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INTRODUCTION TO THE REGIONAL COPPER-NICKEL STUDY

The Regional Copper-Nickel Environmental Impact Study is a comprechensive
examination of the potential cumulative environmental, social, and economic
impacts of copper-nickel mineral development in northeastern Minnesota.
This study is being conducted for the Minnesota Legislature and state
Executive Branch agenciles, under the direction of the Minnesota Environ-
mental Quality Board (MEQB) and with the funding, review, and concurrence
of the Legislative Commission on Minnesota Resources.

""A region along the surface contact of the Duluth Complex in St. Louis and

Lake counties in northeastern Minnesota contains a major domestic resource
of copper-nickel sulfide mineralization. This region has been explored by
several mineral resource development companies for more than twenty years,
and recently two firms, AMAX and International Nickel Company, have
considered commercial operations. These exploration and mine planning
activities indicate. the potential establishment of a new mining and pro-
cessing industry in Minnesota. In addition, these activities indicate the
need for a comprehensive environmental, social, and economic analysis by
the state in order to consider the cumulative regional implications of this

new industry and to provide adequate information for future state policy

review and development. In January, 1976, the MEQB organized and initiated

~the Regional Copper-Nickel Study.

The major objectives of the Regional Copper-Nickel Study are: 1) to

- characterize the region in its pre—copper-nickel development state; 2) to

identify and describe the probable technologies which may be used to exploit
the mirieral resource and to convert it into salable commodities; 3) to
identify and assess the impacts of primary copper-nickel development and
secondary regional. growth; &) to conceptualize alternative degrees of
regional copper-nickel development; and 5) to assess the cumulative
environmental, social, and economic impacts of such hypothetical develop-
ments. The Regional Study is a scientific information gathering and
analysis effort and will not present- subjective social judgements on
whether, where, when, or how copper-nickel development should or should

not proceed. In addition, the Study will not make or propose state policy

pertaining to copper-nickel development.

The Minnesota Environmental Quality Board is a state agency responsible for
the implementation of the Minnesota Environmental Policy Act and promotes
cooperation between state agencies on environmental matters. The Regional
Copper-Nickel Study is an ad hoc effort of the MEQB and future regulatory
and site specific environmental impact studies will most likely be the
responsibility of the Minnesota Department of Natural Resources and the

Minnesota Pollution Control Agency.



GEQLOGY OF THE REGIONAL COPPER-NICKEL STUDY AREA
I. INTRO™TTTION

A) General Statement

This report is designed to summarize and synthesize material concerning the
bedrock geology and‘sulfide mineralization of the Regional Copper—Nickel Study
Area (Study Area); specifically, the MDNR Minesite Area compiled by numerous
people in recent years. The reports range from Master's thesis to published
articles to varipus reports done by state agencies speeifically for the MEQB
Regional Copper-Nickel Study. The major gealogic work including field work,
petrographic analyses, and mineral COmposition in recent years have been donebﬁy
various personnel of the Minnesota Geological Survey and Department of Geology
and Geophysics at the Uﬁiversity'of Mipnesota. A resource_eétimate of the hature
aﬁd amounf of copper-nickel sulfide mineralization has been completed by the
Minnesota Department of Natural Resources. Numeroug other people and agen-cies
have been involved in varioﬁs aspects of the regional impact of mining on

northeastern Minnesota.

B) Location of Area and Scope of Study

The MDNR Cu—Ni Minesite Area is part of the Regional Cu-Ni Study Areé in
northeaséern Minnesota (Figure 1), covering over 1,300 sé km' (approximately 500
sq mi) and including most of the known copper-nickel mineralization that occurs
at or near the basal contact of the Duluth Complex. The bedrock geology consists
of Lower Precambrian metavolcanic, metasedimentary, and granitic rocks of the
western Vermilion district, Middle Precambrian metase~dimentary rocks, and

various mafic intrusive rocks assigned to the Upper Precambrian Duluth Complex

;
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(Figure 2). 1In general the MDNR Minesite Area is extensively forested by a
variety of coniferous trees such as pine and spruce as well as birch, aspen, and
various other deciduous trees. The topography can be described as gently rolling
with numerous northeast-southwest trending ridges separated by low swampy area.

Numerous lakes are found throughout the area.

This report attempts to summarize and synthesize geologic data and information
conce;ning the bedrock geology. Necessarily it will not cover in extensive
detail all of the detailed knowledge in an effort to provide an overall
understanding of the geology, and allAéhe geologic units described in the areé,
at tﬁe present time relate to one another and the general nature of the Cu-Ni
sulfide mineralization. Since the Minesite Area, as designated by the MDNR,
~contains most of the known Cu-Ni sulfide mineralization the more detailed por—
tions of this report are confined to that area. The‘more technical words used in
this report are defined in the glossary locatéd near the end of the report.
However, many of the names used in this report, such as Puckwunge and Kawishiwi,
are merely names assigned on the basis of a nearby geographic feature (i.e. the

Puckwunge Formation was named for Puckwunge Creek and Kawishiwi is derived from

the South Kawishiwi River).

\

C) Major Industries in the Area

The major industries in the Study Area are taconite mining, logging, and tourism.
Taconite mining, the major heavy industry, involves the processing of low grade
iron ore (approximately 20-30% Fe) intc pellets (approximately 60-65% Fe) for use
‘in steel making. Logging is also a major industry in the area pro-ducing several
tjpes of wood for various lumber products, ‘The third major industry in the area
is tourism with a wide range of both summer and wintgr activities. The Boundary

2
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Waters Canoe Area (BWCA) located, in part, in the northern and eastern parts of
the Study Area is a wilderness area preserved for canoeing, hiking, and other

nonmotorizea related activities.

Tﬁe presence of egtensivé Cu-Ni sulfide mineralization at the base of the Duluth
Complex creates the potential for another major industry in the area if mining of
the sulfides is economically feasible and permitted by the State of Minnesota.
Although the mineralization is extensive, it is very disseminated, which results
in a marginally economic to subeconomic deposit at the present time. As
technology develops for concentrating and extracting the metals and/or demand

increases the mineralization may become economic to mine.
II. REGIONAL GEOLOGY

A) General Statement

A fairly detailed summary'of the Precambrian geology of northeastern Minnesota is
presented in this report. A thorough understanding of the regionalkgeology is
needed to evaluate the geology of any single area. The Pleistocene geology of
the MDNR Minesite Area ié also presented., Glaciation has significantly affected

the region and influenced the development of many present day landforms.

The generalized stratigraphy and structure of the Lower Precambrian rocks of
northeastern Minnesota has been described by Goldich and others (1961), Morey and
others (1970),vand Sims (1976a and b). The Middle Precambrian rocks;ﬁave been
described by White (1954) and Morey (1965, 1969, 1973a and b). Generai
descriptions of the Late Precambrian rocks have been compiled by Halls (1966),
Craddock (1972c), Green (1972), and Weiblen and Morey (1975). The Pleistocene
history of the area has been studied by Wright (1972), Stark (1977), .and Olcott

3



and Siegel (1978) for the Regional Copper-Nickel Study group. The general chro-
nologic and strétrigraphic sequence of Precambrian rocksrin northeastern
Minnesota is suq%marized in Table 1, and a generalized map of the geology of
northeastern Minnes?ta is presented in Figure 2. Of thesg, the Lower and Middle
Precambrian rocks were deformed and metamorphosed to varying degrees by several
episodes of faulting and intrusion. The majority of the faults trend northeast

while a few trend in an east-west direction.

B) Early Precambrian Rocks

1) Metavolcanic and Metasedimentary Rocks

Metévolcanic and metasedimentary rocks occur extensively as a lineaf belt
extending from westvof Tower, Minneséta, to Saganaga Lake on the International
Boundary and then on eastwad iﬁto Ontario. The belt is termed the Warwa belt in
Canada while in Minnesota it is part of the Vermilion district (Sims 1972a). The
stratigraphic sequence of the Vermili§n éistriqt consists of four formations as
defined by Morey and others (1970) and Sims (1976b). The oldest formation is the
Ely Greenstone which consists domirantly of mafic volcanic rocks of basaltic and
basaltic andesite affinity. It comprises a complex accumulation of mainly
subaqueous volcanic lava flows and forms a volcanic pile that has been severely
distorted by polyphase deformation; metamorphism, and faulting (Hoopér and
Ojakangas 1971, Sims 1972a). 1Included as part of tﬁe Ely Greenstone is the
Soudan Iron Forma;ion. It is composed of several varieties of fine—grained
ferruginous chert which are intergradational (Sims 1972b). It is_intercolated

_ with the Lake Vermilion Formation Knife Lake group described below.

The Ely Greenstone is overlain by the Lake Vermilion Formation and the Knife Lake

Group. The Lake Vermilion Formation is found in the western part of the

4
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ERA PERIOD—SYSTEM

0.9 B.y.

Late .

Precambrian Keewenawan

1.7 B.y.

Middle

Precambrian Huronion

205 Boyo ______________
Timiskemian

(9 B.y‘) ——————————

Early

Precambrian Ontarian

MAJOR SEQUENCE

Oronto Group

North Shore

Volcanic Group

—— o o — ——— o

Animikie
Group

Knife Lake Group

Keewatin Group

FORMATION OROJENY

-Fond du Lac sandstone

Hinckley sandstone
Bayfield Group

Freda Sandstone -

Novesuck shale

Copper Harbor
Conglomerate

undivided'

Puckwunge Fm.

unconformity =----  --- Penokean
Virginia Fm=Rove Fm=Thomson Fm-
Biwabik Fe-Fm=Gunflint

Pokegama OQtzite=
uncomformity ----  --— Algoman

Newton Lake Fm.,
Knife Lake Group

--- Laurentian
Lake Vermilion Fm.

Soudan Iron-Formation
Ely Greenstone

»

maT e (,W»Jﬂc@/fﬁ‘bﬁm

———— e ——— e e P —

~

INTRUSIVE ROCKS

sills at Duluth
Beaver Bay Complex

=Duluth Complex-Melle

Logan Intrusives

Snowbank ?
Giants Range batholith
Vermilion massif

Saganaga tonalite




"‘. \.v\\\«:\a\h_..m.“m..

.
i
,_‘

N e A
. v\w\w\&%{wawtﬁ.

A i
: .. .

* H
I

oy u.. sw wé\um.w) : \SQYQ‘{SU..N

[

gl (IOS WO A Mo 7%y = :Qe::&ﬁ o
J\.;wvxvvaw\ —a \\E\W\QSSS Sy

..um..n,ceiv\w\v Qf

ptprg sy LD L

.?Q ?\t\.?iun Z\vw ' :
Q‘\g\.w

i o . : _&..\ J\;\«uw }s\b:\,\ A
M&\.ﬁ.ﬂhmﬁ\ FQ.\\\JX‘\V\» }J&EQ%\&\ - Seeme . ’lk‘s?{.\\h\ﬁuﬁ‘\w ‘Iltl.l.v Llll. gy .

1

v

L TR R ]

. #0219

FT e — — (A

e .
v e ST T ey :
&.«\Q.\u ‘(U H ﬁ...zu‘:u -3 &' NIX’)
7T y yor \

! i \ \ 1 ‘ - | . Vol :
; S i . v ' ~ " ) . ! : |
SRR K SEERREREEEE L N _
e s Y . e rpw o epbea - c~. eh G ot RS rm ey v
S qeadiun ,;.u o Unoag 1 iLbm Yy N
. i , . . *. 9 ) . m . * . \ . Qv.xé\“\ﬁ\ rat lﬂt.:.u:m
R ; : : .:9?..5& ea‘,H Qﬁsv:») : - .
I : . . T—bdh
. L " [ ¢ “ e -«f " . B P S . Vo
“ ‘ o4 o “" w b ‘ [ Coy n L . " . L ' _ R .
[ [N I I - R g
S _ _ i

RV Ry
. Sty Gowms S s >.%'ﬂ .W’

23..& EEEQ

: mojmintf i
iR

— .\&R Vi

.

5. ”. s Ty - L TE Qﬁ:e%&&Q\ !
WM;L..&\\NN, .A\%\mﬂ . w : \Ouﬁ;‘\a\\w | o | | 049
A ] = Tt s oy
, \n Sy gF SRIERD . .w , :
%%3%% SOETIC RS Yo My gy,
TR “ 0\35\, bop o o887 o vy
' : ; e $7G9 :
S . newwmw.%m\wmwawwuk\ &.q.% w:\SQX .
dnosg pprgh maé}q 2oy Pty A .
o . . , n“v ﬁ\ & Cm 0@%?“) \N\V.Qm\s\ﬂ\ — S —_— I .\v.mod\r[
WU\JA\N\ U\usv’:\*n\’” h&d@t@ | \\ib«*ﬂskﬂm \uof.ﬂzwnw b?i iv*n%W.. do..o-& 33 .
. : | . P2
TITEIETD AT REREIDENEE AU IR |
EESE R SR RN N R R R RS AT PR TR A




Vermilion district while the Knife Lake Group predominates in the eastern part
(Figure 2). Both units are characterized, in general, by a sequence of felsic
and intermediate volcaniclastic rocks at the base grading upward into volcanoge-
nic graywacke, graywacke, and slate (Morey and others 1970, Sims 1972c, Ojakangas
1972) . The Lake Vermilion Formation and Knife Lake Group are con-sidered, in
part, to be stratigraphically equivalent. They have been given difffereut names
because of the inability to trace the Knife Lake Group from the type locality

near Knife Lake to the Lake Vermilion area (Morey and others 1970).

Overlying the Knife Lake Grup in the vicinity of Ely is the Newton Lake Formation
which consists of subaqueou mafic and fqlsic vo}canic focks ranging from
kmatiites to dacites. Also present are interformational sediments, volca-
niclastic sediments, and various types of pyroclastic deposits (Sims 1972c,

Schulz 1977).

All of the volcanic and sedimentary rocks of the Vermilion district have been
metamorphosed in varying degreeé from greenschist facies to upper amphibolite
facies. The majority of the rocks are greenschist facies with amphibolite facies
becoming dominent near the 'granitic" intrusives in the area (Sims 1976a‘and b),
which will be discussed in the next section. The rocks, especially the Ely
Greenstone gnd Newton Lake Formation, are intruded by metadiabase (Sims 1972).

The Vermilion district in general has been subjected to polyphase deformation and

‘at least three periods of faulting.

v

2) Vermilion Massif, Giants Range Batholith, Related Rocks

Following deposition of the volcanic and sedimentary rocks large intrusions of
granitic material were emplaced during the Algoman orogeny from 2.75 to 2.5 b.y.
(Prince and Hanson 1972), The earliest of these intrusions was the Saganaga

5



tonalite which cut the Ely Greenstone and part of the Knife Lake Group. It pro-

vided clastic debris which was incorporéted into the uppermost part of the Knife

Lake Group (Sims 1972c).  Almost contemporaneous with but slightly later than the
Saganaga tonalite, the Vermilion massif and Giants Range batholith were emplaced.
These intrusions form the borders of the Vermilion district on-the north and

south, respectively.

The Vermilion massif consists largely of a sequence of granitic rocks with asso-
ciate& migmatites. The major rock types are quartz diorite, diorite, gran-
dodiorite, granite, and amphibolitic and biotitic migmatites (Southwick 1972).
The Giants Range batholith has béen dividéd into two major rock groups by Sims
(1976b). The western part consists of older granitic and tonalitic plutons that
in general trend N.55°E. The younger eastern part is comprised of monzonite
aﬁd quartz monzonite. Other major intrusive bodies in £h¢ region include the

Snowbank pluton which consists of monzonie and quartz monzonite similar to the

eastern part of the Giants Range batholith (Simé 1976a and b).

'C) Middle Precambrian

1) General Statement

Middle Precambrian rocks in the region are represented by a sequence of sedimen-
tary rocks. In northeastern Minnesota these rocks form the Mesabi Range while in
extreme northeastern Minnesota and Ontario they form the Gunflint Range (Figure

2).

2) Mesabi Range

The Mesabi Range, comprised of the Pokegoma Quartzite, Biwabik Iron Formation,

and the Virginia Formation, extends from southwest of Grand Rapids east—northeast

' 6



to Birch Lake near Babbitt. The general attitude of the rocks is N.55°-
650strike E.5°-2008;E. dip. Over much'of its extent it is underlain by the
Giants Range batholith although locally it is underlain by various types of Lower
Precambrian'metasedimentary and métavolcanic rocks of uncertain stratigraphic

position (Sims et al. 1970).

The Pokegama Quartzite forms a thin basal unit of feldspathic quartzite and
graywacke along with some quartzose argillite (Morey 1972). It is discon-

tinuously . exposed in the area and therefore is not shown on Figure 2.

The Biwabik Iron Formation is the best known of the Miédle Precambrian units
because of tﬁe extensive open—pit mining of taconite, a low grade iron ore con-
taining 25 to 30 percent iron which is used for making stéel.' The iron for-
mation has been divided infp four}members which are: 1) 1owef‘cherty; 2) lower
slaty; 3) upper cherty; and 4) upper slaty (White 1954). The general attitudé‘of
the iron formation is the same as that mentioned above for the entire Meéabi _
Range although it is modified locally by the preenée of folds and faults as
discussed below. The Biwabik Iron Formation has been extensively studied by a
number of people (Wolff 1917, Grumer 1946, White 1954, French 1968, Bonnichsen
1969a and 1975) and the reader is referred-fo these studies for more detailed

descriptions.

The Virginia Formation conformably overlies the Biwabik Iron Formation and has
the same géneral attitude. It extends over the same area but is inferred to
extend much further south under the glacial drift and is thought to be equiva-
lent to the Thomson Formation in east—central Minnesota (Morey 1973 a and b). It
is dominated by argillite, graywacke, and siltstone with subordinate amounts of
carbonaceous focks such as limestone, dolomite, and carf%onaceOus graywacke and

argillite (Morey 1972).



The Mesabi Range in general consists of a homocline that strikes east-northeast
and dips 59 to 200 southeast as noted above. Developed within this fra-

mework are a number of structural features; Most notable are a number of south-
westward plunging synclines and anticlines. These in;lude the Virginia syncline
and Eveleth Anticline which make up the Virginia horn (Morey 1972). The trends
of minor folds, however, is at right angles to the regional strike although a few
are nearly parallel to the strike (White 1954). Also present are a number of
faults}trending N.75°W. strike and N.20°W. dip and northeast which are more
prominent where the Mesabi range is underlain by Lower Precambrian metase-
diﬁentary and metavolcanic rocks (Morey 1972). 1In general, the folding and
faulting is not significant where the rocks are underlain by the Giants Range
batholith (White 1954). The major jointing directions in the Animikean rocks are
'N.10°E. strike, N.45°W. dip, and N.80°W. strike with N.75CE. dip being a

minor joint direction. The joints dip f:om.70° to vertical (White 1954).

The extreme eastern part of thé Mesabi Range (Figure 2) has been metamorphosed by
the in&rusion of the Duluth Complex which upgraded the iron formation from lower
greenschist facies to pyroxene hornfels facies (Bonnichsen 1969a). Preéumably
the Virginia Formation has undergone equivalent metamorphism but the effects of
metamorphism are less well known because the Duluth Complex-Virginia Formaticn
contact cannot always be defined accurately. 1In addition to the meta-morphism
the area appears to have undergone some kind of structural complica-tioms as the
striké abruptly changes from the regional value of N.559-65°E to N.300-

40°E, and the dip increases from 5°-20°S.E. to 209-70°S.E. Further

northeast, the Duluth Complex has effectively cut out all Animikean rocks
_although inclusions of hornfels and Biwabik-type iron formation are found

locally.



3) Gunflint Range

The Gunflint Range consists of the Kakabeka Quartzite, Gunflint Iron Formation
and the Rove Formation in.ascending stratigraphic order. These units have been
correlated with those present in the Mesabi Range described above and in general
the stratigraphy and structure are the same. The major exception is the pre-
sence of numerous dikes and sills in the Rove Formation. These are referred to
as the Logan Intrusions and are Middle to Late Precambrian in age (Weiblen and
otheré 1972b, Hanson and Malhotra 1971, Hansonv1975). Goodwin (1956) and Morey
(1967, 1969) have described the nature of the.Gunflint Iron Formation and Rove

Formation in detail.

D) Late Precambrian (Keweenawan)

1) General Statement

Late Precambrian (Keweenawan) rocks are exposed over much of northeastefn
Minnesota (Figure 2) and conéist of sediments;‘subaerial‘volcanic flows,
intraflow sediments, and mafic intrusive rocks assigned to the Duluth Complex.
The Keweenawan rocks in northeastern Minnesota have been divided into three units
thch are; 1) the Puckwunge Formation; 2) the North Shore Volcanic Group; and 3)

the Duluth Complex.

2) Puckwunge Formation

The Puckwunge Formation forms é thin (approximately 100 ft) basal uﬁit of
Keweenawan Se?ies. It is exposed north ovaovland (Figure 2) and consists of
dross—bedded-sandstone with a local occurrence of basal conglomerate., It strikes
east-west and dips gent1§ southward (Craddock 1972c). The Puckwunge Formation

disconformably overlies the Rove Formation and in turn is unconformably overlain
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by the North Shore Volcénic Group (Mattis 1972). West of Duluth in a similar
stratigraphic.juxtaposition, approximatélyﬁZS feet of quartzite and pebble
conglomerate are found underlying the lowermost exposed Keweenawan lava flow and
overlying the Middlg Precambrian Thomson Formation. However, these sediments are
beliéved to represent interflow sediments on basis of a nearby well log (Mattis

1972).

3) North. Shore Volcanic Group

The NorthVShore Volcani¢ Group is exposed in an aréuate pattern from Duluth to
Gr;nd Portage, a distance of 240 km. It generally consists of subaerial lava
flows and interflow sedimentary rocks reaching a thickness of 7.5 to 9 km (White
1966, Green 1972). The flows have been dated at 1.1-1.2 b.y. by‘Rb~Sr dating
(faure‘and others 1969). The lava flows are underlain by the Middle Precambrién
Thomson and Rove Formations near Duluth and Grand Portage, respectivély. The
North Shore Volcanic Group overlies the Duluth Complex and related intrusive

rocks, some of which intrude the lava flows.

The volcanic rocks have been divided into two groups on the basis of paleomagne-
‘tic character. The lower unit is méde up of flows with reverséd paleomagnetism
while the.majority of the lava flows aré assigned‘to the upper, normally magne~
tized group (Green 1972). The structural attitude of the volcanic rocks changes
from near north-south strike with gentle (159) easterly dip near Duluth to near
east-wést strike with a 159 south dip ﬁear Grand Portage. The recogni-tion of
subtle changes in the attitudes of the flows has defined two large basins of lavé
accumulation. A southern basin extending from Duluth to northeast of Tofte and a
northern basin from near Lutsen to Grand Portage (Figure 2). Although the flows
now dip toward Lake Superior the original direc-tion of lava movement was away
from the lake (Green 1972).

10



The North Shore Volcanic Group resembles plateau lava sequences such as the
Columbia River Platéau, Deccan Traps of India, and the Tertiary flows of eastern
Iceland “~ ~ccurrence and/or chemistry. The iava flows consist mainly of several
varieties of olivine basalt, quartz tholeiite; andesite, trachyandesite, and
various felsites. Although individual flows have been traced for up to 32 km
along strike, the lateral continuity of many flows cannot be established due to

'

poor exposure (Green 1972).

4) Duluth Complex

a) General Statement

The Duluth Compléx is a long arcuate mafic‘intrusion of Keweenawan age. It has
been dated at approximately 1.1 to 1.2 b.y. (SilverAand Green 1963, Faure and
others 1969). The Duluth Complex extends from Duluth on the south, north-
northeast toward Ely and then east-northeast to a point near Hovland (Figure 2).
It presents a gross dish shape with a gentle dip of 10°-30° to the east,
southeast, and south as one progresses from Duluth to Ely tb Hovland. The Duluth
Complex has been subdivided into three gross units on the basis of mineralogy and
textue by nearly all who have worked in the area (Grout 1918a through e, Taylor
1964, Green and others 1966, Phinney 1969, Nathan 1969, Weiblen and others 1972a,
Bonnichsen 1972a and b, Davidson 1972). The three units are the anorthositic
series, the troctolitic series, and the felsic series or.granoﬁhyres (Wéiblen and

Morey 1975).

b) Anorthositic Series

The anorthositic series consists of rocks which have greater than 80 percent
plagioclase with olivine, augite, and various oxide minerals occurring intersti-
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tially to the tabular plagioclase crystals (Phinney 1969, Davidson 1969, Weiblen
and Morey 1975). Plagioclase is usually the only cumulate mineral wih the
interstitial minerals being intercumulus (forming from melt trapped in the pla-
gioclase framework (Jackson 1967, 1971). The anorthositic rocks occupy the
central portion of the Duluth Complex bounded on the west and north by rocks of
the troctolitic series and on the east and south by the troctolitic series,
felsic series, and locally the North Shore Volcanic Group (Figure 2). The
strongest evidence for the anorthositic series rocks being a separate, eérly
event is fouqd in the Duluth area where Taylor (1964) described several expo-
sures which exhibited anorthositic series rocks crosscut by rocks of the troc-
tolitic series. In the same area are several exposures of the North Shore

Volcanic Group crosscut by the anorthositic series. When plotted on the mafic

"rock diagram (Figure 3) of Phinney (1972a) most of the anorthositic series rocks

plot as anorthositic gabbro, gabbroic anorthosite or anorthosite.

Nathan (1969) described a sequence of layered rocks consisting primarilykoﬁ
troctolite, gabbro, oxide gabbro, and norite. On the basis of crosscutting
relationéhips, miﬁeralogy, bulk chemistry; and reversed polarity these rocks have
been correlated with the reversed flows of the North Shore Volcanic Group and are
therefore thought to predate the rest of the anorthositic series which is

normally magnetized (Weiblen and Morey 1975).

¢) Troctolitic Series

“As described 'above, the troctolitic series bounds the anorthositic series on all

sides except for a few places where anorthositic rocks are in contact with felsic
rocks, the North Shore Volcanic Group or Early Precambrian rocks. The
troctolitic rocks are made up of plagiociase, olivine, pyroxenes, and oxide

12
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minerals. Plagioclase is the predominant mineral making up 50-80 percent of the
rocks with olivine the second most abundant mineral making up 10-40 percent.
Locally the percentage of olivine increases or decreases so that the rock is a
pacite or anorthosite, respectively. Using the rock classification diagram
(Figuré 3) Suggested'by Phinney (1972a) most of the troctolitic rocks plot as
troctolitié aﬁorthosite, anorthositic troctolite or troctolite. Olivine is com-
monly cogenetic to slightly later than the plagioclase while pyroxene (clino-and
ortho-) and oxide minerals are usually intercumulus (Bonnichsen 1969b and 1972a,

Davidson 1969 and 1972, Weiblen and Morey 1975).

A\l

Gabbroic focks (Figure 3) are not prominent in the Duluth Complex and occur in
réstricted areas. One major occurrence of gabbroic rocks is in the Bald Eagle
-Intrusion whicﬁ is a funnel shaped intrusion with a core of gabbro and an outer
rim of troctolite (Weiblen 1965)(Figure 2). Olivine gabbrb and gébbré have been
reéorted'by Da§idéon (1969, 1972) asbunderlying parts of the eastern Duluth

‘Complex (Figure 2).

d) Felsic Series

Felsic rocks are scattered throughout the eastern part of the Duiuth Complex
(Figure 2). They include granodiorite, ferrogranodiorite, adamellite, syeno-
diorite, granite, and granophyre (Taylor 1964, Davidson 1969). These~rocks have
gradationél to sharp contacts with rocks of the anorthositic and troctolitic
series. They vary from Being clearly intrusive into the older rocks to ha;ing an
ambiguous relatioﬁship to other units of the Duluth Complex (Taylor 1964,
Davidson 1972, Weiblen and Morey 1975). Weiblen and Morey (1975) interpret all
of the felsic rocks as being genetically related to the anorthositic series and
the résult of differentiation of a single low-alumina magma while the troc-
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tolitic series is accounted for by a second high-alumina magma that was tapped

i il e

periodically.

i i SRR

e) General Structure of the Duluth Complex

| The overall structure of the Duluth Complex is that of a dish-shaped structure

that dips gently to the east and south. This uncomplicated picture persisted

from the early work by Elftman (1898) and Grout (1918) until the past few yearé.
Sims (1973) noticed several apparent offsets of the basal contact of the Duluth
Complex ﬁear Ely and inferred that faults may be present. Nathan (1969) mapped
one northwest trending fault on the basis of offset units aﬁd suggested that
several others may be present. Davidson (1969)‘noted the presence of several
strong topographic lineaments and suggested that they might be caused by frac-
ture zones. Stevenson (1974) mapped several north—noftheast trending féults in a
small olivine gabbro intrusion (Sonju Lake Intrusion) near Finland, Minnesota,
that forms part of the Beaver Bay Complex. Beyond these scattered occurrences

there has been no substantial documentation of extensive faulting in the Duluth

Complex.

Weiblen and Morey (1975) suggest that faulting may be much more extensive than
previous mapping indicates and proposed a model for the intrusion of the Duluth
Complex based on extensive faulting aséociated wi?h a rifting environment. They
also stressed the multiple intrusive nature of the'Dulpth Complex. Beyond this
no data on the structural natire of the Duluth Complex has been collected except
for foliationm and modal layering data collected in the.field and even this data

has not been analyzed in detail for possible structural implications.

E) Pleistocene Geology

14
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The following summary of the Pleistocene geology is confined mainly to part of
the MDNR Minesite area (Figure 4) and is taken 1afge1y from Stark (1977) and in
part from Wright (1972>T The earliest evidence of glaciation in the area is a
dark brown, calcareous till identified by Stark (1977) in the Dunka pit of Erie
Mining Company. It lies directly atop the Biwabik Iron Formation and is overlain
by glacioflﬁvial sediments and boﬁldery till associatea with later gl%fciation.
Stark (1977) suggests that this till may be correlative with a basal till |
identified by Winter and other; (1973) further west and have an age of more than

35,000 years B.P. They suggest a northwesterly source for the till.

The first major glaciation in the area is represented by the St. Croix phase of
the Rainy and Superior lobes during Wisconsin time (20,000 years B.P.). This

major advance deposited a thick mantle of glacial materials and produced the

- Toimi drumlin field which dominates the southern part of the area (Figure 4).

The overall trend of glacial movement is S.459W. as determined from the long

axes of the drumlines (Wright 1972). The St. Croix phase reached its terminus in
central and east-central Minnesota with the deposition of the St. Croix moraine
(Stark 1977). A sample of the till from near Toimi, Minnesota is described by
Stark (1977) as being red and sandy with pebbles indicative of a source to the

northeast in the Lake Superior basin.

Following wastage of the St. Croix phase glaciation the Rainy and Superiér lobes
again advanced into the Hoyt Lakes-Kawishiwi area producing the final glaciél
deposits. This advance has beenktermed the Automba phase by Wright (1972). The
Rainy lobe advanced from the north-northeast as determined from glacial
striations and "rock drumline" trends and formed a series of thrée moraines
(Stark 1977). At its terminﬁs the Réiny lobe was intercepted by a sublobe of the
Superior lobe advancing out of the Lake Superior basin (Figure 4). The Superior

15



EXPLANATION

Moraine ~southern !
boundary

Glacial laoke

Meltwater flow of
Superior sublobe

« LI
.
\\ . - -

r - ——

TS e 2

Toimi Drumlin Field

Rainy lobe Ice Scoured Plain

= 7}6/,0,‘
af y //
o."""..“‘- . = /.® - -
‘o, ...-t‘i‘?ﬁb;“ ///0 Dl k)Suvnrmr
- /;/Ofalﬂe ./' — ‘é/ \ '°°'°°‘
Glacial Lake Norwo?_g : ~ = ‘l' ~s uo,a,,,.
™ ’ v .: o o“
~ { Glacial / "

.
‘e

Loore'

'd
’
-

.Ely

Lake // // /

Dunka : // e

!
I
[
\
\
N\
N
AN
N\

Va
’ /
y,
o/
L’ lToimi Drumlin Field

0 5 1OM.
[N 1 3
0 5 10 i5 Km.

Toimig




sublobe appears to have advanced into the area slightly before the Rainy lobe
based on the contortion of the two southernmost moraines of the Rainy lobe around

the Superior sublobe moraines (Stark 1977)(Figure 4).

The Rainy lébe deposited a basal bouldery till with the majority of the pebbles
being derived from the Duluth Complex, and Giants Range batholith and related
granitic rocks., Minor amounts of volcanoclastic, metasedimentary, iron-formation
and greenstone pebbles are also present. A red, sandy till is associated with
the Sﬁperior sublobe in the érea. It is identified mainly b} the red color and
pebbles of the North Shore Volcanic Group and the Dulugh Complex along with minor

amounts of red sandstone, diabase, metasedimentary, greenstone, and granite

pebbles (Stark 1977).

As the Rainy lobe wasted to its second moraine glacial outwash from the Superior
sublobe was deposited on the fifst moraine. With continued wastage the Rainy.
lobe retreated to the third moraine or as it is more commonly known, the
Vermilion moraine. During and'following this wastage outwash from the Superior
sublobe moved westwgrd along the front of the Vermilion moraine and formed gla-
- ¢ial lakes Dunka and Norwood which were filled with glaciofluvial sands and gra-
vels. North of the Vermilion moraine, the Rainy lobe produced an ice scoured
plain characterized by thin drift and elongate bedrock ridges in areas underlain

by the Duluth Complex (Stark 1977).

In summary, the area can be divided into three areas (Figure 4) based on the
surficial geology; A northern area which is an ice scoured plain and is charac-
terized by a thin and discontinuous mantle of Eill. ‘This is also the area in
ghich almost all of the dutcr0ps of the Du;uth Complex are found. A second
;entral area extending from Hoyt Lakes east-northeast across the entire region
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and characterized by extensive moraines and glaciofluvial sediments. The third
area comprises the éouthern'part of the area and is dominated by the Toimi
drumlin f°-"1, associated glacial deposits, and a thick mantle of glacial
materials. In the last two areas only rare and isolated exposures of the Duluth

Complex have been found.
III. GEOLOGY OF THE STUDY AREA

A) Giants Range Batholith

The Giants Range batholith underlies much of the northwestern part of the Study
Area. It is composed mainly of monzonite and quarté m;nzonite (a rock similar to
granite but with roughly equal proportions of plagioclase and potassium
feldspar). Hornblende is the major>mafic(mineral present while biotite is pre-
sent in minor amounts. The Duluth Complex overlies the Giants Range batholith in
the norfheastern ﬁért of the Study Area, while in thé southwestern part of the
area éedimentary rocks of the Mesabi Range overlie the baﬁholith, The Giants
Range is unmineralized except locally near the contact with the Duluth Complex.
This mineralization will be discussed in conjunction with the Duluth Complex in a

later section.

B) Middle Precambrian Metasedimentary Rocks

The Middle Precambrian rocks consist mainly of the Biwabik Iron Formation and
Virginia Formation. In the Study Area they comprise the extreme eastern end of

the Mesabi Range.

The Biwabik Iron Formation has been divided into four members by White (1954).
These include: 1) lower cherty; 2) lower slaty; 3) upper cherty; and 4) upper
slaty. The unit has been and is extensively mined for taconite by several mining
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companies. The Biwabik Iron Formation is underlain by the Pokegama Quartzite, a
thin basal élasticAunit, which is present sporadically in the eastern Mesabi
Range. The iron formation has been metamorphosed to pyroxene hornfels facies by
the Duluth Complex (Bonnichsen 1975). The degree of meta-morphism decreases away
from the contact until it is essentially unaltered at a distance of ten miles
(French 1968). Figure 5 (after French 1968) shows the mineralogy and zomes of

degreasing metamorphism as a function of distance from the contact.

Thg irén formation in general consists of fine grained, finely laminated taco-
nite (slaty members) and massive granular ferruginous chert (cherty members).
Mineralogically, the unmetamorphosed parts of the iron formation consist mainly
of quartz, magnetite, hematite, iron carbonafes, and iron silicates (French 1968,
Bonnichsen 1975). Closer to the contact with the Duluth Complex the mineralogy'
of the ir@n formation was changed due to ghe intrusion of the Duluth Complex.
The increased temperaturés caused by intrusion of the Duluth Complex producea
alteration of the primary minerals to new minerals which were more stable at the
higher temperatures. These new minerals include olivine, ortho-pyroxene,

clinopyroxene, amphibole, as well as other less abundant minerals.

The environment of deposition for the iron formation was a shallow sea which was
present in the area during the Middle frecambrian. The sediments were chemi-
cally deposited in conditions that ranged from a very quiet water to an aitated,
weli—aerated environment (Bonnichsgn 1975). The deposition of these iron-rich
sediments was terminated by the omnset of élastic sedimentation which reéulted in

the Virginia Formation described below.

The Biwabik Iron Formation is extensively mined for taconite.  The term
"taconite" refers to rocks, usually iron formations, which contain 20 to 30 per-
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cent iron. The taconite is mined by several mining companies on the Mesabi
Range. The major cbmpanies in the Study Area are Reserve Miring and Erie Mining
Company. .. iron formation has been cut out by the intrusiom of the Duluth

Complex to the southeast and east.

The Virginia Formation comformably overlies the Biwabik Iron Formation and con-
sists of interlayered argillite, siltstoné, graywacke, quart sandstone, and car-
bonate rocks (White 1954, Morey 1972). 1It represents a period of clastic
sedimentation in a deepwater, reducing environment which followed the chemical
sédimentation of the Biwabik Iron Formation. Mineralogically the unmeta-
morphosed Virgiqia Formation is made up of quartz plagioclase, and migrocline
with chlorite, muscoui;e, quartz, and plagioclase and opaque minerals making up
the finer-grained fraction (Morey 1972). The unit appears to thin from west to

east across the area until it is cut out by the intrusion of the Duluth Complex.

'

The Virginia Formation has been metamorphosed by the Duluth Complex to a horn-
fels with cordierite, biotite, and feldspar. Pyrrhotite, graphite, and ortho-
pyoxene are minor constituents with ilmenite, chalcopyrite, quartz, and other

metamorphic minerals occurring locally (Bonnichsen 1975).

C) Duluth Complex

The Duluth Complex can be divided into two major rock series. These are an older
anorthositic and felsic series and a younger troctolitic-gabbroic series (Weiblen
and Morey 1975). Also included with the discussion of the Duluth Complex are

inclusions which are found along and near the basal contact.

1) Inclusions
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Metamorphosed inclusions found in the Duluth Complex are considered here to be of
Late Preéambrian age regardiess of the original age of the rocg. ﬁetamorphosed
inclusions are found along the entire basal contact of the Duluth Complex area in
the south to the area of the North Kawishiwi River in the BWCA on the north.

They consist of metvolcanic and metasedimentéry rocks. For thé purposes of the
geologic méf (Figure 6) thesé rocks were collecfively designated as hornfels
undivided (h) because it is difficult to determine the original parentage of
these rocks in the field. Thé Biwabik—-type iron formation inclu-sions were
eaéily identified because their very distinctive quartz-magnetite-iron silicate
mineralogy and their characteristic bedding have been preserved. Because of
their small size they are not designated on the éccompanying map (Figure 6). The
size of the metavolcanic and metasedimentary inclusioﬁs varies from a few

centimeters in diameter to bodies nearly 1000 meters across.

Metav&léanic hornféls iﬁ géneral consist, in decreasing abundance, of pla-
gioclase, augite, oliviﬁe, inverted pigeonite, hypérstne, and opaque oxides.

They ére generally fine-grained and display a granoblastic texture. Based on
their miﬁeralogy and relict flow textures, Tyson (1976) concluded_that the four
occurrences of hornfels bodies in the Babbitt-Hoyt Lakes area that he examined
were metamorphosed basalts originally part of the Worth Shore Volcanic Group.
Metésedimentary inclusions are usually characterized by an assemblage of 60 to 80
percent plagioclase with varying amounts of hyperstene, cordierite, augite,

biotite, and/or chlorite (Renner 1969, Fukui 1976).

The bulk of'the hornfels inclusions mapped along the basal contacg of the Duluth
Complex in the Hoyt Lakes-Kawishiwi area are probably of metasedimentary origin.
They most likely represent inclusions of Viginia Formation that forms the foot-

wall in the Babbitt-Hoyt lakes area. They are characterized b& locally recogni-
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zable bedding which is reflected by a planar distribution of plagioclase and
mafic minerals. The métamorphic grade varies from lower greenschist to pyroxene
hornfels facies containing cordierite (Reuner 1969, Bonnichsen 1972a). Some of
the hornfels found near the South Kawishiwi River are similar to the measedimen-
tary variety found in the Babbitt-Hoyt Lakes area although no footwall of
Virginia Formation is preseﬁt. These inclusions may.represent a thin unit of
Virginia Formation that has been completefy disrupted and caught up in the Duluth
Complex. In the Kawishiwi area a unit informally referred to as the Spruce
breccia (Wager et al. 1969) contains greater than 30 percent hornfels inclusionms,
. Most of these repreéent metasedimentary rocks. The Spruce breccia has been found
in the cntact zone from Birch Lake to Filson Creek in Sec. 19, T.62N., R.10W. and

has been encountered extensively in drill core.

.Biwabik-type iron-formation inclusions are found throughout the Hoyt Lakes-

Kawishiwi area in the.contact zone. The inclusions vary in size from less than a
BN

meter in diameter to one hundred or more meters across. They have retained the

characteristic bedding of iron-formation. Quartz and magnetite are reéognizable

in hand specimens, but chéracterizaﬁion of the iron-silicate mineralogy has not

been made. The largest inclusions occur some distance from.;he contact zone in

Sec. 30, T.62N., R.10W. near Omaday Lake where a large (700 X 100 meters)

inclusion of metairon-formation is bounded on the south and east by a larger body

of hornfels of uncertain origin.

Some hornfelsic rocks of the contact zone in the Kawishiwi area appear to be
recrystallized fiﬁe—grained troctolité or gabbro based on preliminary
petrographic examination. This is particularly true of part of the iarge horn-
fels body located in Secs. 29 and 30, T.62N.,-R.10w.-between Omaday and Nickel

lakes. Hornfels in units of this type could represent chilled marginal rocks of
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early troctolitic-gabbroic intrusions which have been included in later

intrusions.

Small meter-sized hornfels inclusions have been found at scattered localities
throughout the entire area, some as far as 0.6 km from the basal contact. The

origin of these ineclusions is not known.

Granitic inclusions probably derived from the Giants Range batholith have been
described from drill core (Bonnichsen 1974) but none have been found at the pre-

sent erosional surface.

2) Anorthositic Series Rocks

In this report, peridotite and felsic rocks have been included in the anorthosi-
tic rock series following the petrogenetic and stratigraphic interpretation of

Weiblen and Morey (1975).

a) Peridotitic and Noritic Rocks

Peridotite and noritic rocks are found locally in the Hoyt Lakes-Kawishiwi area.
The best expoures of norite are those on Gabbro Lake in Secs. 9 and 16, T.62N.,
R.10W. They consist of approximate1y>65 percent plagioclase (An35_46) and 24
percent hyperstene with augite, opaques, and biotite present in minor amounts
(Phinney 1969). The norite at these localities cuts other rocks of the anortho-
sitic series. Norites have aléo.been described from driil core in the basal
coﬁtacg zone of the troctolitic series-rocks, but these are probably related to

the troctolitic-gabbroic rather than to the anorthositic series,

Small meter-sized masses of pyroxene-oxide-olivine peridotite have been found

locally in the Study Area in the troctolitic series rocks (Weiblen and Cooper
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1977). The exact relationship (intrusive or included) of these occurrences of
peridotite and the norite described above to the troctolitic-gabbroic series or

anorthositic series rocks is not clear from the exposures.

Larger voluﬁes of peridotite have beeﬁ intersected in drill core south of Hoyt
Lakes near the basal contact of the'Dulutthomplex. This occurrence has been
referred to as the Water Hen Intrusion (Bonnichsen 1972a; Mainwaring 1975;
Mainwaring and Naldrett 1977). It consists mainly of a layered sequence of
“dunite, peridotite and troctolite., The relationship of the Water Hen Intrusicﬁ
to the troctolitic-gabbroic or anorthositic series is obscure although P.W.
Weiblen has suggested that it may be a larger eiample of the minor perifdoite
exposed at Bardons Peak south of Duluth and postulated to be genetically related
to the anorthositic series rocks by an original low-alumina magma coq/fosition

(Weiblen and Morey 1975).

b) Gabbroic Anorthosite and Anorthositic Gabbro (aga, ago, agu)

Anorthositic rocks are the most common rock type in the anorthositic rock series
in the region. They have been divided into three units on the basis of texture

and composition.

Gabbroic anorthosite (aga) was defined by Phinney (1969) and coutains an average
of 87 percent plagioclase (An58_70), 6 percent hypersthene, and 3 percent

augite as the principal minerals. The only exposures of the unit are near and
n&rtheast of Gabbéo Lake. It has not been identified elsewhere in the région.

.

Anorthositic gabbro (ago) is.characterized by clusters of oikocrysts of olivine,
pyroxene, and/or oxide minerals and has been identified in the Gabbro lLake and
Omaday Lake areas. Clusters of dark mafic minerals in grey plagioclase give this
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rock a distinctive texture which is esily recognized in the field. The
petrologic origin éf Ehe clusters'is not well understood, but may be dué £0 the
crystallization of trapped intergtitial magma after plagioclase had already
crystallizgd. The clusters, or oikocrysts) vary in diaﬁeter from 5 to 50 mm, but
most are 5 to 20 mm in diameter. The groups of single mafic wineral grains are
refer;ed to as clusters, and optically continuOus'crystals are called oikocrysts.
Unfortunately, i; is commonly very difficult or impossible to determine in the
field whether the groups of mafic minerals are clusters or oikocrysts. In field

descriptions, the term cluster has been used in ambiguous cases (Beltrame 1975).

o

The age relationship of gabbroic anorthosite to anorthositic gabbro (aga, ago) is
unknown, although Phinney (1969) suggested that the former may be older on the

basis of an antiformal feature he mapped north of Gabbro Lake.

Anorthositic gabbro undivided (agu) forms the majority of the andérthositic series
rocks exposed in the Hoyt Lakes-Kawishiwi area. The average range in composition
is 75 to 88 percent plagidclase (An55-g85), 3 to 8 percent olivine (FO54-g5),

and 4 to 23 perceht clino- and orthopyfoxene. Oxide minerals and biotite are
minor constituents (Phinney 1969, Beltrame 1975). Plagioclase is usually the

only cumulus mineral with all other minerals being interstitial.,

Reconnaissance (1:1000) mapping of an area in the middle of a large area of-this
unit disclosed that the area could be further subdivided with detailed mapping.
The énorthositic troctolite present in this area is very similar to some of the
troctolitic series rocks present.further to the west in the South Kawish;wi
intrusion described below. This indicateérthat the agu bedy may, in fact, be
broken in places by troctolitic series rocks. It also.indicates the need for
further mapping in this area as other instances of troctolitic-appearing rocks in
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this area have been noted (Weiblen and Cooper 1977, BReltrame 1974). 1In the
Babbitt S.E. quadréngle, south of the southern limit of exposures, anorthositic
gabbro undivided (agu) has been inferred on the basis of aeromagnetic data to

overlie troctolitic-gabbroic rocks” (Bath et ai. 1965, USGS 1969).

c¢) Felsic Series

Granophyre associated'with the anorthositic series rocks is rafe in the Hoyt
Lakes-Kawishiwi area. Granophyre has ben found as dikes such as granophyric dike
15 to 20 cm wide which cuts anorthositic gabbro (agu). This occurrence is close
(less than 100 meters) to a contact between anorthositic gabbro (agu) and
troctolitié—gabbroic series rocks (tpg). Some sﬁéll granophyric dikés have also
been found that are associated with a hornféls inclusion exposed along the Erie
Mining Company railroad (Bonnichsen 1970). These occurrences of-granoph§re con-
sist of both fine-grained massive red rock and coarsér-grained‘quartz—feldsparA
rocks which appear white to yellow in outcrop. These occurrences of gramophyric

rocks are now shown (Figure 6) because of their small (less than ! meter) size.

3) Troctolitic-Gabbroic Series Rocks

a) Mixed Troctolite and Anorthositic Rocks of Uncertain Origin

In several places in the Hoyt Lakes-Kawishiwi area isolated exposures of mixed
froctolitic and anorthositic rocks are found. In the Kangas Bay quad%angle
several elongate bodies have been found. They consist of a variable mixture/of
troctolite and thé anorthositic gabbro unit (ago) described above (Phinney 1967).
Other exposures of these rocks define a 0.5 sq km plug-shaped body. These rocks
ha&e irregular layering and variable textural relations similar to beth the
anorthositic series rocks and the troctolitic rocks described below (Phinney
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1969). The origin of these mixed zones is not known, although Phinney (1969)
suggested that they might represent an intrusive contact zone of the troctolitic

rocks in anorthositic rocks.

Southwest 6f August Lake isolated exposures of flow-textured troctolite are
surrounded by isolated exposufes of anorthositicArocks. These were interpreted
by Phinney (1969) to represent possible dike or sill-like extensions of the Bald
Eagle intrusion into anorthositic rocks. On the accompanying map (Figure 6)
these exposures have been interpreted to represent a northeast trending contact

between troctolitic (tt) and anorthositic {agu) rocks.

b) Troctolitic and/or Gabbroic Rocks Undivided

A line has been drawn on the acgompanying'map (Figure 6) to separate the area of
extensive .exposures of the Duluth Complex from the area in the southern part of
the map where exposurés are rare due to a thick mantle of Pleistocene glacial
material. All of the known troctolitic exposures in this area have been
designated with the notation (tu), and no attempt was made to relate any of the
exposures to the units mapped further north. On the basis of interpretations of
aeromagqetic maps (Bath et al. 1965, Meuschke et al. 1963, USGS 1969) troc-

“ tolitic rocks are inferred to underlie part of this largely covered area.

¢) South Kawishiwi Intrusion

The South Kawishiwi intrusion was informally named by Green, Phinney, and Weiblen
(1966) to designate troctolitic-gabbroic rock exposed in the Gabbro Lake
quadranglef The areal extent of this iﬁtrusioﬁ has been considerably expanded
here. It has been subdivided into five units: 1) a contact zone of troctolite

with sulfide mineralization {tcz); 2) a contact zone of gabbro with sparse
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sulfide mineralization (tg); 3) troctolite (tt); 4) anorthosite (ta); end 5)

troctolite with less than five percent augite (tap).

4The contact’zone of troctolitic rocks (tcz) in the Kawishiwi area is 0.5 to 1 km
wide and extends from the north side of Birch>Lake on the southwest to a point
ﬂear the BWCA béundary on the northeast where it appears to‘end due to faulting.
If is characterized by sulfide mineralization and extreme heterogeneity of rock
types. The various rock types include dunite, picrite, troctolite, anorthositic
troctoiite, troctolitic anorthosite, norite, gabbro pegmatite, and gabbro. The
various rock types fange in grain size from fine-grained to pegmatite with many
of the'fine—grained rock types appearing to be recrystallized. Various types of
hornfels and Biwabik~type iron formation commonly occur as inclusions in this
unit. These inclusions were described in earlier section. Also present as
inqlusions in and near thé contact.zone are small (one meter to tenms of meters)
bodies of anorthositic.series rocks. Miﬁeralogic layering and foliation is

extremely irregular in the contact zone with no systematic distribution apparent

at the surface. : \

Gosan is fairly common in the contact zone and is indicaﬁive of sulfide minera-
lization, The sulfide minerals most commonly present are pyhrrhoti;e, chalco-
pyrite, cubanite, and pentlandite. Minor sulfide phases include bornite,
sphalerite and pyrite as well as other sulfide minerals present in only trace
amounts. For a more complete discussion of the nature of sulfide minéralization

the reader is referred to Bonnichsen (1972b) and Weiblen and Morey (1976). The

mineralization will also be discussed in more detail in a later section.

Based on the results 'of all mapping in the contact zone, the mineralization is
apparently not restricted to any single rock type or to specific localities. Tt
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has been found sporadically along the entire area of the exposed part of the
contact ione, and the surface expression is usﬁally brown~stained, pitted rock
(gossan). .he stained and pitted appearance of the gossan is a result of oxida-

tion and solution of sulfide minerals.

Bonnichsen (1970) has mapped a unit of gabbro (tg) along the base of the Duluth
Coﬁplex south of Birch Lake. It consists.of fine— to medium-grained gabeo,
norite and troctolite, with variable quantitis of olivine and oxide minerals.
Hornfels inclusions are common throughout the unit and are especially abundant in
the subsurface (Bonnichsen 1972a and 1974). The unit ?ontains sparse sulfide
minéralization, but its exact relationship to the tcz unit is unknown. The

southwest extension of the tg unit is unknown because of a paucity of exposures.

Troctolite (tt) is the most extensively exposed unit of the South Kawishiwi
intrusion. It is bounded on the east and northest by'the anorthositic rock
series and the Bald Eagle intrusion. On the southwest it is inferred to be in
fauléocontact with the Partridge River troctolite. The southern boundary is
unknown because of lack of exposures but is inferred to be in part rocks of the
.anorthositic series on the basis of aeromagnetic interpretation. The troctolite
is a rather uniform unit in terms of rock types and texture although both vary
with distance from and along the stratigraphic contact with the contact units (tg
and tcz). Parallel to the contact zone a band of troctolite 4 to 5 km wide can
be distinguished from the troctolite found further to the southeast. Near the
contact, inclusions of the anorthositic series rocks (agu) gnd hornfels (h) are
relatively abundant in the troctolite. Whether the anorthositic bodies represent
a single sheet(s) or are just isclated remnants of the anorthositic series ocks
caught up in troctolitic magma is not clear from the present evi-dence. The
»tfoctolite host rock has an average.compositional range of 65 to 85 percent
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plagioclase (An57-60), 8 to 30 percent olivine (Fogp-55), and minor amounts

of pyroxene (1l to 6 percent), oxides (1l to 8 percent), and | to 3 per-cent
biotite (Phinney 1969, Beltrame 1974). The troctolite is very homogeneous in
appearance with plagioclase and olivine the only primary or cumulus minerals,
All other minerals are interstitial with clinopyroxene commonly poikolitic.
Orthopyroxene is commonly present but only in minor to trace amounts. It usually
forms a reaction rim around olivine crystals, but rare interstitial grains are
also found. Apatite has also been found locally in trace amounts in some of‘the
rocks. Plagioclase commonly has a foliation which in general stri-kes northeast
and dips 10 to 30° southeast. Modal layering of olivi;e and plagioclase is
occasionally foundvinlthis area. It almost always parallels the trend of the

foliation. The modal layering is usually on the scale of a single outcrop and

cannot be traced from one outcrop to another.

éaﬁbro to olivine gabbro has also been noted at a few localities in the troc-
folite. These occurrences are confined to single‘outcrops‘which are surrounded
by troctolitic rocks. Their genetic relationship to the surrounding troctolite
ﬁould not be determined ih the field and they have not yet been studied in

detail.

Soutﬁeast of the 4 to 5 km wide zone described above, the‘troctolite changes
slightly in texture and mineralogy. Instead of being homogeﬁeoUs with in general
‘an even distribution of minerals, it has a marked layered appearance. The
iayering is shown by an accumulation of olivine crystals at the base of each
layer that eifher abruptly or gradually gives way to a more plagioclase rich rock
at the top of the layer. The top of the layer commonly contains only minor
amounts of olivine. Pyroxene, oxides, and biotite are commonly ﬁresent only in
trace amounts throughout an individual layer. An individual layer may be a few
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centimeters to a meter or more in thickness and usually can be traced in few
ﬁeters 1éterally (where fherexposurés are good) before it pinches out. This
indicates that the lateral continuity of single layers is limited. The average
range in composition of the layered troctolite is 65 to 85 percent plagioclase
(Ang7_¢7), 10 to 35 percent olivine (Fogs.g9), and minor amounts of pyroxene

(0 to 2 percent), oxides (0 to 4 percent), and zero to trace amounts of Biotite
(Phinney 1969, Beltrame 1974). The compositional range for these rocks is‘Qery
similar to that noted for the troctolite closer to the basal contact. Thé main
differences are the pronounced layering of these rocks and the decrease in the
minor phases pyroxenme, oxides, and biotite. Locally pyroxene content exceeds the
range (0 to 2 percent) noted above, but this is rare in the exposures that have

been examined prior to the present work.

Troctolite with less than five percent augite (tap) was mapped by Bonnichsen
(1970, 1971) in the Babbitt N.E. quadrangle. This unit may be correlative with

the layered troctolites exposed to the northeast in the Harris Lake area.

Exposures of anorthosite (ta) are scattered throughout the troctolitic rocks in
the Gabbro Lake quadrangle and the surrounding area. In general, they all have
more than 90 percent plagioclase and are presumed to represent plagioclase rich

segregations within troctolite (Phinney 1969).

The Railroad troctolite (tr) was informally named by Bonnichsen (1974) for the
.somewhat‘unique troctolite exposures along the Reserve Mining and Erie Mining
. Companies railroad tracks in T.59N., R.12W. Here the troctolite is charac-
terized by complex textures and consists mainly of medium-grained augite troc-
tolite, augite oxide troctolite, and oxide troctolite. Foliation is extremely

variable throughout the unit, A variety of inclusions are found in the unit and
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include metasedimentary and volcanic hornfels, troctolites, and anorthositic
gseries rocks. It appears to merge with'thg troctolitic rocks of the South
Kawishiwi intrusion to the north, but limited exposure prevents recognition of
the true relationship between the two units. The southern limit of the Railroad
troctolite is unknown, but on the basis of interpretation of aeromagnetic maps
anorthositié series rocks are inferred to be sresent a few miles south of the
last known exposures of troctolite. It is in fault contact with rocks of the

Partridge River troctolite on the west.

The Bald Eagle intrusion of Weiblen (1965) is an intrusion of foliated troc-
‘tolite (tbt) and gabbro (tbg) located in the S.E. quarter of the Gabbro Lake and
N.E. quarter of the Greenwood Lake quadrangle. On the accompanying map the
overall length of the intrusion.has been extended to the soutﬁ from that origi-
nally mapped by Weiblen (1965). This southern addition is coveréd'by glacial
deposits and rock types ﬁave been inferréd'on the basis of a similarity of aero-
magnetic anomalies with those associated with the exposed part of the Bald Eagle
intrusion to the north. The intrﬁsion does not have a chilled margin; Medium to
coarse-grained foliated troctolite is either in direct céntact with or separated
by 1 to 10 meter wide c&vered areas from anorthositic series rocks along the
western, northern, and eastern sides of the intrusion. Based on the mineralogic
data and the dip of foliation near the contacts the intrusion is believed to be
funnel-shaped at depth with steep dips on the east and somewhat shéllower dips
(45‘to 750) on the west (Weiblen 1965). The éxposed‘troctolite is distinétly
\flow layered with farallel alignment of plagioclase laths and elongate olivine
crystals. Olivine ;nd plagioclase are the main cumulus minerals present. Modal
layering and foliation are common throughout the troc}tolite and in general are
parallel to the contacts of the intrusion. The foliation of the troctolite dips
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steeply (75 to 909) on the north and east sides of 159 and 75° on the west
toward the center of the intrusion. The average composition is 57 percent
plagiocle -~ (Angy_gy) and 34 percent olivine (Foyq-74) with clinopyroxene and

opaques present in minor amounts (Weiblen 1965, Phinney 1969).

The gabbro (tbg) in the northern part‘of the intfusion is completely surrounded
by troctolite. The average composition is 42 percent plagioclase (Ang5y-g7), 46
percent clinopyroxene, and 10 percent olivine (Fogi-g1). Orthopyroxene,

oxides, and biotite are present in trace amounts (Phinney 1969). The pla-
gioclase laths and elongate olivine and clinopyroxene crystals are aligned.and
form a prominent foliation. Modal layering is also co;mon and parallels the
foliation. The trend of the foliation and modal layering is in general parallel
to that observed in the troctolite with dips.varying from 10 to 80° towards the
“center of the intrusion‘(Weiblen 1965, Phinney 1969). Plagioclase-rich
segregations are common throughout the exposed portion of the Bald Eagle intru-

sion. These may have resulted from flow differentiation during the intrusion of

the magma.

On the basis of the interpretations of tﬁe lineament studies, it has been
inferred that the intrusion is largely bounded by faults on both sides and that
the intrusion.itself is also cut by several faults. These faults are also con-
sistent with the ae;omagnetic,anomalies associated with the intrusion. Geologic
evidence that faults cut the intrusion consists of offsets of contacts and rather

abrupt changes in the trend of foliation.

Between Gabbro and Omaday lakes a dike~like body has been mapped by W.C. Phinney
(Green et al. 1966). The dike consists of two units, an outer unit of flow
layered troctolite and medium-grained gabbro (tf) and an inner unit of pegmatite

32



(tp). Also present in the dike are inclusions of Biwabik-type iron formation,
hornfels and undivided anmorthositic gabbro which have been discussed in an
earlier . .ion. The dike is almost totally surrounded by rocks of the anortho-

sitic series.

The outer part of the dike is very heterogeneous in‘nature. Flow—iayeréd troc-
tolite ié présent.along the southern boun&ary of the BWCA neaf an entry gate at
the end of Spruce Road. The layering is due mainly to variable proportions of
olivine and plagioclase and is commonly contorted. This leads to the conclusion
that the dike was emplaced as a flowing mass with plagioclase and olivine
adhering to the walls (flow layering) forming modal layers that were then
crumpled and distorted as magma continuéd to flow through the center. However,
near Omaday Lake, medium- to coarse-grained oxide gabbro, olivine gabbro, and
gabbro are found adjacent to the northern boundary of the dike. Whether this is
an.inclusion or actually‘part of the dike could not Be determined in the field.
The marked difference between the gabbro and the rest of thé dike, however,
suggests that the gabbro may be an inclusion. The troctolite jus; north of the
western part of OnaQay Lake and immediately east and south of the western part of
the lake is a layered troctolite similar to the layered troctolite in the
vicinity of Harris and Heart lakes. The trend of the layering is diverse and
shaliow dips arevcommon. For this reason these rocks were included as part of
the‘(tﬁ) unit of the South Kawishiwi intrusion described above. In gemeral, the
outer part of the dike can be characterized as a troctolite with 55 to 65 per-
cent plagioclase (Angg_7;), 15 to 30 percent olivine (Fogs_g3), and 5 to 10
percent pyroxene. Oxide minerals and biotite are present in minor and trace

amounts, respectively (Phinney 1969).
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The central portion of the dike is madevup of gabbro to olivine gabbro pegmat?te
high in oxide minerals. The pegmatite appeéfs to pinch out near Omaday Lake on
the southwest and Gabbro Lake in the northeast. The flow layered outer portion
(tf) appears to break up into several parts near Gabbro Lake. Its genetic rela-
tionship to the troctolite (tt) of the South Kawishiwi intrusion or the Bald

Eagle intrusion is unknown.

Partridge River troctolite of Bonnichsen (1974): The name Patridge River
troctolite (tpt) was informally used by Bomnichsen  (1974) to designate troc-
tolitic rocks near Hoyt Lakes and south of the Reserve Mining Company. Augite
troctolite and troctolite are the main rock types present. The Partridge River
troctolife is bounded on the southeast by anorthositic series éocks which are
inferred to be present from aeromagnetic data. On the east side it is in faﬁlt
contact with the Railroad»troctolite (fr) and part of the,South'Kawishiwi~intru—
sion (tt). The sguthWest'éxtension of the Pa?tridgé River troctolite is unknown
because of a paucity of exposures although troctolite is the major rock type

present in known outcrops.

The basal contact zone is much more homogeneous in nature than the contact zone

of the South Kawishiwi intrusion although zones of inclusions are found

(Bonnichsen 1974). The contact zone is also characterized by sulfide minerali-
a

zation similar to that found in the tcz unit of the South Kawishiwi intrusion,

but the mineralization appears to be present over a wider stratigraphic inter-

val. The exact extent of mineralization and whether there is a genetic rela~

tionship of the mineralization with that in the tcz unit is not known.

The Powerline gabbro (tpg) of Bonnichsen (1974) is located in the northwest part
of T.59N., R.12W. and adjacent townships south of Reserve Mining Company. It is
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bordered by the Partridge River troctolite on the west and northwest. The rest
of the body isisurréuﬁaed by rocks of fhe anorthositic series (agu). It is a
coarse-g- ’-ed olivine gabbro containing abundant apatite. The magnetite con-
tent is relatively high and fhe augite is characterized by abundant opaque
inclusions. Bonnicﬁsen (1974) suggested that the unit may be a ferrogabbro and

represent a late stage differentiate of the troctolite-gabbroic rock series.

'
\

Cross—cutting diabésic rocks (d) are found widely scattered throughout the Duluth
Complex in the Hoyt Lakes-Kawishiwi area. They consist mainly of basalt or
diabase dikes. The dikes vary in width from less than 30 cm to a meter and
appeér to be vertical. They cut both the trootoiitic—gabbroic and the anortho-

sitic rock series. Their origin and relationship to the Duluth Complex is

unknown.
'D) Lineament Analysis

Cooper (1977, 1978) presented an analysis of topographic lineaments in an area
that covers all of the MDNR Minesite area plus areas to the south and north. The
following discussion is a brief summary of the lineament study taken from Cooper

(1977).

A lineament is a mappable linear feature on a surface, whose parts are aligned.in
a rectilinear or curvilinear pattern distinct from adjacent patterns and it may
“reflect a subsurface featgre (0'Leary, Friedman, and Pohn 1976). A lineament may
represent the physiographic expression of isolated or continuous landformsf This

includes the boundaries of morphologically distinct areas, stream courses and
‘alignment of topographic featufes such as hills or lakes. Lineaments may
represent positive features such as hills or ridges or negative features such as
stream courses, valleys, or lakes. General definitions of lineaments (0'Leary,
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Friedman, and Pohn 1976) are broad enough to include alignfment of aeromagnetic
features., Aeromagnetic lineaments were used fo aid in comfpiling the bedrock

geology.

All lineamenté depictéd on the Lineament Map (Cooper 1976) of the Hoyt Lakes—
Kawishiwi area are topographic features.. Since the map represents a ﬁre{liminary
analysis to test’the use of lineaments as an aid to geologic interpreftation, no
other type of lineament was mapped. The main reason for initiating a lineament
study in this area is the fact that extensive glacial cover obscures much of the
‘bedrock geology. ‘The major use of lineaments is to define subsur}face structures
that may have no or only a subtlt expression as seen on the ground. The
subsurface structures may be any of a nuﬁber of geologic features such as faults,
domes, basins, anticlines, synclines, etc. A lineament analysis of an area also
helps in éitéﬁding known geologic relationships into areas where be&rock
éxposutés are spafée or ﬁonexistent. Fof.tﬁe ﬁresént study 1:2400 high altitudé
blue line air photographs were used. These air photographs Wére done by Mark
Hurd Aerial Surveys, Inc. and are available from the Minnesota Highway

Department.

Three categories of lineaments (as seen on the photographs) were distinguished in
this study: 1) pronounced lineaments--those easily identified after only a
cursory examination; 2) less pronounced 1ineaments—fthose identified affer a
short examination of the photograph; and 3) vague lineamepts——subtle or
interpreted linear features which are identified only after the photograph has

v

been examined in detail.

The map was then divided into cells three miles square. The size of the cell was
completely arbitrary. This size was picked mainly to give enough lineaments in

36



an individual cell so that if a preferred lineament orientation(s) was pre-sent

it would be expressed in a linear histogram of fregquency vs. orientation. A

computetr p.ogram was written to compile the data for
plot the data in a linear histogram form. Lineament
class intervals of six degrees to average out errors

lineaments. This procedure also produced histograms

each individual cell and
trends were divided into
in measurement of the

that could be visually exa-

mined for dominant lineament trends. The length of each individual lineament was

also characterized. The following arbitrary intervals were selected: class of

0-1 mile (0-1.6 km); 1-2 miles (1.6-3.2 km); 2-3 miles (3.6-4.8 km); greater than

3 miles (4.8 km); and much greater than 3 miles. Although this data has not been

analyzed, future research efforts will be directed toward this end.

One area in the Duluth Complex was chosen to be analyzed in detail for the

correspondence of lineament trends with known geology. The area is located along

Spruce Road and includes all or portions of Sections 23, 24, 25, 26, 35, and 36,

T.62N., R.11W. and Sections 19, 30, and 31, T.62N., R.10W. It includes

International Nickel Company's (INCO) proposed open pit mine and much of the MDNR

Minesite area. The area was chosen because it has a

thin and discontinuous

mantle of drift providing good exposure, several prominent lineaments, and the

area has economic potential in the form of copper-nickel sulfide mineralization.

The area was mapped by Cooper and Churchill (1975) at a scale of 1:400 (Figure

7).

In general, there is a good correlation beween mapped faults and lineaments in

the INCO area. Most of the lineaments that correspond with mapped faults are

pronounced lineaments (Figures 7 and 8) with a few being less pronounced. A

frequency vs. orientation histogram of all lineaments in the area shows a pro-

nounced peak at N.159E, with subsidiary peaks at N.33°E. and N.45°E.
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(Figure 9). The mapped faults are in two groups. One with an orientation of
N.20~266E. and the other at Nf31—35°E.V(Figure 10). The faulé orientations
of N.31-359E. compare favorably wih the N.33CE. peak seen on the lineament
histogram, Thevother fault peaks correlate with the flank of the dominant

N.159E. peak on the lineament diagram.

Most of the faults are contained in or border units of the troctolitic serigs
(tcz, tt, and ta). The lineament histogram for these three ﬁnits displays a
broad dominant peak at N.12-24°E. with subsidiary flanking peaks at N.3°E.

and N.33%E, (Figure 11). The fault directions again fall within the prominent
peak or a secondary peak. The histogram for the anorthositic series rocks (ago
‘and agu) shows a strong N.159E. direction with a secondary peak also present at
N.15%W. (Figure 12). The other peaks present in.the histogram are not con-

sidered significant because of the few observations.

In summary, there aﬁpears to be a good correlation between lineament and inferred
. fault orientation in the INCO area. The predominance of the N.159E. difection
is ﬁrobably due to the influence of glacial activity which trended north-
northeast in the entire Hoyt Lakes-Kawishiwi area {(Wright 1972, Stark 1974).

This must be taken into consideration when analyzing lineament data because it
may obscure other lineament trends more closely related to bedrock control.
Although the direction of glacial activity may have been in part controlled by

the preglacial northeast trending bedrock structure.

For a general lineament analysis the Duluth Complex was divided into two areas.
A northern area where drift is discontinuous and relatively thin (0-6 m) and a
southern area in which extensive (3-13 m) drift is present (Stark 1974). The

northern area is a 7 to 14 km wide band along the base of the complex from Hoyt
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Lakes to the eastern edge of the Gabbro Lake quadrangle. It also include most of
the known outcrops in the Hoyt Lakes-Kawishiwi area (Cooper 1976). The southern
area contains only scattered exposures and includes the rest of the area inferred

to be underlain by the Duluth Complex.

The histogram for the northern areé (Figure 13) displays a broad double peak from
N.18%E. to N.42CE. One peak is at N.219E. and the other at N.39°E.

These peaks correspond well with inferred faults in this parf of the bulqth
Complex. There is a minor peak at N,.3° wyhich does not correlate with any of

the known geologic features in the area. The histogram for the southern or drift
covered area (Figure 14) exhibits a prominent peak from N.33°E. to N.45CE.

with a flanking peak at N.21°E. The dominant peak probably repre-sents the

trend of Quaternary glaciation as expressed by the Toimi drumlin field. This is
a'slightly more northeasterly trend than that indicated from glacial striations

on bedrock exposures in the northern area (Stark 1974).

Comparing the trends in the éouthern and northern area shows some oveflap of the
prominent peaks. .The flanking N.21°E. éeak in the southern area probaﬁly
reflects bedrock faulting in that it matches well with the.N.ZloE. peak in the
northern area and the mapped faults in the INCO area. It does, however, indi-
cate that faulting in this general direction (N.30-40°E.) may be present
throughout the area. The correspondence of inferred faulting with northeast
lineament trends in the northern area indicates that the northeast trend in the
southern area is the result qf two controlling factors. The northeast trending
faults in the area produced a northeast trending structural grain prior to gla-
ciation and the NE—SW‘trend of glaciation greatly enhanced this northeast grain.
The Toimi drumlin field present in the southern part of the map may have been in
part controlled by the structure in the underlying bedrock.
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of the southern Duluth Complex in the Hoyt Lakes-Kawishiwi

area.

13



There are some northwest trending structures in the southern area as evidenced by
faults, known only'én’the basis of subsurface information, along the western
margin ¢~ e Duluth Complex, This is further substantiated by northwest trends
exhibited by the aéromagnetic maps of the area (Meuschke et‘al..1963; Bath,
Séhwartz, and Gilbért 1965, USGS 1969). The absence of these trends on the
lineament map can possible be explained by the northeast trend of Quarternary
glaciation which probably enhénced all northeast trending structures and may have

all but eliminated any surface expression of the northwest trending structures.

To further substantiate the idea that lineament trends in the Duluth Complex
reflect faults, a lineament analysis was undertaken in the Lowef Precambrian
rocks exposed in the area. These rocks are exposed north and west of the Duluth
Complex and form the footwali for the Duluth Complex over mﬁch of the e#posed
contact., The glacial cover is thin and exposures are numerous. For con-
venience, the Lower Precambrian rocks'are di&ided into two large units. The
"granitic" rocks of the Giants Range batholith and Vermilion massif make up one
unit. The metavolcanic and metagedimentary rocks of the'Ely Greenstone, Knife
Lake Group, Lake Vermilion formation, and Newton Lake formation comﬁrise the

second group.

The lineament histogram of the '"granitic" rocks (Figure 15) has a broad peak from
N.20°E. to N.400FE. This corresponds almost exactly with the predomi-nance of
mapped fault directions (Figure'16) in these rocks as determined from the maps of

this area by Sims (1973) and Morey and Cooper (1977).

- The metavolcanic and metasedimentary rocks have several prominent lineament
trends oriented at N.249E., N.399E., N.57°E., and N.85°E. (Figure 17).
The most pronounced of these is the N.57°E. trend. The histogram of mapped
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faults (Figufe 18) shows prominent trends at N,21°E., N.33°E., N.57°E.,
N.70-75°E., and N.87°E. These show good correspondence with the lineament
trends in Figure 17. This is especially true when it is taken into com-
sideration that class intervals of six degrees were used to plot the data ou the
histogram. This means that the accuracy of any peak is 3 degrees. For example,
the N.24CE, lineament peak and the N.21°E, fauit peak could be expressions of

the same trend.

In summary, the lineament studies discussed above which were based on the data on
the Lineament Map of the H&yt Lakes-Kawishiwi map indicate the usefulness of a
study of aerial photographs as an aid in geologic mapping and interpretation in
glaciated areas. The close correspondgnce of lineament trends with fault trends

in the Lower Precambrian indicates that many of the lineament trends in

the Duluth Complex are probably controlled by faults and/or joints.

A more detailed analysis of lineament trends in the Hoyt Lakes-Kawishiwi area
could be used to further define critical areas for mineral exploratibn and deli-
neate aeas that might need more study to substantiate geologic interpretatiou.
Lineament analysis might also be a means of determining alternative geologic
interpretations and extending known geologic relations into ar;as with little or
no exposures. An example of the possible relationship between lineaments and the
sulfide mineralization in the Duluth Complex is the fact that both the pro-posed
INCO mine and the AMAX mineralized zone lie near prominent lineaments that have
been mapped or inferred to be faults (Cooper and Churchill 1975, Morey and Cooper
1977). A lineament study may also be an aid to understanding the move-ment of
groundwater in an area. It is also apparent from the analysis of the Toimi
drumlin field discussed above that another important aspect of this type of study

is the analysis of glacial features.
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Figure 27 - Lineament frequency vs. orientation diagram of Lower

Precambrian metavolcanic and metasedimentary rocks.
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In summary, Cooper (1977, 1978) has demonstrated that the Duluth Complex is

. ]
extensively faulted and that the faults may have played an important role in
determining sites of sulfide mineralization. Detailed field mapping is needed to

fully determine the nature of the faults and if they do in fact play a role in

the localization of mineralization along the base of the Duluth Complex.

E) Structure of the Duluth Complex

The major structural features in the Duluth Complex that have been recognized in
the Study Area include mineralogic and/or modal layering, foliation, faults, and
joints. Mineralogic and/or modal layering consists of layering defined by
varying proportidns of the minerais. In the Dulﬁth Complex this usually con-
sists of a layer which has a larger proporgion of olivine neaf the base which
abruptly or gtadually decreaseé upward Qntil the top of the layer is reached and
a new layer with a significant amount of olivine starts again. The plagioclase
content commonly varies inversely with the amouﬁt of olivine. Minor minerals
such as pyroxene and oxides do not usually show any incfeaSe or decrease in con-

" junction with the modal layering.

Mineralogic layering algo includes layers that are defined by variation in the
grain size of a mineral. However, because of the lack of extensive exposures,
this type of layering has not been identified, although it may be present. Modal
layering can be produced by flow or gravity segregation of minerals from a melt
~during crystallization. Large scale segregation may produce mappablé units with
stratigraphic conéacts and internal layering. The scale of the layering may be
anywhere from a few millimeters to hundreds of meters. Foliation is defined by
tabular laths of plagioclase being oriented with their 010 faces parallel to each

-

other. The foliation is almost always parallel to or sub-parallel to modal
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layering where both are present., Foliation may be produced by gravity settling

or flow in a crystéllizing magma .

In general, the foliation and modal layering trend N.30-60°E. with a dip of 10-
40°S.E. in the Hoyt Lakes-Kawishiwi area. The only structural featureé that

have been defined on the basis of foliation and modal layering are the Bald Eagle
Intrusion (Weiblen 1965), which has been described éarlier, and a synforfmal or
basin feature in the South Kawishiwi Intrusion (Green and others 1966, Phinney
1969). Both are found in the Gabbro Lake Quadrangle. The synform is
approximately 6 km wide and appears to close off to the north. AThe nature of the
southern extension of the synform is unknowﬁ, although reconnaissance mapping in
the Greenwood Lake quadrangle immediaﬁely to the. south suggests that it does not
close off to form a basin. The trend of the foliation and modal layering in this

area approximates the regional trend.

VOnly a few faults have been inferred to be present in the Study Area previous to
work by Morey énd Cooper (1977) and Cooper (1978). Sims (1973) inferred several
faqlfs to be present along the basal coﬁtact of the Duluth Complex in the Gabbro
Lake quadranglé on the basis of offsefs'in the basal contact. Bonnichsen (1974)
suggested that a north-south trending fault may be present east of Babbitt and |
just south of Reserve Mining Company pit on the basis of drill core information.
He gave only an approximate location of the fault, but did suggest that it may
vsepérate rocks of the South Kawishiwi Intrusiop from those of the ?artridge~Rivef

troctolite.

The only other structural features that have been recognized in the area are
contacts between separate intrusions. Unfortunately, these contacts are only
rarely seen in outcrop, thus eliminating any exact knowledge of the relationship

43



of any one intrusive body to another. Commonly the coutacts can be located
within no more than 100 meters. Also hindering the determination of any age
relationship between rock units is the absence of chilled margins. Therefore,

age relationships depend on the type(s) of inclusions that might be found near

inferred contacts and the petrology of the rocks.

The main study concerning the structure of the Duluth Complex in the Study Area
has been done by Cooper (1978) who examined various structural features including
foliation and/or modal layering, joints, and faults. The following is a summary

of the relationships between these features.

Joints are fractures found in rocks along which no movement has taken place.
Faults are fractures along which the rocks on one side have moved relative to thg
rocks on the other side. Foliation and/or modal layering can be thought of as a

plannar feature which can be defined in the rock.

The orientation and spacing of the joints was directly related to mapped and
inferred faults. The joints near mapped faults were observed to trend in one of
two directions; either parallel to mapped or inferred faults and topographic
lineaments trending N.15-30°E., or in a direction of N.15-20°W. A third

major joint orientation was N.45-50°E. which is subparallel to aeromagnetic
gradients which may be faults and mapped faults in the vicinity of Hoyt Lakes
which cut thé western margin of .the Duluth Complex. Other joint sets trend
paréllel and perpendicular to the trend of foliaﬁion and/or modal iayering and
the basal contact o% the Duluth Complex. From the joint data Cooper (1978)
inferred that the South Kawishiwi intrusion is older than theAPartridge River

troctolite or the Powerline gabbro.
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After the bodies wefe intruded cooling fractures or joints developed parallel and
perpendicular to tﬁe ﬁodél layering and/or foliation and the basal contaéts of
the bodies. Following this all of the Duluth Complex underwent a period of
extensive faulting. The major mapped and inferred faults trend N.15-30°E. and
N.45-559E, During the faulting, joint sets developed parallel to the faults
and a third set (commonly sheared) developed trending N.15-20°W. (Cooper 1978).
It was also observed that the density of fractures or joints increases near the
mapped and inferred faults. Cooper (1978) eoncluded that the entire area
underlain by the Duluth Complex is extensively faulted and that these faults
may have played an important role in the localization of Cu-Ni sulfide
mineralization. R.W. Cooper and Mike Foose (unpublishe% data) mapped an area
aéproximately 26 km east of Babbitt and just southeast of Birch Lake and
demonstrated the presence of mappable units which are cut by numerous faults.
The faults trend in nuﬁerous directioné ;nd é comﬁiete analysis of the area has

not yet been completed.
IV. COPPER-NICKEL SULFIDE MINERALIZATION

A) Location and History of Discovery

The original discovery of copper-nickel mineralization in the Duluth Complex in
this area was made by Fred S. Childers in 1948, who‘was soon joined by Roger V.
Whiteside. They drilled several test holes in the aea just south of the South
Kawishiwi River into sulfide—beéring gabbfo (Scﬁwartz and Davidson 1952). The
nature of the mineralization was first described by Schwartz and Davidson (1952).
This was followed by the work of Schwartz and Harris (1952), Harris (1954), Grosh
~ and others (1955), and Anderson (1956). In general they described the

disseminated nature of the sulfides, the local abundance of iron formation and .
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hornfels inclusions and the fine~ to coarse-grained nature of the contact zone.
Schwartz and Harris (1952) and HarrisA(1§54) mapped the contact from the vici-
nity of the South Kawishiwi River to a point near the present Dunka Pit of Erie
Mining Company. They also noted the presence of sulfides throughout the contact
zone. Although the contact zone area was extensively examined and drilled by
several mining and exploration companies there was not published work on the
sulfides until Green and others (1966), Phinney (1969), and Bonmnichsen (1970)
examined the contact zone in the course of mapping part of the Duluth Complex.
More recent work on the nature of the mineralization has been published by
Bonnichsen (1972), Boucher (1975), and Weiblen and Morey (1976). Much work on
thé mineralization has been done by a number of individuals in the past few years

for the Copéer—Nickel Study to evaluate the effects of mining on the region.

The zone of Cu-Ni sulfi&é mine#alizatioﬁ (at the present erosional level) is
confiﬁéd to a narrow Band albng'the basal contact of the Duluth Complex. It
extends from near the boundary of the BWCA on the north to the south near Hoyt
Lakes. Mineralization is alsé found in the subsurface along the contact of the

Duluth Complex with the country rock.

B) Nature of the Sulfide Mineralization

Disseminated sulfide mineralization is found throughout the contact zone from
Hoyt Lakes to the BWCA and is the main type of mineralization found. The sulfi-
des occur as interstitial grains to plagioclase and mafic minerals. Meineke énd
Listerud (1977) compiled all data obtained by the MDNR from various mining com-
panies and outlined all known areas with 0.25 percent Cu. Figure 19 shows the
location of the areas. Thesa areas were thought to be Qf economic interast
because of the grade and the occurrence of the sulfides near the present
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topographic surface. Also shown are areas with 0.50 percent Cu. Areas with less
than 0.25 percent Cu were not shown as it was felt that at present they were not
of economic interest. Locally thin massive areas of Cu-Ni mineraliza-tion are
found. Because these areas are present 1ocaliy and their occurrence is sporadic,
the main interest is in the disseminated sulfides which persist over much larger
areas. The sulfides are not restricted to any single rock type in the contact
zone. Bonnichsen (1972b), Boucher (1975), and Weiblen and Morey (1976) have
described in detail the texture and mineralogy of the sulfides, and the.reader is

referred to these publications for more detailed descriptioms.

i

The major sulfide minerals are pyrrhotite, chalcopyrite, cubaﬁite, and pentlan-
dite. Minor sulfide minerals include violarite, mackinawite, pyrite, spha-
lerite, and bornite. Other mineralé that have been identified in trace amounts
are«covellite, digenite, chalcoéite, tenorite, cuprite, native copper, galene,
and phase X (Bonnichgén 1972b, Boucher 1975, Weiﬁién and Morey 1976). Table 2 1is

a list of these sulfides and their coumposition.

~

As described earlier, the coﬁtact zone 1is approximately 100 to 300 metefs thick
and is characterized by extreme heterogeneity of rock type and texture. The
zones of mineralization are not restricted to any single rock type and trangress
all types of rocks. The upper and lower contacts of the contact are commonly ill
 defined and gradational over a few tens of meters. This is especially true of
the upper contact. The lower contact is hard to define where the Duluth Complex
is underlain by the Virginia Fommation or the Biwabik Iron Formation (Renner
1969, Bonnichsen 1972b and 1974, Meineke and Listerud 1977). Where the Dulu;h
Complex is underlain by the Giants Range batholith the lower contact is much
easier to define.. The‘average dip of the basal contact is 15-30°0 to the
southeast, although local changes in the attitude are found which may be indica-
‘tive of faultiﬁg (Weiblen and Cooper 1977, Meineke and Listerud 1977).
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Table 2. Typical sulfides and their compositions.

MINERAL IDEAL FORMULA
Pyrrhotite >FeI_XS where x=0 to 0.2
Chalcopyrite 'CuFegsz
Cubanite . CuFey Sy
Pentlandite (Fe,Ni)gSg
Violerite (Ni,Fe3)s,
Mackinawite FeS
Pyrite FeS9y
Sphalerite ZnS
Bornite CugFeSy,

Covellite Cu$
Digenite ‘ CuySs
Chalcocite ’ Cuzé
Ienorite Cu0
Cuprite Cuy0
Native Copper Cu
Galena PbS
fe

Phase X CU3F’X4S6



The type and/or nature of the mineralization does not vary significantly along
the length of the mineralized zone. The only variations in the mineralization is
seen in the trace minerals noted earlier and this is probably the result of local

conditions rather than any regionmal change (Bonnichsen 1972b, 1974).

Meineke and Listerud (1977) summarized data comcerning the Cu-Ni ratio and the
sul fur content in mineralized areas. Although the Cu-Ni ratios varied from 2.71
to 4,00 for different areas there appeared to be no systematic areal variation.
However, it must be stated that the data is relétively scattered 2nd somewhat
isolated. The average Cu-Ni ratio as determined by Meineke and Listerud (1977)
for the entire minefalized zone 1is approxiﬁately 3.3 which compares well with the
3.1 estimate made by Bonnichsen (1974). The sulfur content in mineralized rocks
of the Dﬁluth Complex ranged from O.%Z to 6.72 percent and averaged (weighted)
2.64 péréent for zones containing 0.5 percent Cu. Because of the small amount
6f data available Meineke and Listerud (1977) made go conclusions concerning the

variation in sulfur content.
C) Potential

B&nnichsen (1974) and Meineke and Listerud (1977) made resource estimates on the
amount of mineralized rock containing Cu-Ni sulfides. Since Meineke and Listerud
(1977) had much more data available to them than did Bonmnichsen (1974) most of
the following data is taken from their work. They calculatedlﬁbpfoxima—tely 7.0
billion tbns of mineralized rock containing 0.4 to 1.4 percent Cu and
aéproximately 15,1 billion tons of mineralized rock containing 0.25 to 1.4 per-
cent Cu in the MDNR Minesite area. The cutoff gfade is 0.25 percent Cu. That is
rock with less than 0.25 percent Cu is not considered economic to mine with

present technology. These fonnages calculated by Meineke and Listerud are
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slightly higher than those calculated by Bonunichsen (1974). This indicates that
the estimates give a good idea of the amount of mineralized rock present given

the present data base as used by Meineke and Listerud (1977).

Meineke and Listerud (1977) classify the minéralized part of the Duluth Complex
as a conditional resource. A conditional resource is described as a presently
subeconomic resource that may eventually become a reserve (economically feasible)
when conditions of economics or technology are satisfied. Much work has been
done by numerous mining companies, mainly in the form of drilling, to find
economic quantities of Cu-Ni sulfides. Two shafts have been sun% by INCO and
AMAX, respectively, and INCO had proposed an oéen pit mine which was sub-
seduently withdrawn. Noné of these activities has yet resqlted in a producing
mine. However, as Bonnichsen (1974) has pointed, the Duluth Complex remains the
single, 1argést known resource of copper and nickel in the Uﬁited States and the
potential for eventua14development and mining is good. Besides copper and
nickel, the Duluth Complex is known to contain significant resources of tita-
nium, Also present in possibly recovergble quenfities ae gold, silve?, cobalt,

and platinum—group minerals (Meineke and Listerud 1977).

*

D) Correlation With Mineralogy and General Geolbgy

In recent years a number of people have studied various aspects of the minera-
logy and petrology of the Duluth Complex. The studies include those by Hardyman
(1969), Renner (1969), Boucher (1975), Fellows (1976), Fukui (1976), Weiblen and
Morey (1975), and Churchill (1978). The main study dealing with the rela-
tionship of sulfides to the general geology is that of Weiblen and Morey (1976).
They propose mechanisms for the origin of sulfides by the direct diffusion of

sulfur vapor from the country rock and inclusions with copper and nickel being
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scavanged from the Duluth Complex. They also suggest that indirect transfer of
vapor along faults and fractures may have played an important‘fole in con-
centrating Cu-Ni sulfides along the basal contact. They also suggest the possi-
bility tha some of the sul fides may have ofiginated as an immiscible sulfide
melt. It is intereéting to note that‘most of the major minéraiized areas
outlined by Meineke and Listerud (1977) lie along or near mapped or inferred
faults in the Duluth Complex as shown by Morey and Cooper (1977). Although this
is not proof that faults controlled mineralization, it is an idea that should be

‘tested with further research.

The MDNR Minesite area has received much attention in the‘past few years because
of the interest of several mining.companies in developing Cu-Ni sulfide depo-
sits. However, it must be realized that sulfides are noﬁ confined solelf to the
MDNR Minesite area. Disseminated Cu-Ni sulfides in the Duluth Complex have been
deécribed in the vicinity of Lake Gabimichigami by Nebel (1919) and in extreme

northeastern Minnesota by Mogessie (1976).
V. SUMMARY AND CONCLUSIONS

The summary presented here is confined mainly to the MDNR Minesite area and the
Duluth Complex as the general geology of the entire region was described earlier.
Also, the Duluth Complex is of prime importance as it contains the copper—nickel

sulfides.

The Duluth Complex was intruded as a series of intrusions that can be aséigned to
one of two magmas. The older anorthositic series and related rocks can be
related to a low-alumina magma (Weiblen and Morey 1975). This magma produced
rocks ranging from peridotite to granophyres, but most predominant were rocks
with greater than 80 percent plagioclase and only minor amounts of mafic

minerals.
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Following intrusion of the anorthositic series the troctolitic series was
intruded as a sequence of multiple intrusions. It has been related to a high-
alum%na magma. The inferreq sequence of intrusions from oldest to youngest was
the South Kawishiwi'intrusion followed by the Partridge River troctolite and
Powerline gabbro. The Bald Eagle intrusion of Weiblen (1965) is here céﬁsidered
to be part 6f the South Kawishiwi intrusion. During intrusion of the troc-
tolitic series inclusions of the underlying country rock were incorporated intd
the magma and were metamorphosed to hornfels. These inclusions as well as mafic
igneous inclusions were concentrated near the basal contact producing a hetero-
geneous contact zone. The intrusion resulted in extensive interfingering of the
Duluth Complex with Middle Precambrian sedimenta?y rocks. The inclusions and

country may have been a source of sulfur which migrated into the magma and sca-

vanged copper and nickel producing magmatic sulfides (Weiblen and Morey 1976).

Following intrusion of ghe troctolitic séries the area was extensively faulted.
Although difficult to recognize the faults are an important feature which should
be considered in evaluating the geology and resources of the Duluth Complex.
Joints developed in association with the faulting and provide a means of
recognizing the faults. The faults may have pro&ided a means for the introduc-
tion of a sulfur rich vapor phase which helped to concentrate copper and nickel
bearing sul fides along the contact of the Duluth Complex with underlying country
rock. The recognition of extensive faulting in the Duluth Complex may help to
explain the present distribution of sulfide mineralization, further emhance
exploration in new areas for additional deposits, and in conjunction with
mineralogic and petrologic studies help to uﬁderstand the structural and tec-
tpnic evolution of the Duluth Complex. Open fractures in the underlying country

rock during or after intrusion of the troctolitic series may have been sites of
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sulfide deposition as evidenced by zones of mineralization in the Giants Range

batholith well removed from the Duluth Complex.

The area underwent extensive glaciation during the Pleistocene which covered much

of the area to a varying degree with various types of glacial deposits.

The basal zone of the Duluth Complex contains greater than 15 billion tons of
material containing 0.25 to 1.4 percent copper and is the 1argést known resource
of copper and nickel in the United States. The deposits are ccnsidered to be
subeconomic at the present time although several mining companies are or have
been actively engaged in developing near surface and underground deposits. The
deposits, although marginal at the present time, may become economic as tech-

nology for recovery of the minerals progresses and/or demand increases.

Besides the presence of Cu-Ni sulfide mineralization significant amounts of
titanium mineralization have been found locally with over 220 million tomns 10
percent (Meineke and Listerud 1977). Little exploration has been done for this
type of resource. Other minerals such as gold, silver, cobalt, and platinum-
group metals may be recoverable as a by-produce of processing the Cu-Ni sulfides
althouéh little or no exploration for platinum-group metals has been done. Other
possible resources include vanadium, chromium, aluminum, and graphite, although
exploration for these minerals has been done beyond £hat done during exploration

of copper and nickel sulfides.

The Duluth Complex has a very real potential fof being a major source of copper
and nickel in the United States as well as other less abundant metals as
exploration techniques and technology progress. A better understanding of the
Duluth Compléx is needed to fully évaluate the mineralogic, petrologic, and
structural history and its rélétionéhip to the origin of the copper—nickel

mineralizatioen.
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