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The study area is at the western end of the Marquette synelinorium which developed
during the Early Protervzoic. In the area, the stratigraphy of the northen limb of the
synelinorium from north to south is Siamo Slate, Neganee Iron- Formation, and Goodrich
Quartzite. The sill intruded the iron- fomaticn and separates the iron- fomtion from
the slate in the northern part of the area whereas it separates the iron- formation from
the quartzite in the 'southen part of the area. Large euhedral crystals of varying
mineralogy especially almandine and grunerite and abundant chlorite are developed between
the Negamee Tran-Formation and a metadiabase sill at the Michigamme Mine (at the center
of the area) in a chlorite schist. This study was undertaken to determine what caused
chlorite to develop between the lithologies and whether it occurred before or after
regional metamorphism (1.8 to 1.9 b.y.) which produced the large crystals at the mine,

Petrographic examination of the metadiabase sill and the Neganee Iron-Formation
indicates that the chlorite was developed before the large crystals of almandine and
grunerite. The Neganee Tron- Formation contains an assemblage of quartz— magnetite-
almandine- chlorite- grunerite- stilpnomelane. It 1s commonly brecciated and separated
from the chlorite schist by a layer of almndine. The metadiabase is divided into four
zones, fram the center of the sill to the margins, dependent on the amont of chlorite in
the rock and the presence of relict poikilitic texture. A relict poikilitic texture of
labradorite and augite located in Zone 1 can be correlated to a relict poikilitic texture
of plagioclase and hormblende which is present fram Zane 2 through Zone 34 of the sill.
Almardine, in Zone 3B, developed after chloritized hormblende. Zone 4 contains the most-
altered sill which is predominantly a chlorite schist. The chlorite schist contains an

ellipsoidal texture which can be traced fram Zone 3B of the metadiabase and the same



mineralogy as the irm-formation tut in very different proportioms. The ellipsoidal
texture developed prior to the growth of almandine and grumerite.

Whole rock chemlcal analysis was carried out on eleven samples acrass the metadiabase
si11 towards its upper margin which is in contact with the Negaumee Iran- Formation.
'Ihesesanplesdocuﬁent the mjor element changes occurring in the sill through its four
zones. The behavior of the major elements across the sill is comparable to the behavior
of mjor elements in several seawater alteration (hydrothermml) suites (Mottl, 1983;
Miyashiro, 1979). FeO*' (total iran as Fe0) and MgO increase vhile Si0 , (a0, and Na O
all decrease in abundance with increasing degree of alteration. The hf;dmthemal f‘luijs
probably percolated through the Negaunee Iron- Fomation where iron was leached. This
aided in a mjor chemical exchange between calcium from the diabase and iron (or
magnesium) from the altering fluild which may have been similar to seawater. Chlorite was
probably developed as a result of this exchange at 30000 in a strongly fluid-dominated
system (Mottl, 1983).

The metadiabase, iron-formation, and chlorite schist are related on a CFM diagram
(Abbott, 1982). This diagram shows that the equilibrium assemblages in the sill are
deperdent on the bulk composition of the sill which varies fram Zone 1 to Zone 4.
Assemblages ocontaining almandine are restricted to caleiumdepleted and iron-enriched
areas of the sill. The depletion of calcium and enrichment of iron moves the bulk
campositions of the si11 closer to the mulk campositims of the iron- formation and the
link between the compositions of these two lithologies is the most-altered metadiabase
(the chlorite schist). The campositional dependence of the assemblages suggests that

hydrothermal alteration preceded regional metamorphism.
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INTRODUCTION

An area of unusual metamorphism 1s found north of Lake Michigamme in
northern Michigan. Large euhedral crystals (reaching several cm in
diameter) and striking assemblages of chlorite -garnet -grunerite
-magnetite ~quartz are developed at the contact of the metadlabase sil1
and the Negaunee Iron- Formation. These combinations suggest that
chemical interactions occurred betwéen the two lithologies.

Field relationships, petrography, and chemical analysis were
utilized to unravel the sequence of metamorphism which produced the
mineral assemblages found in the area. Two metamorphic events left
thelr imprint on the rocks and they will be discussed along with the
chemical interactions which created the observed mineralogy.

GEOLOGIC <FTTING

The central northern peninsula of Michigan provlides the setting for
the study area which 1s divided equally between Baraga and Marquette
counties (Figure 1). The area 1s located at the western end of the
Marquette trough and restricted to 1ts northern limb. The Marquette
trough 1s a fault-bounded basin (graben) developed during the Early
Proterozoic which 1is about 1,000 meters deep and 10 km wlde in the Lake
Michigamme area (Klasner and Cannon, 1974). The general stratigraphy
from north to south (oldest to youngest) 1s Archaean gnelss, Menominee
Group , and Baraga Group. These predate the intrusion of a metadlabase
8111 and dikes. Both groups of sediments 1ndicate deposition in an
actively subsiding basin during the Early Proterozole. The Siamo Slate

and Negaunee Iron- Formation are part of the Menominee Group while the
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Goodrich Quartzite 1is near the base of the Baraga Group. Emplacement
of the sill occurred prilor to development of the  Marquette trough
because 1t 1is folded with the adjacent sediments(Cannon and Klasner,
1974).

Annular nodes of metamorphism delineated by regional metamorphie
isograds are found throughout northern Michigan (James,1955), as a
result of the Middle Proterozoic Penokean Orogeny (1.8 - 1.9 b.y. before
present). The 1sograds range from the biotite isograd on the outside of
the nodes up to the sillimanite isograd in their centers. The study area
13 part of the Republic node within the staurolite isograd (Figure 1).

The northern limb of the trough 1s cut by several strike -slip
faults which developed during the Middle Proterozoic. These
north~trending faults have not been affected by Penokean deformation
(Cannon and Klasner, 1972).

STATEMENT OF PROBLEM

An enigmatic chlorite schist is found 1n waste samples at the
Michigamme Mine (Plate 1). Randomly - oriented grunerite blades and
magnetite octahedra are sét in a matrix of chlorite. The schist is
commonly separated from the Negaunee Iron- Formation by a layer of
almandine (Figure 2).

Several questions arise from examining the schist samples., First,
what was the protolith of the chlorite schist? Second, what caused the
formation of abundant chlorite adjacent to the Negaunee Iron Formation
within an area of medium- to high-grade regional metamorphism

(amphibolite facies)? Third, what caused a layer of almandine to

























argillaceous schist which represents only a small portion of the
formation. The quartzite is gray and nearly pure (Klasner and Cannon,
1978). The schist 1is found southwest of the Michigamme Methodist
Institute. At the northern boundary of this small schist outerop,
large blaék chloritoid and partially pseudomorphed tabular chloritoid
erystals are highly concentrated ﬁFigure 4). The chloritoid reaches
lengths of 5.0 cm and is weathered to off-white crystals standing out
in the gray-green schist. The schist contains fine-grained, six-sided
crystals of tourmaline in a chlorite-sericite matrix.

The metadiabase sill is approximately 300 meters wide across strike
and is discontinuous along strike. The metadiabase is the topographic
high in the area, and forms massive, vertical, segmented ridges with
talus slopes along the margins (Figure 5). Jointing is 1loecally parallel
to strike and vertical. The metadiabase is a black to gray-green rock,
with lath-shaped surficial pits resulting from the weathering out of
plagioclase(Figure 6). Coarse-grained hornblende (1.5 cm in length)
is wvisible on the outecrop surface and 1s randomly oriented. A
poikiloblastic texture is seen 1locally with fine-grained plagioclase
laths set 1n coarse-grained hornblende. At the margins of the
metadiabase the hornblende is fine-grained (0.5 mm) and has a slight
preferred orientation parallel to strike. A discontinuous milky quartz
layer 1is found on a northerly-dipping fracture surface of the
metadiabase at the upper margin of the sill south of Middle Lake (Figure

7).

At the margins of the sill, the metadiabase is represented by
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either a fine-grained, biotite-rich schist or a chlorite schist. The
biotite schist is present at both margins of the sill and has been found
southwest of the Michigamme Methodist Institute along the northern shore
of Lake Michigamme, and also west of the Baraga-Marquette County line.
The biotite schist outerops are small bodies found at lower elevations
than the metadiabase ridges. Thg blotite schist is adjacent to the
Negaunee Iron-Formation but the contéct is not exposed.

The chlorite schist loecally crops out across from Townsend Ely
Roadside Park (TERP) and at a roadecut between the Spurr and Steward
Mines. It is restricted to the southern (upper) margin of the
metadiabase. The outecrops are foliated, small, and rounded rising 1.5
to 3.0 meters above the surrounding surface and laterally extending for
about 6.0 meters. The outcrops are isolated from the other formations
and are weathered to a gray-green color but the rock is black on  fresh
surfaces.

The contact between the metadiabase and Siamo Slate crops out at
several locations including southwest of Middle Lake, south of Coon
Lake, and northeast of TERP. The contact northeast of TERP is the best
example of the field relations between these two rocks and is found on
the northern side of the ridge. Both the slate and the sill are massive
units that are resistant to weathering. Quartz veins are present near
the contact as well as subhedral pyrite grains.

A direct contact between the Negaunee Iron-Formation and the
metadiabase does not crop out but is found in drill core and is seen in

samples at the Michigemme Mine dumps. Direct contacts are found between
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the iron- formation and the sill in Diamond Drill Holes (DDHs) 4, 5, 6
(Cleveland Cliffs Iron Company) adjacent to the Michigamme Mine.In DDH U4
intercalation of the iron formation and the sill occurs at the contact
of the two lithologies (Figure 8). Thinly- laminated to very thinly-
bedded sugary quartz and magnetite of the iron formation alternate with
layers of chlorite schist which flames locally into the iron-formation.

Samples from large waste piles at the Michigamme Mine display the
spectacular relationships between the chlorite schist and the
iron-formation which occur at their contact. These two lithologies are
separated by a layer of garnet that is 2 cm thick. The iron- formation
here has alternating layers of grunerite rosettes, sugary quartz, and
magnetite, and is commonly brecciated. The chlorite schist contains
randomly oriented blades of grunerite and dodecahedra of garnet (some
up to 2 ecm in diameter). Locally the garnet is pseudomorphed by
chlorite. Magnetite octahedra (2 mm diameter) are dispersed throughout
both rocks.

To summarize, the stratigraphy from north to south is the Siamo
Slate, the Negaunee Iron- Formation, and the Goodrich Quartzite. The
rock formations dip south. The sill appears to have intruded along
bedding (a zone of weakness) in the iron formation and is found in
contact with the slate in the northern part of the field area and the
quartzite in the southern part of the field area. The metadiabase sill
is the topographic high in the area. The margins of the sill are
finer-grained than the core, are laced with abundant quartz veins, and

are follated parallel to strike.
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PETROGRAPHY

STAMO SLATE

The Siamo Slate is commonly a gray-green phyllite but locally a
fine-grained, dark gray and off-white thinly-bedded feldspathic
quartzite with appreciable clay matrix.

A brief petrographic examination was undertaken on the quartzite.
Planar lamination is visible in thin section. The quartzite contains
plagioclase feldspar and quartz. A few laminae consist of chlorite.
Anhedral plagioclase and quartz are replaced partially by sericite,
biotite, and epidote. Subhedral biotite alters to either chlorite or
magnetite along cleavage planes. It is absent at the metadiabase
contact where coarse-grained magnetite 1s present. Anhedral epidote is
present locally at the metadiabase contact. Calclte appears uncommonly
as a late-stage mineral which crosscuts the other minerals.

The quartzite exhibits relatively constant grain size and
mineralogy regardless of its distance from the contact with the sill.
Distortion of bedding is uncommon but i1s 1linked to the increasing
abundance of chlorite at certain locations (NI-6, Plate 2-III),

NEGAUNEE TRON-FORMATION

The most widespread assemblage in the Negaunee Iron- Formation
throughout the area 1s quartz- magnetite- almandine- chlorite-
grunerite- stilpnomelane. Iron-~ formation containing this assemblage
is in contact with the chlorite schist and the Goodrich Quartzite.

Minor constituents are ankerite, apatite, biotite, hornblende, pyrite,
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and minnesotaite. On the northern shore of Lake Michigamme (south of
TERP), minor amounts of muscovite and hematite are found.

In hand specimen, the rock varies from a thinly bedded to thickly
laminated, fine-grained banded iron- formation. It commonly alternates
between a chalk-gray and steel-gray color due to quartz and magnetite
respectively. The presence of hematite at a few locations gives the rock
a burgundy color. Brececiation of the bands is common in areas adjacent
to faults and where the iron- formation 1s in contact. with the chlorite
schist. Layers rich in grunerite weather to a beige color while also
exposing the acicular crystal outline. Medium-grained sugary quartz is
locally present and stands out on the surface.

Thin section examination reveals the complex textural relationships
between these minerals. Generally, the sequence of minerals from oldest
to youngest 1s magnetite, quartz, biotite, almandine, grunerite,
stilpnomelane, and chlorite, but this sequence of growth 1is
inconsistent even within the same thin section. Grunerite, magnetite,
and quartz are the most abundant minerals observed in thin section(D-5).
Both monomineralic layers and medium-grained granules of magnetite are
replaced by all the other minerals. Mimetic grow! of medium- to
fine~grained euhedral magnetite partially preserves banding and
erosscuts all the other minerals (NI-7). Granoblastie-polygonal quartz
is commonly fine- to medium-grained and overgrows but partially retains
the magnetite granule texture. The growth of bladed to fibrous,
fine-grained grunerite replaces magnetite layers. Bladed grunerite

envelopes golden- to reddish-yellow stilpnomelane and dark olive-green

18







biotite but appears to be 1in equilibrium with chlorite and garnet.
Evidence present that platy stilpnomelane is pre-grunerite 1s given by
indistinct inclusions of stilpnomelane within grunerite blades (NI-7).
But stilpnomelane crosscuts grunerite in more thin sections (6 versus 4)
than those in which it 1s crosscut by grunerite. Veins of stilpnomelane
are found crosscutting all the other minerals where the iron formation
is in contact with the chlorite schist (4-37B).

Fine-grained fragments of chlorite and biotite are Jlocally
present. Chlorite oceurs uncommonly' as 1inclusions in magnetite
euhedra, or is 1nterstitial to magnetite granules, or envelopes
grunerite (D-5). Biotite may display an interstitial relationship to
grunerite, overgrowth by stilpnomelane, and partial alteration to
chlorite.

Helicitic dodecahedra  of slightly pink garnet overgrow the fibrous
grunerite (Figure 9 (NI-7)). Garnet is locally rimmed by stilpnomelane
(6-65B, D-5) and fractures are filled with grunerite and biotite. In
reglons of cataclasis, the garnet porphyroblasts are anhedral,
fractured, fine-grained, and concentrated in hematite-rich areas of the
rock (6-65B). Garnet dodecahedra are mimetic with respect to and
partlally replace monomineralic layers of magnetite in the iron-
formation where it is in contact with the chlorite schist (4-374). The
dodecahedra are commonly rimmed by chlorite. The mimetle garnet is
adjacent to monomineralic layers of garnet which separate the iron-
formation from the chlorite schist. Hematite occurs as an oxidation

product of both bladed grunerite and subhedral magnetite.
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GOODRICH QUARTZITE

The schist 1s gray-green and fine-grained. Black chloritoid
porphyroblasts, altered off-white chloritolid porphyroblasts, and
weathered gold-colored biotite are set in the gray-green matrix of the
rock. The schist exhibits a great concentration of chloritoid where it
is in contact with the sill and therefore warranted petrographic
examination.

The gray-green matrix is predominately sericite and fine-grained
chlorite. The chloritoid porphyroblasts reach lengths of 5.1 cm and
crosscut the matrix. They exhibit well-defined prismatic boundaries and
Jagged ends. The chloritoid i1s either altered partially or totally to
chlorite, muscovite, biotite, and medium-grained magnetite. Chlorite
and muscovite 1laths grow along the (001) cleavage plane of the
chloritoid. Biotite grows along both parting and cleavage planes of the
chloritoid but is replaced by chlorite and magnétite along cleavage
planes. Hematite occurs as an oxidation product of magnetite and
follows the foliation of the matrix. Euhedral tourmaline is locally
present.

METADIABASE

The metadiabase sill 1in the Lake Michigamme map area varies
mineralogically from a coarse-grained augite- and plagioclase- rich rock
at its center to a fine-grained bilotite or chlorite-rich schist at its
margin., The change from a clinopyroxene-plagioclase rock (diabase) to a
schist is gradational and was documented by petrographic examination of

75 thin sections. Certain textures within the 1least- altered
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metadiabase can be traced to the chlorite schist ylelding evidence of
their common protolith. Striking pseudomorphic features and mineral
interactions are seen at the upper margin of the sill in contact with
the Negaunee Iron- Formation.

The metadiabase can be divided into four =zones on the basis of
petrographic character (Plate 1). Zone 1 consists of a plagioclase-
clinopyroxene metadiabase. Zone 2 consists of hornblende metadiabase.
Relict poikilitic texture is present in both zones. Zone 3 consists of
chlorite + hornblende + garnet metadiabase and can be divided into two
subzones: In Zone 3A relict poikilitic texture can still be
distinguished and there is an increasing amount of chlorite at the
expense of hornblende and plagioclase. In Zone 3B, relict poikilitic
textures are not discernable. Finally, Zone 4 consists of chlorite or
biotite schist + garnet.

Zone 1

Zone 1 is found south-east of Coon Lake. It is a narrow zone
represented by one sample (MD-26) and is the least altered part of the
sill. The rock is a gray to black, medium-grained equigranular diabase.
Matte black tabular clinopyroxene grains (5.0 mm long) are intergrown
with chalk white feldspar producing a "salt and pepper " appearance on
fresh surfaces. Iron staining 1is seen surfiecially. The mineral
assemblage 1is plagioclase, augite, magnetite, biotite, hornblende, and
minor amounts of apatite, sericite, hematite, and quartz. Table 1 shows
the relative proportions of these minerals.

Plagioclase (An ) laths wup to 6mm long poikilitically

53-57
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T¢ LE 1: MODAL ANALYSES OF
SELECTED SAMPLES ACROSS THE METADIABASE (n>300)

SAMPLE AP AU BI CA Cn  EP GA HME MO MA PL QU SE 5P ZONE
MD-26 1.9 26.9 11.3 - - - - - B.4 6.5 ALl.4 0.2 2.4 -
MD-25 0.2 - 12.3 - 2.7 4.3 - tr - 49.2 4.3 26.3 - - 0.7 2
A-3 0.5 - 27.7 - 2.0 0.1 - - 7.0 1.5 29.7 1.0 - - 2
6-256 0.2 - 41.6 - 2.9 0.7 - - 30.7 4.9 19.0 - - - 2
6-238 - - 49.9 1.2 31.1 - - - - 5.1 8.8 3.9 - - 3A
F-4 1.4 - 19.0 er 47.4 - - - 2.1 5.2 11.3 13.6 - - 3aA
MD-9 - - 24.5 7.0 4.4 0.7 - - 20.4 1.5  L.1.10.4 - - 3A
NM 10-5 - -~  34.9 1.2 34.3 - - - - 5.6 11.7 12.3 - - 3A
A-8" tr - - 20.7 12.9 - - - 32.4 3.7 - - 4.6 3.7 3A
4-260 - - 16.3 2.7 39.2 2.0 - tr  25.8 6.3 - 7.8 - - 3A
MWD~ 5 -~ 24.6 - 41.5 - 4.6 - - 9.0 18.5 1.8 - _ 3p
6-204 - - 48.6 264.3 11.0 - 6.3 1.2 0.2 3.7 - 4.9 - - 3p
6-201 0.2 - 68.4 2.4 13.0 - 6.5 0.2 - 5.5 - 3.8 - - 3B
E-3 ~ - 41.4 tr 44.3 - 1.4 tr - 2.6 - 10.3 - Y
6-195 - - 63.3 0.2 20.2 - 5.4 - - 5.1 - 5.4 0.5 - 3B
NM  )-11 tr - 58.8 tr 10.2 - 0 - - 4.3 15.7 1.0  tr - 3B

2]
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SAMPLE AP AU BI CA cit

NM 10-13 tr - 35.2 - 45.9
MD- 14 - - 50.4 - 24.6
D-4 - -~ 46.0 - 33.3
mp-21* 0.3 _ 46 .2 - 25.6
6-180-7 - - 8.4 - 73.9
6- 30-C - - 8.2 - 66.0

*Also contains 22.1 % Potassium feldspar

*Also contains 9.3 X Grunerite

tr

1.

tr

tr

AP=apatite, AU=augite, BIl=biotite, CA=calcite, CH=chlorite,

liE=hematite, HO~hort len @', MA=magnetite, PL=plagioclase, QU=quartz, SE=sericite,

SP=gphene.

13.2

14.7

EP=epldote, GA=garnet,

=

SP ZONE




enclose augite (Figure 10 (MD-26)). Twin planes are sharp and evidence
of strain is minor. Plagioclase has altered to sericite in the cores,
and biotite and quartz occur along twin planes, grain boundaries, and
random cross-cutting fractures.

Augite grains range in size from 1.6 to 5.0 mm and exhibit simple
lamellar twinning. Reaction rims of hornblende are present.
Exsolution lamellae of a mineral too fine to ddentify and biotite occur
along cleavage planes in augite.

Hornblende occurs as fine-grained subhedral to anhedral grains
with pleochroism ranging from buff () to olive-green (HB) to
blue-green (). The hornblende is locally rimmed by hematite.

Zone 2

Zone 2 surrounds Zone 1. The rocks in this zone are hornblende
metadiabase; all have relict poikilitic texture, but in contrast to the
rocks of zone 1, they do not contain augite. They are greenish- black,
medium-grained metadiabase. Tabular hornblende grains locally
reach 6.0 mm in length and radiate 1in thick clusters. The
poikiloblastic hornblende encloses plagioclase and stands out on the
surface due to differential weathering of the chalk-white feldspar,
biotite, and quartz. The chalk-white feldspar alters to a soft orange
clay on weathered outcrop surfaces. Table 1 shows the changing
proportions of minerals from Zone 1 to Zone 2.

Sample MD-25 (approximately 50 feet north-west of MD-26) shows
several textures characteristic of the transition from Zone 1 to Zone 2.

Hornblende grains are locally subhedral, larger (3.0 mm to 5.0 mm) and
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rimmed by wispy, fine-grained (less than or equal to 0.50 mm in length)
hornblende (two periods of hornblende growth are present) or extremely
fine-grained aggregates of epidote. The first growth of hornblende will
be referred to as hornblende, the second growth of hornblende will be
referred to as wispy hornblende. Poikiloblastic hornblende contains
plagioclase laths ranging in length from 1.8 to 3.3 mm. Wispy hornblende
largely replaces the plagioclase "laths which leaves an outline of the
plagioclase boundaries in the hornblende (Figure 11 (MD-25)). At other
localities epidote occurs as subhedral crystals (0.12 mm in length).
Hornblende 1is altered to medium-grained chlorite and fine-grained
calcite along its cleavage planes. Towards the margin of this gzone,
these two minerals along with predominant quartz (Figure 12 (4-3))
locally pseudomorph hornblende. Apatite also grows preferéntially along
hornblende's cleavage planes. As alteration proceeds tha nlna~ale--2-
= ww'luacuue pecome faded in patches.

Increased replacement and strain reduces the sharp features of the
primary igneous-plagioclase; twin planes appear indistinct and subgrain
boundaries are present. The replacement is by biotite, chlorite,
epidote, caleite, sericite, and acicular hornblende.

Coarse-grained, skeletal, magnetite is included in the hornblende and
is rimmed by fine-grained sphene, The sphene- magnetite- secondary
hornblende association suggests that sphene may be a by-product of the
reaction of augite to hornblende.

Several general trends are observed toward the Zone 2--Zone 3A

boundary. The volume percentages of biotite and chlorite increase at
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the expense of both plagioclase and hornblende. Biotite, the major
alteration product in this zone, and chlorite preferentially replace and
divide the plagloclase laths along twin planes reducing them in both
dimensions (compare MD-22 (5.0 by 2.0 mm) with 6-256 (3.3 by 0.9 mm) to
rectangular or box-like reglons(Figure 13 ( F-4)). Wispy hornblende
increases in volume. Orthoclase oecurs in minor amounts (less than 3
volume percent) and is locally sericitized. It occurs as fine-grained,
anhedral grains and 1s found assoclated with quartz in cross-cutting
veins.
Zone 3A

Small areas of reliet igneous texture occur in Zone 3A. The rocks
vary from dark green to blackish-green, medium-grained metadiabase
(locally coarse-grained varieties are seen). Both orthoclase (in
cross-cutting veins) and minor plagioclase weather to an orange
clay-like material. Although plagioclase and hornblende have random
orientation, a slight alignment of the other minerals is observed
locally. Poikiloblastiec hornblende locally encloses plagioclase. The
plagioclase composition may be more sodiec (An ) than in zone 1 although
the determination 1s from only two samples. Lobate subgrain
boundaries, which were restricted to twln planes in previous zones,
extend through the entire plagioclase lath. Vermicular intergrowths
found in plagioclase suggest that myrmekite is present.

Quartz fills thin fractures 1n the plagloclase laths, and aggregates
of quartz form lenses that are surrounded and partially overgrown by

blotite and chlorite. The lenses locally have coarser lobate grains
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(less than or equal to 0.9 mm) at their center with undulatory
extinction and a rim of finer-grained, partially recrystallized quartz
(less than or equal to 0.1 mm)(Figure 14 (F-4)).

At the northern (basal) margin of Zone 34, biotite 1s more abundant
than chlofite. Hornblende i1s ubiquitous and alters to calelte, is
rimmed by chlorite and quartz, and is associated with hematite (compare
to 6-204 which is discussed later). A large size range (0.9 to 3.0 mm)
of anhedral hornblende crystals 1s due to cataclasis. Two episodes of
hornblende growth are distinguished by the degree of strain: one 1is
strained and parallel to the slight foliation defined by chlorite; the
other is randomly oriented and unstrained (4-260). Plagioclase is seen
as optiecally continuous, anhedral inclusions in hornblende.

Orthoclase 1s abundant at the contact with the quartzite of the
Siamo Slate south of Coon Lake. It occurs as medium~-grained laths (1.4
mm long) adjacent to calecite grains but altered to sericite.

Chlorite is the dominant alteration product in the southern part of
Zone 3A. Chlorite, with 1nclusions of sphene, was found to flame into
hornblende along its cleavage (Figure 15 (MD-9)). Minor reaction rims
of chlorite on hornblende and diamond- shaped sections of chlorite
suggest that chlorite pseudomorphed hornblende.Hornblende is 1locally
absent, disappearing in 5.5 meters (18 feet) from Sample 6~256 to Sample
6-238 at the upper margin of the sill.

Zone 3B
In the fileld the rocks vary from a dark green to gray-green,

fine-grained metadiabase. Loecally a slight schistosity is seen due to
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the abundance of aligned biotite and chlorite. Veins of calcite and
orthoclase as well as trace amounts of garnet are present. Several
gradational textural changes occur in passing from Zone 34 to Zone 3B.
The obliteration of both plagioclase and hornblende comes close to
completion resulting 1n the destruction of the relict poikilitic
texture. Garnet appears as suphedral porphyroblasts. Regional
tectonic effects are seen in the shearing of chlorlte and quartz to
lens-shaped regions that are crudely aligned.

Hornblende partially altered to epidote 1s abundant near the upper
margin of this zone east of Michigamme Mine. Anhedral aggregates of
epldote surround an anhedral core of hornblende. Epidote associated
with plagioclase is subhedral, fine-grained, and locally zoned.

Drill core taken from Section 19 near the Michigamme Mine documents
the changes occurring in the metadiabase (at its southern (upper)
margin) as one approaches the metadiabase--iron formation contact. Three
thin sections characteristic of Zone 3B were made from core taken from
DDH 6: 6-204, 6-201, and. 6-195, A sample collected north of the
Michigamme Mine dump appears to be slightly out of place but provided
valuable insight into the textural changes occurring in this gzone
(MWD-5). It probably is stratigraphically located between sample 6-204
and sample 6-238 of DDH 6 in Zone 3A.

Although the volume percent of chlorite varies, chlorite along with
quartz and bilotite are the dominant constituents of the rock. Minor
constituents present locally are epidote, sphene, caleite, and sericite.

Partial pseudomorphs of chlorite after andesine are present (Figure 16
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(MWD-5) ). Plagioclase is also replaced by 1lenses of
coarser~-grained quartz surrounded by finer-grained quartz.

Porphyroblasts of garnet are fractured and embayed; they are
approximately 5.0 mm in diameter but diminish to (0.9mm) closer to the
contact. Bilotite crudely rims the garnet. Inclusions include quartz(as
small aggregates), magnetite, chlorite, and biotite. Alteration along
fractures is to muscovite and hematite. Garnet may have grown later
than chlorite pseudomorphs after hornblende because it 1is not
chloritized where it is adjacent to them(Figure 17 (6-204)).

Hornblende disappears before plagioclase 7.3 meters (24 feet) north
of the metadiabase--iron formation contact in DDH 6 (6-204). Aggregate
pseudomorphs of fine-grained hematite and calcite after hornblende are
rimmed by chlorite(Figure 18 (6-204)). The diamond-shape pseudomorph
of hornblende is distorted to an oval shape. Biotite alters to
magnetite and/or ilmenite and they are parallel to the foliation.

Zone 4

Zone 4 represents the schistose margins of the metadiabase where
it is in contact with the slate to the north and with the iron-
formation to the south.

Biotite Schist

At the northern 1limit of the metadiabase the rocks are black,
fine-grained, biotite schists. The mineralogy of these schists varies
léterally. Ellipsoidal aggregates of fine-grained biotite, epidote,
chlorite, and quartz are rimmed by anhedral epidote and aligned with the

foliation east of the Baraga--Marquette County 1line. Distorted
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tabular regions of aggregate plagloclase are present along with
disseminated quartz. Further west, epidote ellipsoids and plagioclase,
are absent (D-4, -7, -8, -9). At this location, chlorite, magnetite/
ilmenite, blotite, epldote, quartz, and hematite are present.

Chlorite Schist

Chlorite schists with a restricted mineral assemblage extend
laterally along the contact of the metadiabase and the Negaunee
Iron-Formation and occur as thin bodies within the iron-formation.
All the schists have >40 % modal chlorite. Other minerals common to
the schists are blotite, magnetite, quartz, + garnet, + grunerite, +
apatite, + stilpnomelane, + hematite, + hornblende, and + plagioclase.

The chlorite schist has a unique ellipsoidal texture where aligned
ellipsoidal reglons (up to 4.0 mm long) of fine-grained chlorite are
outlined and defined by a matrix of chlorite, magnetite (and/or
ilmenite), and minor blotite and quartz(Figure 19 (6-180-C)). It is
well developed and defines the foliation of the rock. Biotite 1s so
fine-grained and scarce that 1t appears as thin elongated smudges which
are parallel to foliation. Tabular-shaped areas of fine-grained
chlorite with minor blotite seen in sample MWD-5 resemble pseudomorphs
of andesine (Figure 20 (MD-21)). The tabular areas reach dimensions of
6.0 mm by 0.5 mm and locally have a string of biotite laths down their
center. The chlorite ellipsoids may have developed from these tabular
areas by shearing. Another texture that may link the tabular areas of
chlorite with the chlorite ellipsoldal texture 1s anhedral, aggregate

quartz confined to tabular-shaped regions commonly 1.7 mm long.
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Chlorite replaces this quartz texture in the same fashion as it replaces
plagioclase feldspar in sample F-4 (compare Figure 13 to Figure 21
(NM-10-13)).

The chlorite schists were sampled from outerop northwest of the
Spurr Mine (MD-21) and from drill hole at two locations adjacent to the
Michigamme Mine (DDH 4 and 6). The schists are fine-grained and vary
from gray-green, to olive-green, to black.Grunerite blades weather to a
tan color and stand out on the surface due to differential weathering of
the adjacent minerals northwest of Spurr Mine. Here the mineral
assemblage, in order of increasing abundanée, is apatite- hornblende-
hematite- magnetite-~ quartz- grunerite- chlorite -biotite. Grunerite
crosscuts a matrix consisting of chlorite, biotite, and magnetite and
also contains hornblende inclusions. It has a reaction rim of chlorite
(oriented normal to the grunerite face with which it reacted) and
fine-grained quartz (Figure 22 (MD- 21)). Blades of grunerite, 3.3 mm
long, show lamellar twinning and are locally oxidized to hematite.

Grains of anhedral quartz have two sets of fractures oriented at
approximately right angles. The quartz boundaries are parallel to
these fractures giving a crude diamond shape to the grain. A local
foliation of biotite and chlorite wraps around the medium-grained
quartz. Biotite laths are partially altered to chlorite along their
boundaries. Apatite prisms are 1.0 mm long and are set in the matrix.
.Skeletal magnetite 1s coarse-grained and crosscuts chlorite, biotite,
and quartz.

Steel-gray needles of grunerite are intergrown with dark red
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porphyroblasts of garnet in schists from DDH 4 and 6. The ellipsoidal
texture (as outlined by minute grains of magnetite) is continuous
through the euhedral to subhedral garnet porphyroblasts (ranging in size
from 0.9 to 3.0 mm), grunerite blades, and chlorite-filled fractures of
the garnet (Figure 23 (4-15)). Grunerite also penetrates the chlorite
ellipsoids. The textural relatioqship between garnet and grunerite is
complex. The thin stilpnomelane rim around garnet either is pierced by
grunerite blades or crosscuts them. Stilpnomelane is distinguished from
biotite by having a higher birefringence and lacking birds eye maple
extinetion. When stilpnomelane is absent, biotite occurs as ineclusions
in garnet or diffuse brown smudges in the matrix (4-15) or anhedral
broken grains replaced by magnetite and associated with chlorite. Green
stilpnomelane also 1is found as an aggregate pseudomorph replacing
tabular sections of carbonate (MWD-4). This pseudomorph in turn is
partially overgrown by chlorite.

Fine-grained quartz occurs as either anhedral grains disseminated in
the matrix, aggregates confined to tabular-shaped regions, or
inclusions in garnet.

Chlorite Schist-Negaunee Iron-Formatf~n Contact

The contact between the chlorite schist and the iron-formation is
interfingered despite the size of the sill and this interfingering is
observed in drill core (Figure 8). An assemblage of almandine-
chlorite- magnetite- pyrite- quartz- stilpnomelane is found in both
lithologies in very different proportions except that the assemblage of

the schist does not contain pyrite. The chlorite schist 1is
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distinguished from the iron-formation by the following ecriteria: iron-
formation 1is typically brecciated and contains dominantly quartz and
magnetite; the chlorite schist consists dominantly of chlorite with
chlorite ellipsoids present. Primary textures in the iron-formation
such as oolites and granules (both 0.9 mm diameter) are truncated by
quartz veins (Figure 24 (4-37A2)). Euhedral pyrite (up to 2.0 mm
diameter) is found in the iron- formation. Garnet dodecahedra (0.5 to
2.0 mm diameter) and magnetite octahedra (0.5 mm) grew mimetically
within magnetite or chlorite schist layers. The dodecahedra of garnet
grade into monomineralic layers of helicitiec garnet that commonly
separates the iron-formation and the chlorite schist. The chlorite
ellipsoidal texture 1is preserved in the garnet layer whose width varies
from a few millimeters (at locale depicted in Figure 8 ) to several
centimeters (Figure 25 (NM 11-7)). The chlorite schist also contains
cross—-cutting veins of stilpnomelane.
Summary

4 relict poikilitic texture of labradorite and augite located in
Zone 1 can be correlated to a relict poikilitie texture of plagioclase
and hornblende which 1s present through Zone 34 of the sill. The
chlorite schist contains an ellipsoidal texture which can be traced from
Zone 3B of the metadiabase. This texture i1is present in the schist
regardless of whether it is a small body in the iron-formation or found
between the iron-formation and the 811l. The texture developed prior to
the growth of almandine and grunerite. The Negaunee Iron- Formation is

separated from the chlorite schist by almandine and 1is commonly
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CHEMICAL ANALYSTS

Whole rock chemical analysis was carried out on a suite of eleven
samples from several locations across the metadiabase sill to examine
the changes in major element chemistry across the sill toward the
contact with the Negaunee Iron- Formation. The samples document the
change from the relatively unaltered metadiabase to the highly- altered
metadiabase (chlorite schist) at the upper margin of the sill. The
samples were analyzed at Michigan Technological University in Houghton,
Michigan on a Phillips automated X-ray spectrometer (AXS). Analysis,
calibration, and data reduction were accomplished by accompanying
interactive software. Further information on the XRF at MTU can be
obtained in Rose et al (1985). The results are given in Tables 2A and
3. The major elements are tabulated in weight percent of the oxides
while the trace elements are recorded as weight percent of the elements

*

or parts per million (ppm). Fe0 in Table 2 represents total iron.

Major oxide abundances observed across strike from the least altered

metadiabase (MD-26) to the chlorite schist (6-180-C) change as follows:

1) Si0 , Ca0, Na 0O all decrease.

2 2
2) TiO0 vacillates, decreases slightly.
2
3) AL 0 increases slightly.
23
*

4) FeO 1increases significantly.
5) MnO increases.
6) MgO increases.

7) K 0 initially increases but then decreases below its
2
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TABLE 2: A: COMPOSITION (IN WT %) OF SELECTED SAMPLES ACROSS THE METADIABASE
TOWARD ITS UPPER MARGIN

Zone: 1 3 3A 38 3B 3B 3B 3B 3B 4 4
MD-26 6-238 NM 10-5 MWD-5 6-204 6-201 E-3 NM 10-11 NM 10-13 6-180-7 6-180-C
si0, 47.89 41.74 49.13 41.60 40.00 36.75 37.59  44.32 37.57 33.19  34.60
S Ti0, 3.66 2.25 2.64 3.40 2.73 2.06 3.16 2.33 2.87 3‘-01' 2.74
Al,0,  11.42 11.60 12.57 12.57 10.76 10.11 12.48  13.60 12.30 12.49  12.03
Feo" 16.87 22.79 17.64 25.30 27.53 26.19 28.53  20.53 29.44 39.88  39.68
MnO 0.21  0.74 0.20 0.77 1.20 0.92 0.34 0.24 0.32 0.61 0.79
MpO 2,22 6.75 4.30 3.34 4,47 5.26 5.49 4.16 - 6.14 5.49 5.21
Ca0 8.07 1.32 1.58 0.96 1.76 2.44 0.50 1.12 0.58 0.20 0.13
Na 0 2.02 <0.2 1.11 1.57 <0.2 <0.2 <0.2 0.93 <0.2 <0.2 <0.2
K,0 1.28 4.69 3.60 2.14 5.37 6.39 3.91 6.04 2.61 0.68 0.03
P,0. 0.73  0.21  0.28 0.34 0.22 0.25 0.24 0.23 0.20 0.05 0.01
Ba0 0.14  0.14 0.11 _0.13 0.11 0.09 0.14 0.14 0.11 0.09 0.07

Total: 94.51 92.43 93.17 92.12 94.15 90.47 92.38 93.64 92.14 95.72 95.29




TABLE 2. NATURAL VERSUS EXPERIMENTAL METABASALTS PRODUCED BY
REACTION OF SEA WATER WITH BASALT AT HIGH WATER ROCK RATIOS
(wt C; ppm for trace elements)

*Metabasalts: 23.6°N. tExperiments: 300°C.
Mid-Atlantic Ridge Basalt glass ~ Sea-water
All96: Sea-water rock ratio:

15-1 ©15-3 15-13 [4-15 50 62 125
SiO, 49.11 42.45 49.39 46.95 44.90 43.74 38.99
TiOa 0.49 2.19 0.85 1.46 1.92 1.63 2.17
AlO; 16.72 16.98 16.03 16.58 14.13 15.09 16.66
FeO* 9.71 ., 15.74 8.30 11.73 14.20 12.17 10.78
MnO 0.17 0.19 0.17 0.05 0.08 0.05 0.03
MgO 10.96 11.73 15.42 15.13 15.96 17.50 19.69
Ca0 6.09 3.18 0.29 0.27 0.14 0.88 0.17
Na-O s 2.57 0.80 {.34 0.11 0.10 0.08 0.03
K.Q 0.05 0.0¢ 0.0t 0.05 0.06 0.10 0.1t
P:Os 0.09 0.52 0.07 0.29 0.28 0.22 0.16
CO, 0.10 0.17 0.03 0.07
H,O" ) 4.18 7.09 7.46 - 8.47 7.55 7.96 11.01
X 100.24 101.05 - 99.36 101.16 99.32 99.42 99.80
FeO 6.82 11.84 6.80 10.26 8.17 6.89 8.83
Fe,0y 3.69 5.69 242 1.63 6.71 5.86 217
Rb 0.4 2.2 0.5
Sr 129 109 12 <5
Ba <20 <20 <20 <20 10 4 <1
v 182 320 179 233 435 432 347
Cr 189 203 180 151 146 152
Co 52 60 38 78 35 58
Ni 106 117 132 88 93 116 t2)
Cu 9 5 64 5 3 12
Zn 66 64 91 26 44 58 43
Y 17 53 20 37
Zr 42 173 50 121
Nb 1.0 6.3 2.7

*Analysis by X-ray tluorescence spectrometry.
tAnalysis by DC-plasma emission spectrometry; anhyvdrite was removed by dissolution prior to
analysis; from Sevfried and Mottl (1982).

TABLE 2: B: Table 2 from Mottl (1983) p. 166. Compare to Table 2-A.
14~15 is the most-altered metabasalt.
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TABLEI

Metagabbros from drecdge A150-RD20

Specimen No. AM11 AM30 AM33 AMT
FeO*/MgO weight 0.52 0.86 1.62 2.28
Fe/(Mg + Fe) atomic 0.23 n.33 0.48 0.56
Si0, ' 48.58 47.74 43.04 25.40
TiO, 0.61 0.59 3.46 0.89
AlLO, 10.17 15.19 15.36 18.91
Fe,0, 1.64 1.53 3.17 0.97
FeO 5.79 7.71 11.64 28.78
MnO 0.13 0.15 0.23 0.28
MgO 14.04 10.61 8.93 13.00
Ca0 12.32 10.03 9.00 0.00
Na,O 2.91 2.63 2.66 0.03
K,0 0.07 0.08 0.11 0.01
H,O 1.03 0.19 0.45 0.11
H,0* 2.59 2.89 2.03 11.39
P.O, 0.00 0.02 0.02 0.01
Cr,0, —_ - 0.0086 0.02
NiO — — 0.013 0.09
Total 99.88 99.36 100.119 99.39
FeQ* 7.27 9.09 14.49 29.65 _
(CIPW norm)
or 0.41 0.47 0.65 0.1
ab 19.26 22.25 20.01 0.3
an - 14,48 29.41 29.65 -
ol 13.70 16.58 24.80 51.0
hy - 7.89 — 15.1
di ' 37.16 16.34 12.21 -
mt 2.17 2.17 2.17 1.4
il 1.16 - 1.12 6.57 1.7
ap 0.00 2.05 0.05 -
cm - - 0.01 —
ne 2.91 — 1.35 —
c — — — 189
Total 59.19 44.15 45.81 69.2

The first three columns show relatively weakly chloritized metagabbros, while the last
column an almost completely chloritized one (i.e., a chlorite rock). FeO* means total iron
as FeQ. The norms in the first three columns were calculated after partial reduction of
Fe,0, to 1.5%.

TABLE 2: C: Table 1 from Miyashiro (1979) p. M47. Compare to Table
2 A and 2B.
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TABLE 3:

TRACE ELEMENTS (IN PP ! FOR SELECTED SAMPLES
ACROSS METADIABASE TOWARD UPPER MARGIN OF SILL

Zone: 1 3A 3A 3B 3B 3B 3B 3B 3B 4 4
MD-26 6-238 NM 10-5 MWD-5 6-204 6-201 E~3 NM 10-11 NM 10-13 6-180-7 6-180-C

Rb 33 . 107 76 36 80 105 68 117 56 12 3
@ St 152 22 319 118 27 22 - 20 225 24 - -
v 370 255 303 441 324 241 397 278 365 390 381
Cr 73 363 287 127 170 2485 341 591 296 580 590
Ni 34 47 29 25 38 117 33 29 27 10 2
Cu 427 - 47 34 67 37 5 68 281 11 5
Zn 114 60 89 85 66 141 119 93 114 94 88
Y 63 22 22 21 23 - 23 21 27 15 10 15
zr 237 80 120 113 56 48 82 85 85 70 65
. Nb 20 17 12 18 16 14 15 12 16 13 14
La 51 14 17 45 27 21 37 19 30 31 17
ce 325 196 214 299 213 152 288 206 237 229 176




initial value.

8) P20 decreases slightly.
5
9) BaO decreases slightly.

The major element chemistry is compatible with the petrography

observed in the sill. Si0 | Ca0, and Na O all decrease in
2 2 2+
concentration towards the upper margin of the sill. Ca loss 1is
’ 2+

observed first in Zone 2. The leached Ca  reacts with the fluid in the
other zones of the sill where minor veins of caleite (6-204) are found
and pseudomorphs after hornblende are observed (Zone 2). The increased
loss of Ca2+ and Na+ at the margins of the sill is correlated with the
absence of plagioclase and hornblende there. A decrease in Si0 4g
substantiated at the upper margin of the sill by the abundancé3 of
chlorite -- a low silica mineral. But large milky quartz veins and
layers are present in fractures at the upper margin of the sill and they
indicate that the freed 5102 precipitated in these fractures. Potassium
decreases 1n concentration toward the upper margin of the sill.

Figure 26 shows a plot of whole rock analyses of three rare-earth
elements normalized to chondrites (average chondrite values taken from
Haskin et al, 1968) versus rare-earth atomic number. A similar pattern
is found for each sample across the metadiabase. The similarity of
these patterns is evidence that the protolith of the chlorite schist was
diabase. These samples are also compared to the Mesabi iron-formation
(Fryer, 1977) which 1is similar to the Negaunee Iron-Formation in

composition and age. Rare-earth elements in iron-formations show a low

concentration in these elements (Fryer, 1977) and a different pattern
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from the sill.

Concentration versus distance was used in plotting the minor
elements across the zones In the metadiabase. This method was used to
examine the mobility of these elements during hydrothermal alteration.

Nb, Se, Zr, Zn, V remained fairly constant across this contact
suggesting 1immobile behavior (Figure 27). Cu, Ni, Rb, Sr exhibit
erratic behavior in the metadiabaée and decreased significantly in the
chlorite schist suggesting mobile behavior during alteration (see
Figures 27 and 28). Rb and Sr are chemically similar to K and Ca
respectively and therefore should behave similarly during alteration.
They decrease in concentration towards the contact.

COMPARISON WITH MODERN HYDROTHERMAL SYSTEMS

Miyashiro et al. (1979) studied a suite of metagabbros taken from
the bottom of the Atlantis fracture zone across the Mid-Atlantic Ridge

o
(MAR) at 31 N at a depth of 4140 meters. Mottl (1983) examined a suite

o
of metabasalts taken from 23.6 N along the MAR and dredged from fault
scarps along the axlal valley of the MAR.They note the followlng changes
in major oxide abundance as the chloritized rock 1s approached from the

relatively unaltered basalt (see Table 2B and 2C).

1) 810 , Ca0, Na O decrease.
2 2

2) TiO2 vacillates and increases.

3) A120 increases (Mottl's decreases slightly,
esseztially constant).

) FeO* increases significantly.

5) MnO increases slightly (Mottl's decreases).
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FIGURE 28: Trace element concentration versus distance across
the sill towards its upper margin.
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6) MgO decreases (Mottl's “~creases).

7) KZO decreases (erratic behavior--Mottl).
8) P 0 increases.

25
These patterns are similar to those from the metadiabase suite taken

from the Lake Michigamme area with the exception of Ti0 » Mg0
2

(Miyashiro), MnO (Mottl), and ?20 . All three suites show iron
enrichment toward the most-altered 2amp1e (1.2 times greater in the
Mottl suite, 2.5 times greater in the Michigamme suite, and U4 times
greater in the Miyashiro suite).

Mottl (1983) compares the natural metabasalts with

experimentally-produced metabasalts. The experimental basalts were
o}
subjected to varying sea-water-to-rock ratios at a temperature of 300 C

(Table 2-B). A higher seawater-to-rock ratio is indicative of a more-~
altered basalt. The major element changes observed in the experimental

basalts towards the higher fluid to rock ratios correspond to the

changes observed in the natural basalts except that Al 0 1increases and
» 23

FeO0 decreases. The experiments show that a major chemical exchange
occurs between Mg from the seawater and Ca from t__ basalt (Mottl,
1983). The resulting effect on the altered rock would be a loss of Ca
toward the reacting interface and likewise an increase in Mg towards
this same interface. Similar trends are observed in the metadiabase
suite from the Lake Michigamme area while only a Ca-loss is observed in
the Miyashiro suite.

Mottl noticed a positive correlation between the behavior of Fe and

Mg in the natural metabasalts. The growth of chlorite was dependent on
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how much fluid interacted with the rock because chlorite growth was
correlated with the amount of Mg present. Chlorite- rich rocks show
Fe -enrichment which may be due to local redistribution of the element
to sites of chlorite formation (Mottl, 1983) since they did not show
enrichment iIn the experimental basalts. Iron-~ enrichment 1in the
Miyashiro and Lake Michigamme suites indicates that more than local
redistribution occurred in order’to produce such a great concentration
of iron. The Negaunee Iron- Formation could provide an abundant source
of iron for the Lake Michigamme sill.

A model predicting the mineral assemblages one would expect to find
with varying seawater to rock ratios is given in Figure 29 (Mottl,
1983). The least- altered metadiabase (Zone 1) shows little evidence of
hydrothermal alteration and its assemblages cannot be applied to Figure
29 (see also Figure 30). Zone 2 and 3A samples commonly bear quartz,
plagioclase, amphibole, epidote, chlorite (and uncommonly sphene) (Table
1). Mottl's model yields fluid/ rock ratios of less than 30 for the
analogous assemblages. Samples from Zones 3B and 4 uncommonly bear
plagioclase or amphibole or epidote and commonly contain quartz and
chlorite (Figure 30). This suggests fluid/ rock ratios of more than 50.
This suggests that the upper margin of the sill was altered under a
strongly fluid-dominated system, the rest of the sill being altered
under a much less fluid-dominated system. The development of chlorite
occurred sporadically at the upper margin of the sill (it is absent
south of Michigamme Methodist Institute). The distribution of fractures

in the Negaunee Iron-Formation probably controlled which areas of the
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FIGURE 29: Model predicting the mineral assemblages and
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upper margin of the sill received and reacted with the most fluid.

Mottl (1983) also examined trace element behavior with increase in
alteration in both the natural and experimental basalts. The behavior
of Ba, Sr, V, Ni, and Zn 1is similar in these and 1n the Lake Michigamme
sulte.

SUMMARY

The behavior of the major eleménts across the sill is comparable to

the behavior of major elements in several modern seawater alteration

*
suites such as those of Miyashiro and Mottl. FeO and Mg0 increase while

S10 , a0, and Na O all decrease in abundance. The comparison is good,

2 2
although the environment of the sill differs in many respects from the

MAR, and the similar major élement patterns may be due to the sill being
adjacent to a banded iron- formation. Rare- earth element data and
other relatively i1mmobile trace elements verifies a common protolilth
for the chlorite schist and the metadiabase sill. The mineral
assemblage in the chlorite schist indicates alteration occurred in a
strongly - fluid dominated system. The minor elements are moblle as

expected in a fluid-dominated hydrothermal system.
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INTERPRETATION

In this section, the question to be addressed is essentially whether
major hydrothermal alteration predated or accompanied regional
metamorphism. This will be accomplished by examining the major mineral
assemblages and their relation to the bulk composition in the sill.
Mineral assemblages and the interpreted reactions in the iron- formation
will also be discussed. Finally, the most-altered metadiabase will be
related to the irop-formation by examining assemblages ‘present in both
lithologies.

These assemblages should iIndicate if alteration predated or
accompanied regional metamorphism. If alteration predated regional
metamorphism the assemblages would be compositionally dependent whereas
reaction with fluids might explain their distribution if alteration
accompanied regional metamorphism. Textures found in the sill suggest
that major hydrothermal alteration predated regional metamorphism
because almandine and grunerite crosscut hydrothermally- derived
chlorite which recrystallized when the schist was formed. Equilibrium
assemblages (as 1inferred from textures) are compatible with regional
metamorphism which suggests that hydrothermal alteration did not
postdate regional metamorphism.

The distribution of minerals in equilibrium and the relations
between these minerals are affected by the metasomatic changes in the
3111 which occurred due to the hydrothermal event and can be shown on a
CFM diagram (Abbott, 1982). The CFM diagram is valuable because it

links the three lithologies: metadiabase, chlorite schist, and iron-
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formation. The apexes are: C= Ca0 - A1 0 4+ Na O + K O; F=FeO (where
23 2 2

total iron is given as FeO, which differs from Abbott's definition of F=

FeO - Fe 0 ); and M= MgO.
23

Table 4 lists the formulas used to determine the position of the
minerals on the CFM diagram (Figure 31). The order of X =F/(F + M) for
several of the minerals was taken from Abbott (1982)]iﬁd Veblen and
Ribbe (1982). Table 5 1lists -the possible equilibrium assemblages
observed in each zone of the sill and in the iron -formation. The CFM
diagram for the study area was plotted by combining the above data to
show the dominant relations,that occurred in the wvarious lithologiles
(Figure 32). Quartz, plagioclase, potassium feldspar, magnetite, and
water vapor may be part of each assemblage because the CFM diagram is
projected from them (Abbott, 1982).

Modal analysis of the metadiabase shows the major mineral changes
across the metadiabase (Table 1, also see Figure 30). In Zone 1,
augite, plagioclase, biotite, and hornblende are the abundant minerals.
In Zone 2, augite disappears and a maJjor assemblage of biotite,
chlorite, hornblende, plagioclase, and quartz is present. This is also
the dominant assemblage found in Zone 3A although hornblende 1s absent
at some locations (6-238, NM 10-5). In Zone 3B, plagioclase and
hornblende disappear while almandine appears resulting in an aésemblage
of almandine, biotite, chlorite, and quartz.

These changes are compatible with the mineral relations showm on the

CFM diagram (see Figure 32). An assemblage of au- bi- ho in Zone 1

disappears as the bulk composition of the sill changes. It is replaced
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TABLE 4: ASSUMED FORMULAS OF MINERALS IN THE METADIABASE
AND NEGAUNEE IRON- FORMATION

+2
Almandine: Fe Al 8i O
3 2 312
+2
Augite: Ca(Mg,Fe ,A1)(Si,Al) O
+2 +2 26

Biotite: K(Fe ,Mg ) Si A10 (OH)
3 3 10 2

Ferroan Clinochlore (Chlorite): Fe Mg A1A1Si 0 (OH)

+3 3.55 1.45 310 8
Epidote: Ca Fe Al Si O (OH) (Abbott, 1982)

2 2 312

Grunerite: Fe Mg Si O (OH)

6.3 0.7 8 22 2

+2
Hornblende: Ca Na(Mg,Fe ) Al1Si O (OH)
2 5 T 22 2

2+ 3+

Stilpnomelane: KX (Mg,Fe ,Fe ) Si A1(0,0H) 2-UH O (Hurlbut &

~ 0.6 6 8 27 2
Klein, 1985)
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FIGURE 31: (CFM diagram (Abbott, 1982) showing positions of minerals
found in the metadiabase sill and the Negaunee Iron-Forma-

tion.
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TABLE 5: Pi T B

EQUILIBRIUM ASSEMBLAGES IN THE NEGAUNEE IRON-FORMATION

Arranged in order of stratigraphic position: The assemblage on the top
line 1is present at the base of the formation. Multiple samples are
arranged from left (base) to right (upper margin). All assemblages
quartz and magnetite.

include
bl + ch
al + bl
bi + gr
bi + gr
bi + ch
ch + gr
al + gr
al + ch
ch + gr
al + ch

+ gr + st (NI-8)

+

+

+

+

gr

st

ho

st

st

st

gr

he .

st

(NI-T7)

(NI-7)

(NI-7)

(NI-7)

(NI-7, 6-180, 6-58, 6-5)
(NI-7, 6-58, 6-5)

(NI-7, 6-5)

(6-58, 6-5)

(6-5)

al=almandine, gr=grunerite, st=stilpnomelane, also see Table 1 for

abbreviations of other minerals.
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TABLE 6: ESTIMATION OF MODES OF SELECTED SAMPLES
FROM THE NEGAUNEE IRON-FORMATION

AL BI ra CH GR HE MA QU ST

— — — e emem e e me—

NI-8 3 5 - 5 12 tr 40 30 3
NI-7* 10 10 - 5 5 - 10 7 2
D-5 tr 3 - 2 5 - 25 20 -
D-6 - - - 1 3 - 15 48 3
6-180-B tr - 3 - 7 - 25 65 -
6-180-A - - 5 7 - 3 45 40 tr
6-175 3 - 10 - 37 5 20 25 -
6-145 5 5 - - 4 - 30 20 tr
6-130 - - -  tr 5 tr W40 52 3
6~65B 2 - - 5 2 15 10 4 3
6-65A - - 2 3 15 7 13 53 7T
6-58 - - - 5 30 10 20 25 10
6-uu* - 3 - 3 - - 54 Yo -
6-20 - - - 10 - - 40 43 7
6-5~ 25 - - 3 4 7 1 - 15
6-0 - - - 7 8 5 50 20 10

Also contains 3 % hornblende.
* Also contains a trace amount of iron-talec.
~ Also contains 2% apatite.

Samples arranged from base to top of formation (from top to bottom of
page).
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