 8€0S
NEGAUNEE IRON FORMATION

e
STRIKE AND DIP OF FOLIATION

I

AJIBIK FORMATION

—
STRIKE OF VERTICAL rOLIATION

Jer—r-t——wiooLe PReECAMBRIAN

~———EARLY PRECAMBRIAN—7—

i o

STRIKE AND OIP OF IOINTS

J

BASEMENT COMPLEX
UNDIFFERENTIATED

—-
STRIKE OF VERTICAL JOINTS

NOTE: LATE PRECAMBRIAN DIABASE
OIKES AND PEGMATITES OCCUR
IN AL FORMATIONS BUT ARE
NOT SWOWN DUE TO SMALL SIZE

-
swanp

e
CROSS - SECTION REFERENCE

scave w reer

contour TERWAL 20T

GENERAL TOPOGRAPHIC OATA COMPILED. FROM
USGS. 75 MNUTE QUAORANGLE SERIES
REPUBLIC ANO WITCH LAXE N-E 1955

GEOLOGY BY uW. VILLAR

FOR AREA REFERENCE SEE PLATE |

/i

S AN O )

13{ie

—




PRECAMBRIAN GEOLOGY OF THE REPUBLIC TROUGH AREA

MARQUETTE GCOUNTY, MICHIGAN

(SOUTH SEGTOR)

EXPLANATION

ouTcROP AREA

Awprigoutes. — 0L T I GRS
CONTACT
(APPROIMATE  LOCATION)

i

J

GRADATIONAL CONTACT
UNFERRED. LocATioN)
MICHIGAMME FORMATION

PROBABLE  FAULT

GOODRICH FORMATION

SERIES

o
STRIKE ANG OIP OF BEDS

—+
STRIKE OF VERTICAL 8€0S
NEGAUNEE IRON FORMATION

e
STRIKE AND DIP OF FOLIATION

I

AJIBIK FORMATION

—
STRIKE OF VERTICAL rOLIATION

Jer—r-t——wiooLe PReECAMBRIAN

~———EARLY PRECAMBRIAN—7—

i o

STRIKE AND OIP OF IOINTS

J

BASEMENT COMPLEX
UNDIFFERENTIATED

—-
STRIKE OF VERTICAL JOINTS

NOTE: LATE PRECAMBRIAN DIABASE
OIKES AND PEGMATITES OCCUR
IN AL FORMATIONS BUT ARE
NOT SWOWN DUE TO SMALL SIZE

-
swanp

e
CROSS - SECTION REFERENCE

scave w reer

contour TERWAL 20T

GENERAL TOPOGRAPHIC OATA COMPILED. FROM
USGS. 75 MNUTE QUAORANGLE SERIES
REPUBLIC ANO WITCH LAXE N-E 1955

GEOLOGY BY uW. VILLAR

FOR AREA REFERENCE SEE PLATE |

/i

S AN O )

13{ie

—




PRECAMBRIAN GEOLOGY OF THE REPUBLIC TROUGH AREA

MARQUETTE GCOUNTY, MICHIGAN

(SOUTH SEGTOR)

EXPLANATION

ouTcROP AREA

Awprigoutes. — 0L T I GRS
CONTACT
(APPROIMATE  LOCATION)

i

J

GRADATIONAL CONTACT
UNFERRED. LocATioN)
MICHIGAMME FORMATION

PROBABLE  FAULT

GOODRICH FORMATION

SERIES

o
STRIKE ANG OIP OF BEDS

—+
STRIKE OF VERTICAL 8€0S
NEGAUNEE IRON FORMATION

e
STRIKE AND DIP OF FOLIATION

I

AJIBIK FORMATION

—
STRIKE OF VERTICAL rOLIATION

Jer—r-t——wiooLe PReECAMBRIAN

~———EARLY PRECAMBRIAN—7—

i o

STRIKE AND OIP OF IOINTS

J

BASEMENT COMPLEX
UNDIFFERENTIATED

—-
STRIKE OF VERTICAL JOINTS

NOTE: LATE PRECAMBRIAN DIABASE
OIKES AND PEGMATITES OCCUR
IN AL FORMATIONS BUT ARE
NOT SWOWN DUE TO SMALL SIZE

-
swanp

e
CROSS - SECTION REFERENCE

scave w reer

contour TERWAL 20T

GENERAL TOPOGRAPHIC OATA COMPILED. FROM
USGS. 75 MNUTE QUAORANGLE SERIES
REPUBLIC ANO WITCH LAXE N-E 1955

GEOLOGY BY uW. VILLAR

FOR AREA REFERENCE SEE PLATE |

/i

S AN O )

13{ie

—




GENERALIZED GEOLOGIC CROSS SECTIONS

CROSS SECTION A-A'

PLATE

|0
)3 LOOKING NORTH
olo o=
wl i 4 Y
) A\ i
1600 = = ROAD A
\ ........ ~ R SEET
1500' ot N \\ N \\
\ S \\ N\
~ TS
. ~
1400
EXPLANATION
CROSS SEGTION B-B' ( FOR DETAILS SEE PLATES 182)
1700" N LOOKING WEST
[ awmpHiBOLITES
S Q=
1600' N ROAD ol [] MICHIGAMME FM
< R %o
N NN
\ \ T
1500" . VY T S [] GoooricH FMm
N U S \ ~ &
D AN \ B T 2N
‘ N \ N N \ ~ [T NEGAUNEE I-FM
1400
B aviBIk FM.
[] UNOIFFERENTIATED BASEMENT
COMPLEX
CROSS SECTION C-C' ——— PROBABLE CONTACT
o
sl LOOKING NORTHWEST
olo <eeee TRANSITIONAL CONTACT
lw
0| ,/// :
~ Z FAULT
: 5 ZZ
1600" —| g
&
1500'
1400'

HORIZONTAL SCALE

500 @ 500

S




GENERALIZED GEOLOGIC CROSS SECTIONS

CTION D-D
LOOKING NORTHWEST

CROSS

1600"

1400

E=E

CROSS SECTION
NORTHWEST

LOOKING

1600"'

SEC. 38

MICHIGAMME
RIVER

ROAD

1500 —
1400"
CROSS SECTION F-F'
LOOKING NORTHWEST
o
N
5|0
1600" J” @l
| MICHIGAMME
ROAD  miver
1500"
1400’

HORIZONTAL SCALE

500 9 500

( FOR DETAILS

PLATE

EXPLANATION

SEE PLATES 182)

AMPHIBOLITES

MICHIGAMME FM

GOODRICH FM.

NEGAUNEE |-FM

AJIBIK FM

UNDIFFERENTIATED BASEMENT

COMPLEX

PROBABLE CONTACT

TRANSITIONAL CONTACT

FAULT




PLATE

HORIZONTAL

SCALE

500

185
GENERALIZED GEOLOGIC CROSS “SECTIONS
CROSS SECTION G-G'
LOOKING NORTHWEST
o~ ~lo
1600" 5 Sl
] i wlw
w|v RR ) MICHIGAMME
TRACK ROAD RIVER
1500 7
\‘1 /’/ y//
1400 - ; 2
CROSS SECTION H-H'
N LOOKING NORTHWEST
~
- REPUBLIC
et g PIT ©
& %)
MICHIGAMME w
v RIVER SMITH'S BAY &
1500
1400

EXPLANATION
( FOR DETAILS SEE PLATES 182)
AMPHIBOLITES
MICHIGAMME FM.
GOODRICH FM

AJIBIK FM.

=
£
==
B necaunee 1-Fm
=
=

UNDIFFERENTIATED BASEMENT
COMPLEX

—==— FPROBABLE CONTACT

eess+  TRANSITIONAL CONTACT

>~ FAULT
Z













