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ABSTRACT

The Middle Precambrian Virginia Formation, cut by
diabase dikes, was intruded and contact metamorphosed by
the Late Precambrian Duluth Complex near Babbitt, Minne-~
sota. Sulfide mineralization of magmatic origin, with
mincr amounts formed by hydrothermal replacement, is con-
centrated at the irregular contact zone between the Virgin-
ia Formation and the Duluth Complex. Five miles south of
Babbitt this mineralization constitutes the Minnamax Copper-
Nickel Deposit, which is being investigated and evaluated
underground by AMAX Exploration, Inc.

The Virginia Formation consists of pelitic hornfels,
calc=-silicate pods, and "reaction" rims arcund the pods.
The pelitic hornfels is dark gray, fine-grained, massive,
and composed of plagioclase, hypersthene, and cordierite
with local occurrences of ortheclase, biotite, and graphite.
The calc~-silicate pods are light gray, fine- to coarss
grained, are spherical to ellipsoidal and range from 4
inches to 8 feet across. There are three types of pods;
hemogenous types with no mineral zones developed, layered
types with mineral layers developed, and concentric types
with mineral zcnes developed. The primary minerals are
diopside, grossular garnet, plagioclase, sphene, wollaston-
ite, and possibly some calcite, and guartz. From strikes
and dips of relict bedding in pelitic hornfels and from

the broken, fractured, and jumtled nature of calc-silicate
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pods deformation of the Virginia Formation appears intense.
The "reaction"™ rims are dark gray, fine-grained, and up to
3 inches wide. They are composed of plagioclase, hyper-
sthene and poikiloblastic c¢linopyroxene giving a composi-
tion intermediate between the pelitic hornfels and calc-
silicate pods. The protolith of the pelitic hornfels ap-
pears to be a calcareous argillite and the calc-silicates
a siliceous declomitic limestone. The pods are believed to
have originally been calcareous ccnecretions in argillite
with some being pieces brought up from the calcareous zone
at the top of the Biwabik Iron Formation. The "reaction"
rims developed after deformation took place, as they sur-
round broken and fractured pods, and formed from diffusion
of calcium from the pods into the pelitic hornfels.

The metadiabase dikes are dark gray, fine-grained,
and massive. They are composed of lathy plagioclase, au-
Zite, and hypersthene. A relict cphitic texture is evident
and relict plagioclase phenocrysts have been resorbed.

Sulfides consist of pyrrhotite, exsolved pentlandite,
and chalcopyrite in pelitic horniels and chalcopyrite with
exsolved cubanite in calc-silicate pods. Minor ilmenite
and magnetite is present in the sulfides. Alteration con-
sists of uralltization of pyroxenes and sericitic and kao~
linitic alteration of plagioclase. Quartz, calcite, apo-
phyllite, anhydrite, fluorite, heulandite, laumontite, and

prehnite are gsngue minerals. This emplacement occurred
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varying sizes and shapes. Some of these concretions show a
well-developed cone-in-cone structure. In addition, carbon-
aceous layers are also present (White, 1954; Pfleider,
1968). The remainder of this lower unit is composed of
dark gray silty argillite and black carbonaceous argillite.
These argillites grade upward into fine~ to medium-grained
graywackes, with beds ranging in thickness from 6 inches to
5 feet (Pfleider, 1968).

Towards the Duluth Complex the Virginia Formation is
progressively metamorphosed attaining the pyroxene-hornfels
facies, It is very fine-grained, dark gray, and is composed
of plagioclase, orthoclase, cordierite, biotite, orthopyrox-
ene, and quartz (Gunderson and Schwartz, 1962; Bonnichsen,

1968, 1975; Handyman, 1969),

Digbase Dik~~ and Sills

White (1954) and Gunderscon and Schwartz (1962) report
metadiabase dikes and sills in the eastern Mesabi Range as
being dark gray, fine-grained, grancfelsic rocks difficult
to distinguish froﬁ me tamorphosed Virginia Formation, zl~
though some did show poikiloblasts of plagioclase., The nin-
erals present are labradorite, augite, ilmenite, and lesser
orthopyroxene., These minerals show metamorphic effects such
as corroded mineral boundaries and resorbed labradorite
poikiloblasts.,

The metadiabase did not show evidence of contact meta-

morphism of the surrounding rock, but was thought to have been







16
Complex are interstitial, appear to be late syngenetic,

and to have specific structural and lithologic controls,
such as being concentrated in basins at the base of the

Complex (Bonnichsen, 1972).

GEOLOGY OF M VAMAX

At Minnamax, the metamorphosed Virginia Formation and
the metadiabase dikes and sills that intrude it, form the
country rock (locally termed the footwall) that was intruded
by the Duluth Complex. The regional dip of the Virginia
Formation is 5 degrees southeast, steepening to 30 to 50
degrees at the contact with the Duluth Complex (Watowich,
1978). The contact zone is exposed on the 1,700 foot level
in four underground drifts totalling approximately 3,800
feet in length.

The Virginia Formation consists of a fine-grained,
dark gray hornfels (Figure 3). Relict bedding is found
very locally and cannct be followed for more than 3 to &
feet. The bedding shows complex folding (Figure 5), pre-
sumably caused by intrusion of the Duluth Ccmplex.

Calc-silicate pods are present locally in the Virginisa
Formation. Thesge are light gray, fine- to coarse-grained,
spherical to ellipscidal granofelsic bodies ranging in
lergth from 4 inches to & feet and width from 1 inch to 1
foot. They may be classified into three types according to
their mazcrcscopic structures: (1) homogenous types with no

aprarent mineral layering, (2) layered *ypes with well-
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developed layers up to one-half inch in width, and (3) con-~

centric types with mineral zones that follow the shape of
the pod (Figure 3).

Dark gray, fine-grained granofelsic "reaction" rims
enclose the calc-silicate pods (Figure 6). These "reaction”
rims extend 1 to 3 inches into the pelitic hornfels and
follow the shape of the enclosed calc-silicate pod. Mineral
zones and layers and fractures abut against these "reaction®
rims.

Pre-Complex metadiabase dikes intrude the Virginia
Formation. They are dark gray, fine-grained grarnofelsic
rocks that are extremely difficult to distinguish from pel-
~ itic hornfels except where relict plagioclase phenocrysts,
that are up to 1.5 cm in length, are found (Figure #4).

The Duluth Complex has an irregular contact with the
Virginia Formation, which also occurs as xenoliths in the
Complex. The rocks of the Complex are dark gray, coarse-
grained troctolitic rocks with cumulate textures. They
cernisist of an earlier picrite to olivine gabbro that lacks
sulfide mineralization and a later troctolite that has inter-
stitial sulfide mineralization (Figure 7). This later phase
is noritic at its base. The primary mineralogy of the
Duluth Complex in the Minnamax Deposit consists of labrzdor-
ite, olivine, augite, minor orthopyroxene, magnetite, and
iimenite (Matlack, personal communication).

Granophyric bodies are present locally in the Virginia

Formation. They are light gray, coarse-grained and irregular
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be similar to those in the Thomson Formation, White (1954)
hypothesized that some of these bodies may be related to the

limestone at the top of the Biwabik Iron Formation.

A~mrraches Tad

A tectal of 12 days was spent at the Minnamax Deposit.
Seven days were spent underground collecting samples and
mapping 450 feet of drift, at a scale of 1 inch to 10 feet.
In addition drill core was studied, of which 10 feet was
sampled, to augment the underground sampling.

130 thin sections and five polished sections were made
for petrographic study. All rocks were stained for calcium,

using Amarand, and for potassium, using sodium cobaltnitrate.

MINERALCGY OF THE COUNTRY ROCKS

General “*+-tement

The country rocks in the Minnamax Deposit, pelitic horn-
fels, calc-silicate pods, and metadiabase dikes, show effects
of contact metamorphism from intrusion of the Duluth Complex.
Later sulfide mineralization, and associated development of

gangue minerals, has altered the primary mineralogy.

Pels+*~ Hornfels

The pelitic hornfels is dark gray, fine- to medium-
grained (0.5 - 2 mm), equigranular, and granoblastic. Poor-
ly twinned plagioclase (40 - 60 percent), hypersthene (15 -
35 percent), and cordierite (10 - 20 percent) constitute the

primary mineralegy (Figure 8). Subpoikiloblastic bictite
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(0 - 15 percent), granoblastic orthoclase (0 - 30 percent),
and interstitial graphite (0 - 30 percent) are found local-
ly (Figures 9 and 10). The biotite was concentrated along
fault zones, with some showing foliation (Figure 11).

Minor amounts of apatite.occur as inclusions in plagioclase,

MDA AP AT P:"ﬁS

Occurring between the pelitic hornfels and calc-
silicate pods zre black, granoblastic "reaction" rims,
finer-grained than the pelitic hornfels. Untwinned to poor-
ly twinned plagioclase (50 - 70 percent), hypersthene (10 -
20 percent), and poikiloblastic clinopyroxene (10 - 20
percent) make-up the mineral assemblages present in the

*reaction” rims (Figures 12 and 13).

Calc~-Silicate Pods

The calc-silicate pods in the Virginia Formation are
1ight gray to pink, fine~ to coarse-grained, granoblastic,
and show local development of poikiloblastic minerals.
There is a large variation in mineralogy in the pods (Tables
1 and 2). Of the minerals associated with high-grade meta-
morphism diopside is ubiquitous and wollastonite, plagic-
clase, grossular garnet, idocrase, and sphene are commcn.

Diopside (40 - 60 percent) forms pink to green anhedral
grains 2.5 ~ 2 mm across, with moderate interference colors,
a moderzte positive 2V, moderate relief, and inclined ex-
tinction (Figure 14), It is concentrated a:t the rims of

pods.,
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the other reactions involving plagioclase. An isothermal
section through this figure indicates that it is possible
that the assemblages without plagioclase (grossular-quartz-
wollastonite and calcite-grossular-quartz in Facies 1V and
V) could be isothermal with assemblages of Facies I, but
simply lower in sodium.

The occurrence of diopside in all calc-silicate pods,
and persistence of siiicate miherals throughout pods, sug-
gést a siliceous dolomitic protolith. The modal increase
of diopside at the pods' rims suggests diffusion of mag-

nesium into the pods from the pelitic hornfels and calcium

out.

Conditions of Sulfi‘~ F~-"acement

The occurrence of hydrous alteraticn, with hydrous
gangue minerals, and of sulfides replacing silicates indi-
cate that the sulfides in the calc-silicate pods, and sur-
rounding pelitic hornfels, were emplaced ty hydrothermal
replacement., From textural evidence (the primary metamor-
phic minerals are bveing replaced) this sulfide emplacement
is believed to have occurred after the mazin metamorphic
event. It should be emphasized that the bulk of sulfide
emplacement in the Minnamax Deposit is magmatic.

The paragenetic sequence of minerzlization in the peli-
tic hornfels appears to be early crystallization cf magne-
tite and ilmenite, formation of pyrrhotite, exsolution of
pentlandite, and later replacement of pyrrhotite by chaico-

pyrite. No exsoclved cubanite was seen in the samples studied.
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In calc=-silicate pcds, the sequence is crystallization of
magnetite and ilmenite, formation of chalcopyrite, and
exsolution of cubanite in chalcopyrite.

The minerals associated with the sulfides indicate
formation at temperatures lower than the ma jor metamorphism.
The most notable examples are grossularite and quartz
(Pigure 30), in place of plagioclase and woliastonite at
higher temperatures and calcite and quartz (Figure 27),
w#hich would form wollastonite and CC, at higher tempera-
tures (Figure 34).

The occurrence of laumontite can be used to determine
the upper temperature:limit of sulfides emplaced hydrotherm-
ally. Figure 36 (Liou, 1971) shows the stability field of
laumontite. Assuming the lithostatic pressure was approxi-
ma%ely 2 kiiobhars, the upper limit of laumontite is 350
degrees Celsius in the sodium-free system. No wairwakite
was found in the rocks. In additicn, cubanite exsolves in
chalcopyrite between 250 to 300 degrees Celsius (Ramdohr,
1969). Thus the maximum temperature during emplacement of
the sulfides and assoclated gangue minerals in the czlec-

silicate can be given from 250 to 350 degrees Celsius.

CONCT,USIONS

The Virginis Formation in the Minnamax Deposit con-
sists of pelitic hornfels that contains numerous calc-
silicate peds. Dark gray "reaction” rims surround all pods.

Metadiabase dikes cut the Virginia Formation., These rocks
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were metamorphosed to the pyroxene hornfels-facies and were
intensely deformed by the Duluth Complex. ILater hydro-
thermal replacement by sulfides occurred in the Virginia
Formation.

The pelitic hornfels was relatively low in aluminum
relative to calcium, iron, and magnesium forming piagio-
clase-hypersthene-cordierite with graphite. ZILocal occur-
rences of potassium produced biotite and orthoclase. The
protolith is believed to be a calcareous argillite.

Three types of calc-silicate pods are present:

(1) Homogenous types with a consistent mineralogy through-
out, (2) Layered types that show well developed layers of
diopside, and (32) Concentric types with two or more mineral
zones developed. The primary minerals are diopside, plagio-
clage, wollastonite, grossular garnet, idocrase, and sphene.
It is uncertain, based on petrographic data, whether scme
calcite or quartz is primary. Diffusion of magnesium into
the pods from the pelitic hernfels gave rise to high con-
centrations of diopside in the outer zones of the pods.

The pods are thought to have been siliceous dolomitic con-
cretions in the Virginia Formation. 1In addition, some pods
may be pieces of delemitic beds brought up from the top of
the Biwabik Ircn Formation by the Duluth Complex.

*Reaction” rims are intermediate in composition between
the pelitic hornfels and calc-silicate pods, consisting of
plagioclase, hypersthene, and poikiloblastic clinopyroxene.

These rims formed from diffusion of czlcium into the pelitic
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hornfels from the calc-silicate pods. This occurred after
the deformation as unbroken rims surrounding pods that are
broken or fractured.

Metadiabase dikes consist of labradorite, augite, hyper-
sthene, and minor apatite, and ilmenite-magnetite. A relict
ophitic texture is well developed., Relict plagioclase
phenocrysts are present as resorbed plagioclase.

Using a sodium-free model, the presence of wollastonite
and anorthite in the éalc—silicate pods would indicate a
minimum temperature of 600 degrees Celsius at 2 kilobars
pressure with a mole fraction of CO, in the vapor phase
being less than 0.25. Consideration of the albitic component
in the plagioclase would slightly lower this minimum temp-
erature, |

Sulfides, primarily pyrrhotite, chalcopyrite, pentland-
ite, and cubanite, and associated gangue minerals were em-
placed by hydrothermal replacement after the main metamor-
phic event. An upper limit of 350 degrees Celsius, based
| on the presence of laumontite, and a bottom limit ranging
from 250 to 300 degrees Celsius, based on exsolved cubanite
in chalcopyrite, can be given for temperatures of this

sulfide emplacement.
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