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PROGRAM

Tuesday, May 4, 1971

5:00 p.m. Field Trip A (North Shore Volcanics) leaves
Hotel liadisson Duluth.

Wednesday, May 5, 1971

6:00 p.m.
to Field Trip A returns to Duluth

7:00 p.m.

7:00 p.m.
to Institute Registration - Poolside, Hotel

9:30 p.m. Radisson Duluth

Thursday_, May 6, 1971

7:30 a.m.
to Registration, Superior Street Foyer, Hotel Duluth

12:00 a.m.

5:00 p.m.

6:00 p.m.
to

7:00 p.m.

7:00 p.m.
to

9:30 p.m.

7:30 a.m.
to

12:00 a.m.
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Institute Registration - Poolside, Hotel
Radisson Duluth

Tnursday, ~hy 6, 1971

Registration, Superior Street Foyer, Ibtel Duluth



-3-

SESSION 1

;lorning

Thursday, 'ay 6, 1971

Symposium on Keweenawan Geology — Lake Superior Region

Co-chairmen: Jack Phillips and 1/alter White Page No.

8:45 J. C. Green Introductory Remarks

9:00 IV. White Keweenawan Stratigraphy of TYesternimost 71
Others Michigan

9:20 N. K. Ih.xber The Keweenawan Geology of Isle Royale, 31
Michigan

9:40 II. A. Hubbard Keweenawan Geology of the Porcupine 30
tuntains, Western Upper Peninsula
Uchigan

10:00 J. C. Green Stratigraphy of the North Shore Voltanic 20
Group Northeast of Silver Bay, 1innesota

10:20 R. N. Annells Middle Keweenawan Volcanism of Eastern Lake 7

Superior

10:40 A. P. Jtotsala Characteristics of Some Alteration Minerals 59
Portage Lake Lava Series, Michigan

11:00 IV. T. Jolly Zeolite and Prehnite - Puinpellyite Fades 34
in the Keweenawan Basalts of Northern
Michigan II: The Role of Volatiles

11:20 T. A. Vogel Chemically Zoned Native Copper and 70
R.J. Rohrbacher Chalcocite from White Pine Michigan

11:40 1!. C. halls The Isle Royale Fault 25

G. F. West

12:00 DON Mjourn for Lunch

There will be a lunch meeting of the Board of Directors in the
hotel Radisson ililuth —. location to be announced.
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i,lorning
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9:00
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10:00

10:20
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11: 20

11 :40

Iv. White &
Others

N. K. Huber

H. A. Hubbard

J. C. Green

R. N. Armells

A. P. Ruotsala

W. T. Jolly

T. A. Vogel &
R.J. Rohrbacher

H. C. Halls &
G. F. \\Test

Keweenawan Stratigraphy of lVesterrunost
Hichigan

The Keweenawan Geology of Isle Royale,
;.1ichigan

Keweenawan Geology of the Porcupine
;"buntains, Western Upper Peninsula
~·,tichigan

Stratigraphy of the North Shore Vo1tanic
Group Northeast of Silver Bay, ;··linnesota

~·liddle Keweenawan Volcanism of Eastern Lake
Superior

Characteristics of Some Alteration ~tinerals

Portage Lake Lava Series, Michigan

Zeolite and Prehnite - Pumpellyite Facies
in the Keweenawan Basalts of Northern
:.tichigan II: The Role of Volatiles

Chemically Zoned Native Copper and
Chalcocite from IVhite Pine Michigan

The Isle Royale Fault

71

31

30

20

7

59

34

70

25

12: 00 NOON Adjourn for Lunch

There 'vi1l be a lunch meeting of the Board of Directors in the
Hotel Radisson fuluth - location to be announced.
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SESSION 2

Afternoon

Thursday, May 6, 1971

Symposium on Keweenawan Geology - Lake Superior Region

Co-Chairmen: Raymond J. Leone and Paul K. Siiis Page No.

1:40 J. T. Mengel, Jr. Exploration Geology of Douglas County, 47

R. A. Hendrickson Wisconsin

2:00 D. vI. Davidson ,Jr. A New View of the Duluth Complex, 13

Minnesota

2:20 B. Bonnichsen Hornfelses in the Southern Part of the 11

Duluth Complex, ?•linnesota

2:40 M. G. i4idrey Reinvestigation of "Red Rocks" in the 53

P. W. Weiblen Pigeon Point Area, Minnesota

3:00
to Coffee Break
3:20

3:20 W. A. Ibertson The Great Logan Paleomagnetic Loop 58

W. F. Fahrig

3:40 A. Me.ttis Lower Keweenawan Sediments of the Lake 45

Superior Region

4:00 D. Myers The Sedimentology and Tectonic Significance 54

of the Bayfield Group, Wisconsin

4:20 C. B. Merey Revised Keweenawan Subsurface Stratigraphy, 50

Southeastern Minnesota

4:40 H. C. Halls Shallow Structure and Stratigraphy of the 23
C. F. West Lake Superior Basin from Seisnic Refraction

Measurements

******* ** ***
Evening

7:30 p.m. Banquet - Great Hall - Hotel Radisson Duluth

ADDRESS - Dr. Carl R. i\nnhausser
Economic Geology Research Unit
University of Witwatersrand
Johannesburg, South Africa
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58

45

54

50
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7:30 p.m. Banquet - Great Hall - Hotel Radisson Duluth

ADDRESS - Dr. Carl R. Arrmlausser
Economic Geology Research Unit
University of Witwatersrand
Johanneshurg, South Africa
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SESSION 3

!trning

Friday, May 7, 1971

General Session

Co-Chaitnen: Cedric. L. Iverson and J. Kalliokoski
Page It.

8:40 F. C. Tan 4 Implications of Carbon Isotope Ratio 64

E. C. Perry, Jr. Variations in Carbonates from the Biwabik
Iron Formation, Minnesota

9:00 S. Viswanathan, Oxygen Isotopic Studies of Early Precambrian 66
Ii. C. Perry, Jr. Granitic and Metamorphic Rocks from the

4 P. Sims Western Part of the Giants Range Batholith,
Northeastern Minnesota

9:20 G. L. LaBerge Some Geology of the ?larathon County Volcanic 39
Belt

9:40 P. 0. Banks 4 chronology of Precambrian Rocks of Iron 9

W. R. Van Schmus and Dickinson Counties, Michigan

10:00 L. A. Prince 4 Geochrono]ngy of the Giants Range Granite 57
C. . Hanson

10:20 G. Klein Precambrian Clastic Paleotidal Sedimentation 36

10:40 Pt. i!inze, Continental Rifts 29
I). H. iiavidson,Jr.
4 R. Roy

11:00 It C. Malan Fj Distribution of Uranium and Thorium in Pre- 42

1]. A. Sterling cambrian Rocks of the Western Great Lakes
Region

11:20 N. Pt. O'Hara 4 Lake Michigan Aerornagnetic Survey 56

iv. J. I:inze

11:40 . L. Kellogg 4 /u Aeromagnetic Survey of the Southern
Pt. J. I-Jinze Peninsula of Michigan

12:00 NWN — Lunch
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SESSION 4

Afternoon

Friday, lay 7, 1971

General Session

Co-Chairmen: Meredith F. Ostrom and Paul C. 1'chsen Page No.

1:20 &zsiness Meeting of the Institute

1:40 M. S. Lougheed Hematite Pseudomorphic After Biogenic 41

J. J. Mancuso Pyrite in the Negaunee Iron Formation

2:00 F. Dimroth E Textural Facies Analysis of Precambrian 15

.J. Chauvel Cherty Ironstones

2:20 W. ]Aihling Precambrian Iron Formation at Copper 18
Nbuntain, Fremont County Wyoming

2:40 F. Frodeston Sonic Sedimentary Structures in the Lower 32

Cherty Member of the Biwabik Iron Formation:
The Virginia Horn Area

3:00 G. Spencer Chert in Sediments 62

3:20 J. Mathersill Limnogeological Studies of Thunder Bay, 51
Lake Superior, Ontario

3:40 R. Shegeiski The General Stratigraphy of Thunder Bay, 61
Lake Superior

4:00 End of Technical Sessions

*** ** ** ** **

(Dinner and lodging are included in the field trip fee.)

5:00 Departure for Field Trips:

Field Trip A - North Shore Volcanic Group
Field Trip B - Cross-section, Precambrian Rocks
Field Trip C - Mesabi Range - Biwahik Taconite
Field Trip U - Vemiilion District

Buses will depart from Hotel Radisson Duluth.

Saturday, May 8th, 1971

6:00
to (approx.) REThRN OF ML FIELD TRIP BUSES.

7:00
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5: 00 Departure for Field Trips:

Field Trip A - North Shore Volcanic Group
Field Trip B - Cross-section, Precambrian Rocks
Field Trip C - j\!esabi Range - Biwabik Taconite
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7:00
RETIJRN OF ALL FIELD TRIP BUSES.
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MIDDLE KEWEENAWAN VOLCANISM OF EASTERN LAKE SUPERIOR.

R. N. ANNELLS

Geological Survey of Canada, Ottawa.

ABSTRACT

Following the study of the Michipicoten Island Keweenawan flows reported
elsewhere (Annells, 1970), the same type of detailed stratigraphic/petrographic
study has been carried out on the Keweenawan volcanic rocks of the Mamainse
Point, Alona Bay and Cape Gargantua sections on the east shore of Lake Superior.

These three east shore sections are mostly made up of inafic olivine—tholefite
types of medium—coarse ophitic or diabasic texture, accompanied by a smaller number
of fine—grained olivine—poor tholeiite flows. Flows of intermediate composition
were not found in these sections and the flows show little variation in mineralogy.
Small volumes of both basic and acid pyroclastic rocks occur interbedded with the
flows in the lower part of the 14,300 foot Mamainse Point section, and conglomer-
ates with sandstone partings showing good cross—bedding outcrop in the upper half
of this section and in that at Cape Gargantua.

Evidence of the simultaneous availability of basaltic and rhyolitic material
is seen in the Matnainse Point section; plugs, dykes and sheets of fine—grained,
often flow—laminated and autobrecciated leucorhyolite occur at all levels of this
section and one such intrusive sheet was found to he composite, having a 2—foot
basal selvage of fine—grained basalt and a 50—foot acid upper part.

Fetrographic similarities found in flows of the Mamainse Point and Cape
Gargantua sequences provide a good basis for lateral correlation of these two
sequences. Near the basal unconformity of theMamainse section there occurs a high-
ly distinctive glomerophyric olivine—tholeiite flow crowded with large plagioclase
laths concentrated in spherulitic clusters up to two inches in diameter (Ciblin,
1969); a flow of exactly similar type outcrops 40 miles NNW along strike near the
base of the Cape Gargantua section (Ayres, 1969). Both these occurrences are asso-
ciated with a group of olivine—tholeiite flows rich in large pseudomorphs after
olivine phenocrysts which may make up to 35 per cent by volume of the rock in parts
of such flows at Mamainse Point. This striking similarity of the flows in the
lower levels of the Mamainse Point and Cape Gargantua piles suggests simultaneous
effusion of the same mafic magma supply over a wide area to preduce lava flows of
sii,!lar extent to that of the Greenstone Flow of the Michigan Keweenawan.

The Hamainse Point, Alona Bay and Cape Gargantua flo9s are also petrographical—
ly similar to the olivine—tholeiite flows forming the basal part of the Michipicoten
Island section and it is possible that these latter flows, also cut by acid intru-
sions, may represent the upper part of an extensive and largely uniform flood ba-
salt pile whose earliest members rest directly on the Archaean on the east shore of
Lake Superior. The more highly differentiated andesite and rhyolite flows of
Michipicoten Island are thus interpreted as being of much later extrusion than the
Mamainse Point, Alona Bay and Cape Gargantua flows. A general increase in the de-
gree of alteration of lava flows is apparent as the Keweenawan lava pile is followed
downwards from the top of the Michipicoten Island section to the base of the
Mamainse Point section.
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Some differences in general chemistry exist between flows newly analysed from
the Michipicoten Island and Maniainse Point sections; 36 analyses of the Island flows
follow a tholeiltic trend of moderate iron—enrichment on an Nfl plot; a similar plot
of 46 analyses of Mamainse Point flows gives a tholefitic trend of high iron—enrich-
ment.

References;

Annells, It. N., 1970, Keweenawan volcanic geology of Michipicoten Island,
Lake Superior; Program, 16th Ann. Inst. on. Lake Superior
Ceol., Thunder Bay, Ont., May 1970, 7.

Ayres, L. D., 1969, Geology of Townships 31 and 30, Ranges 20 and 19;
Ontario Dept. Mines Ceol. Rept. 69,38.

Giblin, P. E., 1969, Ontario Dept. Mines, Prelim. Geol. Naps 553 and 555.
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CHRONOLOGY OF PRECAMBRIAN ROCKS OF
IRON AND DICKINSON COUNTIES, MICHIGAN

P.O. Banks
Department of Geology

Case Western Reserve University, Cleveland, Ohio, 44lO6
and

W.R. Van Schmus
Department of Geology

University of Kansas, Lawrence, Kansas, 6604k

U—Pb analyses of cogenetic zircon suites and Rb-Sr whole rock analyses
from selected Frecambrian units in Iron and Dickinson Counties, Michigan,
suffice to establish an internally consistent chronology for this classic
area. Stratigraphic nomenclature used herein is adopted from James et al.
(1961).

Zircons from the Norway Lake Gneiss, which underlies the Dickinson
Group, yield a concordia intercept age of approximately 2375 m.y., but
Rb-Sr whole rock analyses from the Norway Lake Gneiss do not define an
isochron, and the isotopic composition of Pb from separated feJ.dspars is
abnormal. Thus, we conclude that the 2375 m.y. "age" obtained from the
zircons is probably the result of complex metamorphism and deformation of
the Norway Lake Gneiss and does not indicate its true absolute age. The

2375 m.y. event that affected the Norway Lake Gneiss may be pre—Dickinson,
thus establishing a possible older limit for the age of the Dickinson Group.
Earlier published zircon analyses suggesting a much greater antiquity for
the Dickinson Group (2700 m.y. or more: Aldrich etal., 1965) are interpreted
to reflect detrital zircon components in the rnetasedimentary gneisses.

The pre—Animikie Porphyritic Red Granite, whose field relation to the
Dickinson Group is uncertain, gives a zircon conoordia intercept age of
approximately 2100 m.y. , and whole rock Rb—Sr analyses are also consistent
with this age. We interpret this age to be post-Dickinson, thus bracketing
the age of the Dickinson Group between 2100 m.y. and, perhaps, 2400 m.y.

A single zircon analysis from the Hemlock Volcanios of the Animikie
Series yields a Pb-Pb age of 1985 m.y., but the zircon is somewhat discordant,
so that the concordia intercept age is expected to be slightly older at
approximately 2000 m.y.

Rb—Sr whole rock analyses on the post-Animikie Feavy Complex yield
an age of approximately 1700 m.y. However, previously published mineral
age determinations on other post—Animikie units indicate that the Animikie
Series is definitely older than 1900 m.y. (Aldrich etal., 1965). Thus,

deposition of the Animikie Series appears to be bracketed in the interval
between 2100 m.y. and 1900 m.y.

A maximum age of 2100 m.y. for the Animikie Series, in conjunction with
published Rb-Sr data on the post—Huronian Nipissing Diabase (2160 rn.y.) and
on 1-luronian sediments themselves (2285 m.y.) (Van Schmus, 1965; Fairbairn
etal., 1969), severely restricts possible correlations between the Animikie
Series and the Huronian formations of the North Shore of Lake Huron.
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U-Pb analyses of cogenetic zircon suites and Rb-Sr whole rock analyses
from selected Precambrian units in Iron and Dickinson Counties, Michigan,
suffice to establish an internally consistent chronology for this classic
area. Stratigraphic nomenclature used herein is adopted from James et al.
(1961).

Zircons from the Norway Lake Gneiss, which underlies the Dickinson
Group, yield a concordia intercept age of approximately 2375 m.y., but
Rb-Sr whole rock analyses from the Norway Lake Gneiss do not define an
isochron, and the isotopic composition of Pb from separated feldspars is
abnormal. Thus, we conclude that the 2375 m.y. "age" obtained from the
zircons is probably the result of complex metamorphism and deformation of
the Norway Lake Gneiss and does not indicate its true absolute age. The
2375 m.y. event that affected the Norway Lake Gneiss may be pre-Dickinson,
thus establishing a possible older limit for the age of the Dickinson Group.
Earlier published zircon analyses suggesting a much greater antiquity for
the Dickinson Group (2700 m.y. or more: Aldrich et al., 1965) are interpreted
to reflect detrital zircon components in the metasedimentary gneisses.

The pre-Animikie Porphyritic Red Granite, whose field relation to the
Dickinson Group is uncertain, gives a zircon concordia intercept age of
approximately 2100 m.y., and whole rock Rb-Sr analyses are also consistent
with this age. We interpret this age to be post-Dickinson, thus bracketing
the age of the Dickinson Group between 2100 m.y. and, perhaps, 2400 m.y.

A single zircon analysis from the Hemlock Volcanics of the Animikie
Series yields a Pb-Pb age of 1985 m.y., but the zircon is somewhat discordant,
so that the concordia intercept age is expected to be sligh~ly older at
approximately 2000 m.y.

Rb-Sr whole rock analyses on the post-Animikie Peavy Complex yield
an age of approximately 1700 m.y. However, previously published mineral
age determinations on other post-Animikie units indicate that the Animikie
Series is definitely older than 1900 m.y. (Aldrich et al., 1965). Thus,
deposition of the Animikie Series appears to be bracketed in the interval
between 2100 m.y. and 1900 m.y.

A maximum age of 2100 m.y. for the Animikie Series, in conjunction with
published Rb-Sr data on the post-Huronian Nipissing Diabase (2160 m.y.) and
on Huronian sediments themselves (2285 m.y.) (Van Schmus, 1965; Fairbairn
et al., 1969), severely restricts possible correlations between the Animikie
Series and the Huronian formations of the North Shore of Lake Huron.
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HORELSES IN THE SOUTHERN PART OF THE DULUTH COMPLEX, MIIESOTA

Bill Bormichsen

Cornell University

Hornfels bodies ranging from less than an inch to thousands of feet in
dimensions are abundant in the southern part of the Duluth Complex. They
were derived from a wide variety of initial rock types, many of which occur
in the complex footwall. The most abundant types were derived from argilla-
ceous sediments of the Virginia Formation, mafic to intermediate volcanic
rocks of Keweenawan age and various intrusive rocks indigenous to the complex.
Others include iron formation, quartzite and d.ioritic rocks from the pre-
Keweenawan basement and. elastic sediments of probable Keweenawan age.

Virginia inclusions are very similar to metamorphosed footwall Virginia;
however, the grain size is larger arid the relative mineral proportions are
slightly different. The silicate mineralogy of argillaceous inclusions in-
cludes coexisting cordierite, orthopyroxene, biotite, plagioclase and potassium
feldspar. Minor amounts of pyrrhotite, graphite, ilmenite and traces of chal-
copyrite and pentlandite are common, but olivine and Ca pyroxene are invariably
absent. Various types of relict se.imentary structures are distinguishable in
all but the smallest of hornfelsed Virginia inclusions.

Volcanic hornfels inclusions are characterized by their lack of relict
sedimentary structures, local round to elliptical plagioclase and Ca pyroxene
segregations that probably were amygdules and their mineralogy. They consist
largely of plagioclase and Ca pyroxene, and normally contain abundant niagne-

tite and orthopyroxene (commonly inverted pigeonite). Olivine, brown horn-
blende, apatite, ilmenite, and traces of biotite occur in some bodies but none
are known to contain cordierite, graphite, or more than traces of potassium
feldspar.

The proportions of weight percent 3102, and. FeO+MgO of various
types of hornfelses and equivalent rocks are ploted in figure 1 (Bonnichsen,
in prep.). The A, B and C groups are materials from the Virginia Formation,
whereas the D, E and F groups are volcanic hornfelses and. their equivalents.
Note that, although both groups show considerable range in their proportion
of SiOa, the Virginia materials have a higher proportion of A12O3.

The group A samples are unmetamorphosed Virginia and equivalent horn-
felses from the footwall of the complex. The group B samples are from inclu-
sions within the complex. Note their depletion in 5102 relative to the A
group. This suggests that Si02 was lost from the inclusions; this loss is
accompanied by a similar depletion of K20 in several samples and suggests loss
of a grantic partial melt during the hornfelsip.g process. The group C samples
are from the margins of hornfels bodies and thus were in direct contact with
the intrusive rocks. Their compositions deviate farther from the initial
values than do those of group B; they are considered to be refractory resi-
duals which had become nearly equilibrated with the adjoining magnias. Part

of the group B rocks contain texturally interstitial feldspars and cordierite

which are interpreted as recrystallized partial melts. During the hornfelsing
process a melt with the composition of cordierite arid, alkali feldspar evi-
dently developed after a granitic fraction had been lost. Hornfelses with the
group C compositon are considered to have formed where this later type of melt
had been lost. The formation of granitic dikes and the production of abundant
biotite and orthopyroxene at the expense of olivine arid C pyroxene are the
principal effects on the enclosing intrusive rocks wrought by the assimilation
of such partial melts.
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values than do those of group B; they are considered to be refractory resi­
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Group E consists of hornfelsed. basalts; they have bulk compositions that
show little deviation from the compositions of ordinary basalts. Group F rocks,
however, have lower and Si02 and higher Tb2 and FeO contents than ordinary
basalts and have high Fe/Mg ratios. Two of these hornfelses may have been in-
trusive residual liquids which separated from trocto].ite but the other one evi-
dently is a hornfe].sed volcanic rock that contains probable relict axnygdules.
Sample D is an unmetamorphosed magnetite-rich basaltic rock from along the
eastern margin of the complex; its Fe/Mg ratio is like that of group F. The
volcanic rock in group F may initially have had a composition similar to that
of sample D. If so, it lost a substantial amount of granitic material during
the hornfelsing process.

The abundance and distribution of hornfelsed volcanic rocks in the
southern part of the complex supports the concept that an extensive system of
Keweenawan flows was present throughout the region and had been laid down on
an erosion surface cut in the Middle Precambrian rocks. The intrusion of the
Troctolitic Series and accompanying crustal extension evidently broke up the
volcanic rocks. As a result the hornfelses are ddely distributed throughout
the southern half of the complex. Many of the large bodies occur as septum
between adjacent intrusive bodies. The great number of inclusions of various
types along the footwall of the complex indicated that the intruding trocto-
litic magmas had considerable mechanical strength. Evidently, these magmas
were in the form crystal-rich mushes during emplacement.

Ref: Bonnichsen, B. (in prep.); The southern part of the Duluth Complex, St.
Louis and Lake Counties, Minnesota; to be publ. in Geolor of Minnesota,
G.M. Schwartz commemorative volume; P.K. Sims, ed.

:7
'F

Si02

FeO*

Figure I.

A 00

E

F.

to 41203
V V

50

V V

-12-

Figure I.

AI203
v v v

c@

v
to FeO+ MgO

v

Group E consists of hornfelsed basalts; they have bulk compositions that
show little deviation from the compositions of ordinary basalts. Group Frocks,
however, have lower K20 and Si02 and higher Ti02 and FeO contents than ordinary
basalts and have high Fe/Mg ratios. Two of these hornfelses may have been in­
trusive residual liquids which separated from troctolite but the other one evi­
dently is a hornfelsed volcanic rock that contains probable relict amygdules.
Sample D is an unmetamorphosed magnetite-rich basaltic rock from along the
eastern margin of the complex; its Fe/lf~ ratio is like that of group F. The
volcanic rock in group F may initially have had a composition similar to that
of sample D. If so , it lost a substantial amount of granitic material during
the hornfelsing process.

The abundance and distribution of hornfelsed volcanic rocks in the
southern part of the complex supports the concept that an extensive system of
Kew"eenawan flOivS was present throughout the region and had been laid dOim on
an erosion surface cut in the Middle Precambrian rocks. The intrusion of the
Troctolitic Series and accompanying crustal extension evidently broke up the
volcanic rocks. As a result the hornfelses are widely distributed throughout
the southern half of the complex. l~ of the large bodies occur as septum
betvreen adjacent intrusive bodies. The great number of inclusions of various
types along the footwall of the complex indicated that the intruding trocto­
litic magmas had considerable mechanical strength. Evidently, these magmas
were in the form crystal-rich mushes during emplacement.

Ref: Bonnichsen, B. (in prep.); The southern part of the Duluth Complex, st.
Louis and Lake Counties, Minnesota; to be publ. in Geology of Minnesota,
G.M. Schw"artz connnemorative volume; P.K. Sims, ed.
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A NEW VIEW OF THE DULUTH COMPLEX, MINNESOTA

by

Donald H. Davidson, Jr.
University of Minnesota, Duluth

and

Minnesota Geological Survey

ABSTRACT

The late Precambrian (Keweenawan) Duluth Complex is a sequence
of generally discordant intrusive rocks extending northeastward from
Duluth to 1-loyland, Minnesota in a roughly crescentic configuration.
The outcrop pattern of the Complex is bifurcated on the east and south
by rocks of the North Shore Volcanic Group.

As may be noted in Table 1, three rock series (anorthosite,
troctolite—olivine gabbro and felsic) constitute the major petrologic
units of the Complex. Anorthosite series rocks were apparently emplaced
as large, crystal—liquid masses in which cumulus plagioclase is the pre-
dominant mineral. The anorthositic rocks, which form the central portion
of the Complex, have been subsequently intruded by the troctolite series
along the northern and western footwall and by the olivine gabbro series
to the southeast. The troctolites and gabbros are a sequence of gener-
ally layered rocks containing cumulus plagioclase and olivine and poik—
ilitic pyroxenes. The basal troctolite series dips gently (15°) towards
Lake Superior, whereas the attitudes of the upper olivine gabbro series
vary from northward dips of 40° (e.g. Sawbill Lake area) to southward
at low cLS°) angles (e.g. along the Brule River Prong). Felsic series
rocks are predominantly granophyric granite which occur as subhorizontal
sheet—like masses above both margins of the olivine gabbro series. Sep-
arate minor intrusives such as the Endion Sill, the Beaver Bay Complex
and the Hovland Complex appear to be younger than the Duluth Complex,
whereas only Lie Gunflint Prong Layered Complex appears older. Petrologic

relationships suggest multiple magma sources derived from the mantle, to
account for the petrogenetic sequence of the Duluth Complex.

The Duluth Complex is coincident with the axis of the Mid—Continent
Gravity High. Footwall shearing and the asymmetric position of the
Complex with respect to the Lake Superior Syncline suggest Complex
emplacenent consanguinous with rifting. Gravity studies to date suggest

the Complex thins or is absent beneath Lake Superior. Dominant Complex
fracture trends (N.-�. 90E. or W. , N.20E.—N.SOE.) are common throughout
the Lake Superior area suggesting regional post—intrusive extension.

Significant base—metal mineralization occurs within selected
troctolite series horizons with local ore controls afforded by host
rock lithology and structural settling shelves. Should the proposed
funnel configuration of the central complex be verified, subsurface
exploration of the Southern Complex appears warranted.
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Table 1. Summary of Principal Petrologic Series and Units, Duluth Complex, Minnesota

Series Unit Principal References

Endion Sill Ernst, W. C., 1960, Jour. Pet., Vol. 1, p. 286—303

Late Minor Beaver Bay Gehman, H. M., Jr., 1957, Unpub. Ph.D. Thesis, Univ. of Minn.

Intrusive Complex Konda, T., 1970, Contr. Mm. Pet., Vol 29, p. 338—344
Complexes

Hoviand Complex Jones, N., 1963 Unpub. M.S. Thesis, Univ. of Minnesota

Granophyric Davidson, D. M., Jr., 1969, Minn. Geol. Surv. Misc.
Granite and Map Ser., M—7, M—8

Felsic
Minor Felsic Grout, F. F., and others, 1959, Minn. Geol. Surv. Bull. 39.
Intrusives

Upper Olivine Grout, F. F., and others, 1959, Minn. Geol. Surv. Bull. 39.

Troctolite— Gabbro
Duluth CompleX01i Gahbro

Bonnichsen, Bill, 1969,30th Annual Min.Sympos.,Univ.Minn.pp.8993

cambrian (l.10.2b.y.) Basal Phinney, W. C. ,1969, Minn. Geol. Surv. Rept. mv. 9 HTroctolite Taylor, R. B., 1964, Minn. Geol. Surv. Bull. 44

Central Anorthosite Bonnichsen, Bill,1969,3Oth Annual I'lin.Sympos. ,Univ.Mlnn.pp.89—93

and Davidson, D. M., Jr., 1969, Minn. Geol. Survey Misc. Map
Anorthosite Anorthosite Ser. 1—7, M—8

Inclusions Phinney, W., 1966, N.Y. State, Mus. Sd. Mem. Vol.18, p.135—147
Taylor, R. B., 1964, Minn. Geol. Survey Bull. 44

Early Minor Gunflint Prong Sill Babcock, R.C., 1959, Unpub. M.S. Thesis, Univ. Wisc.

Intrusive
Complexes Brule Lake Sills Grout and others, 1959, Minn. Geol.Survey Bull. 39.

North Shore Granoels Davidson, D.M., Jr., 1969, Ninn. Geol. Survey Map Ser. M—7, N—8

Volcanic Group

Volcanics—
Undifferentiated

'Ii ddle
Lower

Duluth Complex Early Minor Gunf lint Prong Nathan, H., 1969, Unpub. Ph.D. Thesis, Univ. Minn.
Intrusive Layered Complex

Complexes

I
I

I
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TEXTURAL FACIES ANALYSIS OF PRECAMBRIAN CHEItTY IRONSTONES*
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and

Jean—Jacques Chauvel, Departement de Geologie,
Universite Rennes, Rennes, France

ABSTRACT
Textures of Precambrian cherty ironstones are very similar to those

of limestones (Dimroth 1958). Accordingly the methods of limestone petrology
can be applied in the study of ironstones.

Ironstones can be conceived to be composed of textural elements.
Textural ironstone types are defined by the kind and proportion of textural
elements present. Textural facies types compose thin (3 feet—lOO feet)
stratigraphic units; they are either texturally homogeneous, or are com-
posed of several textural rock types that form beds alternating in a
characteristic sequence. It is generally possible to determine the paleo—
environment in which the various textural facies types formed, and by
correlation of stratigraphic sections, to gain a view of the paleogeography
of the depositional basin.

We distinguish the following textural elements in the ironstones:

I — Orthochems

1. Femicrite: A past of fine—grained iron silicate (minnesotaite,
stilpnomelane) or of siderite derived from iron silicate and iron carbonate

muds.

2. Matrix chert; Chert deposited as a silicagel matrix.

3. Cement chert: Chert that formed between allochem grains after

deposition.

Matrix chert and cement chert can be distinguished only in some
hematite irons tones.

IL — Allochems

1. Pellets: Ellipsoidal particles 0.2 twa. across unsharply bounded,

always embedded in matrix chert. Pellets are interpreted as aggregated

particles.

*Published with the premission of the Deputy Minister, Department
of Natural REsources, Quebec.
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I Orthochems

1. Femicrite: A past of fine-grained iron silicate (minnesotaite,
sti1pnome1ane) or of siderite derived from iron silicate and iron carbonate
muds.

2. ~~trix chert: Chert deposited as a silicagel matrix.

3. Cement chert: Chert that formed between allochem grains after
deposition.

Matrix chert and cement chert can be distinguished only in some
hematite ironstones.

II Allochems

1. Pellets: Ellipsoidal particles 0.2 mm. across unsharply bounded,
always embedded in matrix chert. Pellets are interpreted as aggregated
particles.

*Published with the premission of the Deputy Minister, Department
of Natural REsources, Quebec.
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2. Entraclasts: Fragments of the unconsolidated sediment that
have been redeposited. Previously (James, 1954) described from intra—
formational conglomerates (large intraclasts) and as "granules" (= sand—
size intraclasts).

3. Oolites and Pisolites.

4. Shards: Shards are complex textures. Two sub—types predominate
(a) welded and extremely deformed oolites and intraclasts (accommodation
shards). (b) shards composed mainly of peeled off fragments of oolites and
intraclasts (exfoliation shards).

Textural rock types are defined by the combination of textural elements
present. Main types are:

I. Femicrites: Laminated or ribboned silicate—carbonate ironstones.

II. Matrix chert: Laminated or ribboned cherts, generally with pellets.

III. Cemented intraclastjc or oolitic ironstones.

IV. Intraclastic or oolitic rocks with chert matrix.

V. Intrafemicrjtes: Intraclasts embedded in a femicrite matrix.

Some other types, particularly containing shard textures, are quantitatively
less important.

The paleogeographic application of the method will be demonstrated at
the example of the lower jaspilite member of the Sokoman Ironstone in the
western half of the Labrador trough between latitudes 54°45'N and 55°15'N.

Close to the western margin of the trough this stratigraphic unit is
locally represented by a massive or thickly bedded finely intraclastic
and o.olitic chert cemented hematite ironstone (facies type 1). Toward
the east this type grades into interbedded oolitic—intraclastic hematite
ironstone with chert cement or matrix, alternating with laminated matrix
chert containing hematite (fades type 2). This type is thin to medium
bedded (2—30 cm.) andcharacteristically shows lenticular bedding. It grades

basinwards into a type that contains intercalated beds, 2—100 cm. thick,
of laminated femicrite (facies type 3). Farther east the oolitic intra—
clastic beds are lacking in type 4 and finally type 5 is composed only of
laminated femicrite with interbeds of laminated femicrite bearing matrix
chert. Pacies types 3 and 4 are characterized by siump structures and
structures indicating strong synsedimentary deformation. Toward the centre
of the trough types 4 and 3 reappear, and grade into a facies containing
interbeds with very coarse (2 cm.) intraclasts and pisolites embedded in
matrix chert (facies type 6); the intraclasts and pisolites were very
soft at time of deposition. Facies type 1 is tentatively interpreted as
a sand bar facies that separates a lagoonal environment (not discussed
here) farther west from the open basin. Facies type 2 has been deposited
in the intratidal. and shallow sub—tidal zone in the foreshore of the sand
bars. Types 3 and 4 represent a relatively deep subtidal facies and
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fades zone 5 was deposited in a relatively deep basinal environment
(maybe 50—100 m. water depth). Fades type 6 was likely deposited on
shallow sub—tidal shoals that extended in the centre of the Labrador
trough. The coarse intraclastic and pisolitic beds may represent
storm layers.

References:

James, II. L., 1954: Sedimentary fades of iron formation. Econ. Ceol.,
v. 49, p. 235—293.

Dirmroth, 13., 1968: Sedimentary textures, diagenesis and sedimentary
environment of certain Precambrian Eronstones. N. Jb. Geol.
Palaeont., Abh. v. 130, p. 247—274.
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PRECAMBRIAN IRON FORMATION At COPPER

MOUNTA IN, PREMONT COUNTY, WYOMING

William H. Duhling, Jr.
Natural Resources Research Institute

University of Wyoming, Laramie

ABSTRACT
Precambrian banded iron formation is exposed along the south-facing

flanks of Copper Mountain, approximately 15 miles north of Shoshoni, in
northeastern Frenont County, Wyoming. The Precambrian metamorphic com-
plex consists of interlayered quartzofeldspathic gneisses, amphibolites,
amphibole schists, peliric rocks, and iron formation into which granite,
pegmatite, and mafic dikes and sills have been intruded. The complex
has been metamorphosed to the kyanite-muscovite subfacies of the alman-
dine-amphibolite facies. Sedimentary rocks of Paleozoic or Cenozoic
age abut the Precambrian complex on all sides.

The mineralogical composition of the iron formation is very simple,
consisting of magnetite, quartz, and any combination of blue-green horn-
blend, grunerite, and cummingtonite. Magnetite, in all degrees of alter-
ation to hematite, occurs in thin laminae and fine clusters with angular,
sharply embayed boundaries and as very fine inclusions in quartz and
amphibole grains. Banding is developed by apparent increase in grain
size of the magnetite at the expense of quartz and amphibole grains.

The iron formation, interlayered with amphibolite and quartz-mica
schist, is exposed for a distance of about 6 miles over an approximate
width of 1000 feet. The strike of the formation is N 80°E and the dip
is 700 to the south.

Liberation and concentration tests indicate the presence of roughly
13¾ million tons of concentrates containing 56% iron and 22% silica. The
amount of very fine magnetite in quartz and amphibole grains and the
amount of interstitial quartz in the magnetite-rich bands account for
the high silica content of the concentrates.

Rail transportation comes within ten miles of the outcrop area, but
the nearest markets for a blast furnace feed are over 240 miles away.

The distance to market, high silica content, low tonnage, and steep
dip combine to indicate that this iron formation has a questionable
economic potential.
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Stratigraphy of the North Shore Volcanic Group
Northeast of Silver Bay, Minn.

by

John C. Green
University of Minnesota, Duluth

Minnesota Geological Survey

A B S T RAe T

A sequence of flows and flow vPups, totalling about 21,500 feet,
makes up the northeast limb of the North Shore Volcanic Group of
Keweenawan (late Precambrian) age between Tofte and Grand Portage.
Exposures are generally good to excellent along the Lake Superior
shore or abandoned wave-cut cliffs, and although cut by several
large intrusive bodies and obscured by glacial cover over wide areas,
many of these lithostratigraphic units can be traced inland from
Lake Superior for many miles. Table 1 shows the informal volcanic
units at the northeast limb (top of section at Tofte,base at Grand
Portage); Table 2 gives the sequence (less well established because
of faulting and intrusion) of the upper part of the southwest limb
from Tofte as far as Palisade Head near Silver Bay. The Schroeder
basalts at the top of the southwest limb are at least in part
equivalent to the Lutsen basalts of the northeast limb.

The basal 5,000 feet, near Grand Portage, Minn., have reversed
magnetic polarity (Lower Keweenawan) whereas all the rest have normal
polarity (Middle Keweenawan). The lowermost 250 feet of lavas on
Lucille Island, directly overlying the basal Upper Precambrian
Puckwunge Sandstone, are porphyritic melabasalts with abundant
olivine and augite phenocrysts, identical to those in the same
stratigraphic position at Nopeming, west of Duluth.
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Table 1

Stratigraphy of Northeast Linb (Tofte to Grand Portage) of

North Shore Volcanic Group (Exclusive of Interf low Sediments)

Approx.
Thickness()

Top (near Tofte —

1020

160

310

360

500

600

-- 1020

— 400—900

1300

1800

1000

3500

4000

200

260

4500

Base

21,430

(est.)

Lithostratigraphic unit

Lu t sen)

Lutsen basalts

Terrace Point basalt flow

Good Harbor Bay andesites

Breakwater trachybasalt flow

Grand Marais rhyolite flow

Croftville basalts

Devil Track felsites

Red Cliff basalts

Kimball Creek felsite

Marr Island lavas

Brule River basalts

Brule River rhyolite flow

Hoviand lavas

Red Rock rhyolite flow

Deronda Bay andesite flow

Grand Portage basalts

(at Grand Portage)

Lithic Character

olivine basalts, olivine tholeittes

Thomsonite—bearing ophitic basalt

brown, porphyritic andesite,
trachyandesite

brown, columnar, granular
trachybasalt

pink, red, gray porphyritic rhyolite

various fine—grained basalts

aphyric and porphyritic rhyolite flows

amygdaloidal, ophitic olivine basalts

pink to tan, porphyritic felsite

mixed tholeiltic basalt, intermediate,
felsic lavas

granular—diabasic amygdaloidal basalts

pink to gray porphyritic rhyolite

mixed porphyritic basalt, trachybasalt,
rhyolite

red, porphyritic rhyolite

gray—brown, aphyric andesite

nixed tholeiitic to diabasic basalts
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Table 2

Stratigraphy of Upper Part of Southwest Limb (Tofte

to Palisade Head) of North Shore Volcanic Group

Approx.
Thickness (ft.) Lithostratigraphic unit Lithic character

Top (at Tofte)

4000 Schroeder basalts amygdaloidal, ophitic olivine
tholeiites

>300 Manitou trachybasalt flow red—brown, granular trachybasalt
to basalt

(more of the Schroeder basalts)

>280 Bell Harbor lavas quartz tholeiites, aphyric
trachybasalts

>300 Palisade rhyolite flow gray to pink, porphyritic rhyolite

Few 100's Baptism River lavas mixed lavas, mostly basalts
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SHALLOW STRUCTURE AND STRATIGRAPHY OF THE LAXE SUPERIOR

BASIN FROM SEISMIC REFRACTION MEASUREMENTS

F1.C. Halls and C.?. West

Geophysics Laboratory, Dept. of Physics, University of Toronto.

ABSTRACT

Between 1966 and 1969 thirty—three seismic refraction profiles were
obtained in Lake Superior using a single ship sonobuoy technique (Halls and
West, 1971). The seismic data have led to a number of conclusions concerning
the shallow structure and stratigraphy of the late Precambrian Keweenawn basin
that underlies the lake:

(1) Faults with their north side downthrown at least 1—2 1cm bound the north
shores of Isle Royale and Michipicoten Island.

(2) The northern limb of the Keweenawan basin just southeast of Isle Royale
appears to have undergone a deformation that is perhaps related to movement
along the Isle Royale fault.

(3) In addition to the main basin between Isle Royale and the Keweenaw Peninsula,
there is a suggestion of a smaller one southwest of the Slate Islands in the
northern part of the lake.

(4) Late Keweenawan or early Cambrian Bayfield—Jacobsville sandstones appear
to underlie most of Lake Superior. Although the site of the lake is governed
by the position of the underlying basin, the principal factors determining the
size and shape of the lake depression are the distribution of the Bayfield—
Jacobsville sandstones and their susceptibility to erosion compared with older
rocks.

(5) For those seismic profiles that have a certain degree of geological
control, such as those between Isle Royale and the Keweenaw Peninsula, refraction
velocities generally agree well with those estimated (Halls, 1969) from sasple
measurements in the laboratory. One notable exception occurs in those profiles
that lie just off the Minnesota shore. Here velocities of 5 km/s are recorded.
These values are typical of Freda—Copper Harbor sandstones, but the presence
of these rocks adjacent to the Minnesota coast is discounted on magnetic
evidence. Instead the velocities of S km/s are assigned to the North Shore
volcanics that crop out along the mainland. The apparently low velocities of
these rocks compared to those for volcanics between Isle Royale and the Keweenaw
Peninsula (5.7—6.2 kmfs) can be explained if the North Shore sequence contains
a greater proportion of interflow sediment and/or amygdaloidal flow top material.

(6) The seismic penetration of the refraction profiles was generally insufficient
to record the Upper Refractor (Berry and West, 1966) with velocity 6.7± km/s.
However, one profile northeast of Isle Royale recorded a velocity of 6.5 km/s
at a depth of about 6 km. This observation demonstrates the existence of Upper
Refractor—type velocities in the marginal parts of the Keweenawan basin.
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THE ISLE ROYALE FAULT

B.C. Halls and G.F. West

Geophysics Laboratory, Dept. of Physics, University of Toronto.

ABSTRACT

A fault bounding the northwest shore of Isle Royale was originally postu-
lated by Irving and Chamberlin (1885) on physiographic grounds. However, with
the exception of recent aeromagnetic studies (Wold and Ostenso, 1966; Hinze et
al., 1966) very little extra evidence has been produced as to whether the faiTt
really exists. The aeromagnetic data show a linear anomaly that follows the
northwest shore of Isle Royale and extends eastward to Superior Shoal. Although
the anomaly indicates a contact between Keweenawan volcanics and sediments, it
does not reveal whether the contact is a stratigraphic or faulted one (Halls,
1970). Evidence to date for the so—called Isle Royale fault has therefore been
rather inconclusive. This paper discusses some lines of evidence that support
the existence of the fault, in the light of new magnetic and seismic data:

(1) Seismic data (Halls and West, 1971) show that the uppermost layer that

underlies the channel north of Isle Royale and also the region further northeast
toward the Slate Islands has a velocity of about 3.7 kin/s and a thickness of
about 1—2 km. This seismic layer is all but continuous with a similar one in
eastern Lake Superior that can be firmly identified as Eayfield—.Jacobsville
sandstones. These rocks are thus thought to underlie the Isle Royale channel
and if so, their existence necessitates the inclusion of the Isle Royale fault
with its downthrown side to the north.

(2) Paleomagnetic data (e.g. Books, 1968; Palmer, 1970) show a remarkably
consistent pattern for Keweenawan extrusive rocks. Whereas the lower parts of
the volcanic sequence (such as the Osler and South Range lavas) tend to be
reversely magnetised, the upper parts such as the Isle Royale and Portage Lake
lavas are normal. In the Isle Royale channel a linear magnetic anomaly (C in
Fig.l), which is attributed to Keweenawan volcanics, is strongly positive with
an attendant minimum to the north, signifying that the volcanics are normally
magnetised. Anomaly C continues beyond the channel to both the east and west
where it broadens considerably to form anomalies A and D (Fig.l). The sharpness
of anomalies A,C and D together with the seismic data indicate that the volcanics
are overlain by Keweenawan sedimentary rocks. Thus north of the postulated Isle
Royale fault there are buried, normally magnetised, Keweenawan volcanics. If

the magnetic Isle Royale 'fault' anomaly were due to a stratigraphic contact
between volcanics and sediments it would imply that the sedimentary unit was
sandwiched between two thick sequences of normally magnet3sed volcanics (i.e.
the Isle Royale lavas and those causing anomalies A,C and D). Such a sequence
is of course possible but it is not a known feature of Keweenawan stratigraphy.
The only thick sedimentary unit that occurs in the Keweenawan volcanic sequence
is that in Michigan and Wisconsin but it lies between the normal and the
reversely magnetised parts of the volcanic sequence (e.g. Meshref and Hinze,
1970). Thus in northern Lake Superior a duplication of the normally magnetised
volcanics through movement along the Isle Royale fault is favoured over a
stratigraphic sequence of a sedimentary unit between two normal volcanic ones.

(3) The magnetic map of Fig.l shows that the Isle Royale 'fault' anonaly(E)
gradually assumes a more southerly trend toward the west. A weakening of the
anomaly in this direction is more compatible with the presence of a fault rather
than a stratigraphic volcanic—sediment contact (Balls, 1970).
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THE ISLE ROYALE FAULT

H.C. Halls and G.F. West

Geophysics Laboratory, Dept. of Physics, University of Toronto.

ABSTRACT

A fault bounding the northwest shore of Isle Royale was originally postu­
lated by Irving and Chamberlin (1885) on physiographic grounds. However, with
the exception of recent aeromagnetic studies (Wold and Ostenso, 1966; Hinze et
al., 1966) very little extra evidence has been produced as to whether the faurt
really exists. The aeromagnetic data show a linear anomaly that follows the
northwest shore of Isle Royale and extends eastward to Superior Shoal. Although
the anomaly indicates a contact between Keweenawan volcanics and sediments, it
does not reveal whether the contact is a stratigraphic or faulted one (Halls,
1970). Evidence to date for the so-called Isle Royale fault has therefore been
rather inconclusive. This paper discusses some lines of evidence that support
the existence of the fault, in the light of new magnetic and seismic data:

(1) Seismic data (Halls and West, 1971) show that the uppermost layer that
underlies the channel north of Isle Royale and also the region further northeast
toward the Slate Islands has a velocity of about 3.7 km/s and a thickness of
about 1-2 km. This seismic layer is all but continuous witih a similar one in
eastern Lake Superior that can be firmly identified as Bayfield-Jacobsville
sandstones. These rocks are thus thought to underlie the Isle Royale channel
and if so, their existence necessitates the inclusion of the Isle Royale fault
with its downthrown side to the north.

(2) Paleomagnetic data (e.g. Books, 1968; Palmer, 1970) show a remarkably
consistent pattern for Keweenawan extrusive rocks. Whereas the lower parts of
the volcanic sequence (such as the Osler and South Range lavas) tend to be
reversely magnetised, the upper parts such as the Isle Royale and Portage Lake
lavas are normal. In the Isle Royale channel a linear magnetic anomaly (C in
Fig.l), which is attributed to Keweenawan volcanics, is strongly positive with
an attendant minimum to the north, signifying that the volcanics are normally
magnetised. Anomaly C continues beyond the channel to both the east and west
where it broadens considerably to form anomalies A and D (Fig.l). The sharpness
of anomalies A,C and D together with the seismic data indicate that the volcanics
are overlain by Keweenawan sedimentary rocks. Thus north of the postulated Isle
Royale fault there are buried, normally magnetised, Keweenawan volcanics. If
the magnetic Isle Royale 'fault' anomaly were due to a stratigraphic contact
between volcanics and sediments it would imply that the sedimentary unit was
sandwiched between two thick sequences of normally magne~ised volcanics (i.e.
the Isle Royale lavas and those causing anomalies A,C and D). Such a sequence
is of course possible but it is not a known feature of Keweenawan stratigraphy.
The only thick sedimentary unit that occurs in the Keweenawan volcanic sequence
is that in Michigan and Wisconsin but it lies between the normal and the
reversely magnetised parts of the volcanic sequence (e.g. Meshref and Hinze,
1970). Thus in northern Lake Superior a duplication of the normally magnetised
volcanics through movement along the Isle Royale fault is favoured over a
stratigraphic sequence of a sedimentary unit between two normal volcanic ones.

(3) The magnetic map of Fig.l shows that the Isle Royale 'fault' anomaly (E)
gradually assumes a more southerly trend toward the west. A weakening of the
anomaly in this direction is more compatible with the presence of a fault rather
than a stratigraphic volcanic-sediment contact (Halls, 1970).
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(4) Anomaly.C in Fig.l is essentially continuous with a belt of prominent
positive anomalies that extends along much of the Minnesota shore before turning
south and terminating in a hook—shaped anomaly over the Eayfield—Peninsula
(Wold and Ostenso, 1966). White (1966) concludes that this anomaly is due to
volcanics in the upper part of the Keweenawan extrusive sequence. The volcanics
causing anomaly C should thus be equivalent, at least in part, to the Isle
Royale lavas. Again, a fault would be necessary to explain the apparent
duplication of the sequence.

The foregoing observations therefore all tend to suggest that the Isle
Royale fault does exist. A two—dimensional magnetic model interpretation of
the Isle Royale fault anomaly at its eastern end (Balls, 1970) suggests that the
fault dips to the south. The fault is thus of reversad type as its downthrown
side is to the north. The displacement along the fault is at least 1—2 km. The
reversed nature of the fault and its increasing southerly trend toward the west
(Fig.l) support the idea initially raised by Irving and Chamberlin (1885) that
it is an easterly continuation of the Douglas fault in Wisconsin.
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A B S T R ACT

U-Pb ages have been determined on sphenes from early Pre­
cambrian granitic rocks in relatively undisturbed areas and in
a thermal aureole. The granitic bodies investigated are the
Icarus pluton and the Saganaga tonalite in Ontario and the Linden
Syenite and Giants Range Granite in Minnesota. A total of six
sphene concentrates were analyzed. One sphene from the Linden
Syenite had an unfavorable U/Pb ratio and no age could be calcu­
lated. Three sphenes from the Saganaga tonalite, the Icarus pluton,
and the Giants Range Granite gave internally concordant U-Pb ages
of 2710 ± 30 m.y. 'T'ivo sphenes from the Giants Range Granite and
the Linden Syenite were internally discordant, but gave Pb207/Pb206
ages of 2730 and 2740 m.y., respectively. It is suggested that the
discordance may be related to a relatively high uranium content in
one sphene and to shearing of the host rock in the other. Sphene
from near the contact of the Giants Range Granite with the 1100 m.y.
Duluth complex gives internally concordant 2700 m.y. ages at 7.4
kilometers from the contact. As the contact is approached the sphene
ages become internally discordant suggesting lead loss at 1100 m.y.
At about one-half kilometer from the contact, where biotite and
hornblende have lost essentially all of their radiogenic argon,
sphene still retains about 60% of its radiogenic lead.



-29-

CONTINENTAL RIFTS
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A B S T R ACT

Robert F. Roy
Dept. of Geology

and Geophysics
Univ. of Minnesota

Comparison of late Precambrian, linear, tectonic features
transecting the Mid-Continent region of the United States (e.g., the
Mid-Continent and Mid-Michigan Anomalies) with relatively recent
continental rift zones, such as the East African Rift System, indicates
many similarities suggesting a common mode of origin. Hence, a
mechanism is proposed for the development of linear Precambrian rifts
and subsequent overlying sedimentary basins based upon observed geological
and geophysical characteristics of modern rifts. Dissimilarities in
stage of development, depth of erosion and geological age are parameters
which limit the extent of comparison.

Rift formation is initiated by plate splitting and subsequent
upwelling of low velocity layer material into the upper mantle along
the base of the crust. Although inherently denser than adj acent mantle
rocks, the low velocity layer material becomes lighter and therefore
rises upon partial melting and fractionation. Uplift of the earth's
surface and igneous activity along pre-existing zones of weakness is
associated with the vertical rise of this material, while lateral move­
ment results in thinning and rupture of the crust producing extensional
rift grabens. Subsequent magmatic activity in the rift zones results
in local structural downwarping.

Upon cooling, the low velocity layer residuml becomes dense
and ultimately sinks into the mantle causing the uplifted rift zone to
deflate. The convergent movement of adjacent mantle material into
the void produced by the sinking residuum places the crust under com­
pression, thus accounting for not only compressional features associated
with rift systems, but the subsequent development of sedimentary basins
over rift zones.
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Keweenawan Geology of the Porcupine Mountains,
Western Upper Peninsula, Michigan

Harold A. Hubbard

U. S. Geological Survey
Washington, 0. C. 20242

ABSTRACT

The Porcupine Mountains, Michigan, are underlain by tue upper
northwarLl-dipping limb of an overturned asymmetric antiline, not a
dome with quaquaversal dios as usually shown. The anticline is faulted
near its axis1 and at the southern margin o the mountains middle
Keweenawan volcanic rocks are thrust over steeply diDpi1i to overturned
upper Keweenawan sedimentary rocks. The middle Keweenawan rocks, which
are younger than the Porta3e lake lava Series, can be divided into two
sequences. The older sequence, which induces nost of he volcanic
rocks in the mountains, co:isists of fine-grained northward-dipping
mafic to intermediate lava flows and two interbedded felsic lava flows.
The southern felsic flow is nonporphyr itic and constitutes about half
the outcrrp area. The younger sequence, which is present only in the
easternmost part of the mountains, consists of gently eastward and.
northeastward-dipping fine-grained and aphanitic flows overlain by
volcanic conElonerate and sandstone. The younger sequence is either
in fault contact or unconformable on the older. Both sequences are
repeao1L in part in imbricate fault slices in the southeasteru part of
the mountains. A tear fault separates these rocks from the upper Keweena-
wan rocks to the east.

In the north, the Copper Harbor Conglomerate consists of saidstone
containing interbedded lavas. It appears to be conformable on middle
Keweenawan lavas in the lake of the Clouds valley. To the south o tle
mountains, the upper Keweenawan rocks are folded in an asymmetrical
syncline with a steep north limb. The structural relIef bets-een the
mountains iid the synciline is more than 8000 feet. The size of the Porcu-
pine Mountain structure sug3ests that the Keweenawan rocks of western
icichigan were st;unly folded in post-Freda time, and not just broadly

warped.
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ABSTRACT

The Porcupine Mountains, Michigan, are underlain by the upper
northward-dipping limb of an overturned asymmetric anticline, not a
dome with ~ua~uaversal dips as usually shown. The anticline is faulted
near its axis, and at the southern margin of the mountains middle
Keweenawan volcanic rocks are thrust over steeply dipping to overturned
upper Keweenawan sedimentary rocks. The middle Keweenawan rocks, which
are younger than the Portage Lake Lava Series, can be divided into two
se~uences. The older se~uence, which includes most of the volcanic
rocks in the mountains, consists of fine-grained northward-dipping
mafic to intermediate lava flows and two interbedded felsic lava flows.
The southern felsic flow is nonporphyritic and constitutes about half
the outcrop area. The younger se~uence, which is present only in the
easternmost part of the mountains, consists of gently eastward and
northeastward-dipping fine-grained and aphanitic flows overlain by
volcanic conglomerate and sandstone. The younger se~uence is either
in fault contact or unconformable on the older. Both se~uences are
repeated in part in imbricate fault slices in the southeastern part of
the mountains. A tear fault separates these rocks from the upper Keweena­
wan rocks to the east.

In the north, the Copper Harbor Con81omerate consists of sandstone
containing interbedded lavas. It appears to be conformable on middle
Keweenawan lavas in the Lake of the Clouds valley. To the south of the
mountains, the upper Keweenawan rocks are folded in an as~nmetrical

syncline with a steep north limb. The structural relief between the
mountains and the syncline is more than 8000 feet. The size of the Porcu­
pine Mountain structure suggests that the Keweenawan rocks of western
Michigan were strongly folded in post-Freda time, and not just broadly
warped.
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ThE KEWEENAWN GEOLOGY OF ISLE ROYALE, MICHIGAN
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ABSTRACT

Isle Royale lies on the north limb of the Lake Superior syncline,
and the stratigraphic section exposed on the island is correlative with
the much—studied middle Keweenawan Portage Lake Lava Series and upper
}ZeHr.awan Copper Harbor Cunglomerate on the Keweenaw Peninsula, on the
south limb of the syncline. Dips of the strata range from less than
100 to over

5Q0; they are generally steeper on the north side of the
island than on the south and average less than 20°.

Exposures on Isle Royale indicate a minimum thickness of 10,000
feet for the Portage Lake Lava Series at this locality. The base of tiiei

series is not exposed. As on the peninsula, the series consists largely
of basaltic and andesitic lava flows, with lesser amounts of interfiow
sadiotaoy and tuffaceous rooks. No felsie flows are known from
outcrops, although one has been reported from diamond drilling, about
6,200 feet below the top of the lava series. The interflow clastic rocks
generally do not crop out, and mast of the individual units are known only
from diamond drilling. Within the lava series, which probably contains
over a hundred flows in the exposed section, certain stratigraphic units
representing individual lava flows or groups of flows can be identified
and traced on the basis of characteristic textures or structures, and
relative stratigraphic position. Twelve such units have been distinguished
within the sequence and provide stratigraphic and structural control for
geologic mapping.

On both the Keweenaw Peninsula and Isle RoyaTh, the Copper Harbor
Conglomerate is largely derived from lowermost Keweenawan volcanic source
terra as, which shed debris into the subsiding Lake Superior basin from
opposite sides; for Isle Royale, this would be from the North Shore
Volcano Group of Gehman (1958) in Minnesota. The depositional en'i:onment
is interpreted as being one of a combination of fluvial and lacustrine
conditions resulting in piedmont fanglomerates and playa lake or flood
plain deposits.

On Isle Royale, various sedimentary features indicate that the
general direction of sediment transport was easterly, with a range from
northeast to southeast. In thio same direction the Copper Harbor
Conglomerate Jr.i-eases in thickness and in textural and compositional
maturity——namely from a boulder conglomerate, through a mixture of cobble
and pebble conglomerates and sandstone, to sandstone and inudstone. In a
distance of 20 miles this clastic wedge thickens from a minimum of
1,500 feet to over 6,000 feet between stratigraphic marker horizons; the
top of the formation is nowhere exposed and the total thickness must be
appreciably greater.
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A B S T R ACT

Isle Royale lies on the north limb of the Lake Superior syncline,
and the stratigraphic section exposed on the island is correlative with
the much-studied middle Keweenawan Portage Lake Lava Series and upper
Keweenawan Copper Harbor Conglomerate on the Keweenaw Peninsula, on the
south limb of the syncline. Dips of the strata range from less than
10° to over 50°; they are generally steeper on the north side of the
island than on the south and average less than 20°.

Exposures on Isle Royale indicate a minimum thickness of 10,000
feet for the Portage Lake Lava Series at this locality. The base of the
series is not exposed. As on the peninsula, the series consists largely
of basaltic and andesitic lava flows, with lesser amounts of interflow
sedimentary and tuffaceous rocks. No felsic flows are known from
outcrops, although one has been reported from diamond drilling, about
6,200 feet below the top of the lava series. The interflow clastic rocks
generally do not crop out, and most of the individual units are known only
from diamond drilling. Within the lava series, which probably contains
over a hundred flows in the exposed section, certain stratigraphic units
representing individual lava flows or groups of flows can be identified
and traced on the basis of characteristic textures or structures, and
relative stratigraphic position. Twelve such units have been distinguished
within the sequence and provide stratigraphic and structural control for
geologic mapping.

On both the Keweenaw Peninsula and Isle Royale, the Copper Harbor
Conglomerate is largely derived from lowermost Keweenawan volcanic source
terranes, which shed debris into the subsiding Lake Superior basin from
opposite sides; for Isle Royale, this would be from the North Shore
Volcanic Group of Gehman (1958) in Minnesota. The depositional environment
is interpreted as being one of a combination of fluvial and lacustrine
conditions resulting in piedmont fanglomerates and playa lake or flood
plain deposits,

On Isle Royale, various sedimentary features indicate that the
general direction of sediment transport was easterly, with a range from
northeast to southeast. In this same direction the Copper Harbor
Conglomerate increases in thickness and in textural and compositional
maturity--namely from a boulder conglomerate, through a mixture of cobble
and pebble conglomerates and sandstone, to sandstone and mudstone. In a
distance of 20 miles this clastic wedge thickens from a minimum of
1,500 feet to over 6,000 feet between stratigraphic marker horizons; the
top of the formation is nowhere exposed and the total thickness must be
appreciably greater.
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SOME PRIMARY SEDIMENTARY STRUCTURES IN THE LOWER CHERTY MEMBER OF THE
BIWABIK IRON FORMATION : VIRGINIA HORN AREA

ERIC FRODESEN
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A BSTRACT

The writer discovered and collected some unusual sedimentary
structures in the Lower Cherty Member oF the Biwabik Iron Formation
at a locality nea;r the Midway addition of Virginia, Minnesota. Polished
sections and x—radiographs reveal overturned and disturbed bedding re-
sembling convolute—type bedding, load casts with flame structures, and
other structures characteristic of soft sediment deformation. Small—
scale cross—bedding and small local thrust faults also are present.
Recent experiments on the Formation of contorted structures(McKee and
Goldberg, 1969) show that convolute—type bedding and small—scale thrust
faults, similar to those found in the Biwabik, can be formed by loading
a semi—cohesive mud which was deposited on an existing slope of 15—20
degrees.

The preservation of the fine alternating dark and light laminae,
small—scale cross—bedding, and possible graded bedding, suggest that
these rocks were deposited below wave base with only periodic current
activity.

The alternation of the laminae is generally attributed to sea-
sonal changes(Hough, 1958), or periodic influxes of iron—rich and iron—
impoverished layers due to tectonic activity coupled with isostatic
adjustment of a. semi—rigid crust, or a combination oF the two procecess
(Cullen, 1963). Cullen's idea that banded iron formations can he re-
garded as corresponding to a syn—orogenic "f1ysch' type of deposition
may have applications in explaining some of the structures found in the
Lower Cherty Member. Similar sedimentary structures are found in the
laminites of documented flysch facies.

The presence ofallochthonous black chert pebbles within the beds
poses a problem as to mode of emplacement. Turbidity currents, subaqueous
sliding or gliding down a slope, or ice rafting mechanisms have to be in-
voked to explain their presence

If iron formations represent the products of chemical weathering

under warm humid conditions in semi—restricted basins, then ice rafting
is not a very likely possibility. If, however, the iron formations were
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A B S T R ACT

The wri ter di scoverecl and collected some unusua I sedimentary
structures in the Lower Cherty t-lember of the Biwabik Iron Formation
at a locality near the Midway addition of Virginia, Minnesota. Polished
sections and x-radiographs reveal overturned and disturbed bedding re­
sembling convolute-type bedding, load casts with flame structures, and
other structures characteristic of soft sediment deformation. Small­
scale cross-bedding and small local thrust faults also are present.
Recent experi ments on the formati on of contorted s truc tures (Mcl<ee and
Goldberg, 1969) show that convolute-type bedding and sm~ll-scale thrust
faults, simi lar to those found in the Biwabik, can be formed by loading
a semi-cohesive mud which was deposited on an existing slope of 15-20
degrees.

The preservation of the fine alternatin~ dark and light laminae,
small-scale cross-bedding, and possible graded bedding, suggest that
these rocks were deposited below wave base with only periodic current
activity.

The alternation of the laminae is generally attributed to sea­
sonal changes{Hough, 1950), or periodic influxes of iron-rich and iron­
impoverished layers due to tectonic activity coupled with isostatic
adjustment of a semi-rigid crust, or a cornbina,tion of the two procecess
(Cullen, 1963). Cullen's idea that banded iron formations can be re­
garded as corresponding to a syn-orogenic "flyschll type of deposition
may have applications in explaining some of the structures found in the
Lower Cherty Member. Similar sedimentary structures are found in the
laminites of documented flysch facies.

The presence of allochthonous black chert pebbles within the beds
poses a problem as to mode of emplacement. Turbidity currents, subaqueous
sliding or gliding down a slope, or ice rafting mechanisms have to be in­
voked to exrlain their presence g

If iron formations represent the proc'ucts of chp.mical weathering
under warm humid conditions in semi-restricted basins, then ice rafting
is not a very likely possibility. If, however, the iron formations were
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deposited in a cool polar climate as suggested by paleonagnetic data
(Symons, 1966), then these pebbles may he the product of ice transport.
f thesc sedimentary structures are characteristic of the entire for—

mation, and iron Formations in general, then a detailed regional study
could produce some enlightening results.
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rlepositerl in a cool pot~r climate as suggested by paleomagnetic data
(Symons, 1966), then these pebbles may be the product of ice transport.
If these sedimentary structures are characteristic of the entire for­
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ZEOLITE AND PREHNITE—PUELL?ITE FAdES IN THE KEWF.ENAWAN BASALTS
OF NORTHERN MICHIGAN II: THE ROLE OF VOLATILES

Wayne T. Jolly

University of Saskatchewan
Saskatoon. Canada

ABSTRACT

The tholeiitic lava flows of the Keweenaw peninsula, :Iichigan.
have underone metamorphism of the zeolite and prehnite—punpelly ite
facies. In the latter, rocks along fractures and upper flow contacts
have been transformed to monomineralic rocks (metadomains) corposed
of either pumpellyite or epidote, depending on stratiranhic position
in the pile. These metadomains are enriched in CaO and A1,O retitive
to their unaltered basalts through albiti.zation of pre—exiting plagio—
clase. Bulk compositions of the altered parts of the flows, deduced
through weighted averages of the rock compositions, are sinilar to re

parental basaits. Thus, little or no material was added from extraneous
sources. This metamorphic differentiation occurred as a result of
migration of both volatile and non—volatile components over short
distances through a fluid pressure gradient with r'f< total Calcium

alinninum silicates were formed preferentially near rupture zones,
where P was at its lowest levels. Theoretical considerations suggest
that mdamorphic differentiation of essentially homogeneous bodies of
rock may occur only when Pf is less tian During the Keweenawan
metamorphic event, the rocks underwent etensve dehydration. As a
result, water content of secondary phases decreases uith depth from
water—rich chlorites and zeolites (1120=12% or more) to water—acor epidote
(HO about 2%). At lowest exposed levels P02 may have reached levels
sutficient to subdue formation of pumpellyite in favor of pistacitic
epidote. Co2 was very low during the peak of the metamorphic event.
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AN AEROMAGNETIC SURVEY C1" THE SOUTHE PENINSULA OF MIOsiIGAN

Richard L. Kellogg and William 3. Hinze

Department of Geology
Michigan State University
East Lansing, Michigan

ABSTRACT

Only fragmentary direct information is available on the basement
complex underlying the Phanerozoic sediments of the Michigan Basin
because of the limi;ed and poorly distributed basement drill tests. To

supplement this limited information a regional aeromagnetic survey has
been conducted of the Southern Peninsula.Approximately 17,000 miles of
total magnetic intensity data were recorded along north—south flight
lines spaced at three mile intervals.

A hasement configuration map prepared from magnetic depth estimates
and basement drill tests confirms that the basement surface under the
Southern Peninsula of Ni iar has the form of an oval depression reach-
ing a maximum depth of approximately 15,000 feet below sea level on the
western shore of Saginaw Bay. A basement high underlies the Howell
.Anticilne and a roughly north—south striking regional basement trLg
plunges into the basin from the common boundary poin of Indiana, Ohio,
and Ilichigan to the vicinity of 42°30'N. The map shows a broad basement
platform striking northwest in the extreme southwest corner of the
peninsula.

Interpretation of the :esidual aeromagnetic map in conjunction with
geologic and other regional geophysical data from the Southern PeiLtsula
and adjacent areas indicates that the basement of the :1ichigan Basin has
had a complex geologic history. Several basement provinces are defined
on the basis of magnetic and gravity anomalies, lithologies and isotope
ages of samples obtained from basement drill holes, and extrapolation
of known Precambrian geology from the margin of the basin. The Penokean
province can be traced from northern Nichiga and Wisconsin into the
northern portion of the Southern Peninsula. In this area the province
is characterized by east—southeast striking anomalies. Central and
southwestern Michigan is underlain primarily by felsic rocks correlating
with the Central Province.

Basement rocks in southeastern Michigan, which strike generally
north—northeast are interpreted as mafic and felsic gneisses and
amphibolites. They are correlated with the Grenville province which
is bounded on the west by a line extending south—southwest from Saginaw
Bay to west of the HowellAnticline and then du.e south to the Michigan—
Ohio boundary. A Keweenawan rift zone characterized by mafic intrusives,
extrusives and uplifted gneisses transects the Peninsula irom the
Traverse Bay area to southeastern Michigai Keweenaean ic.neous activity
may also be reflected in the numerous local magnetic anomalies in -
southwest Mi-htgan which occur along norLn'est striking treds whith
parallel the regional gravity anomaly pattern.
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PRECAMBRIAN CLASTIC aarna SEDENTATION

GEORGE deVRLES KLEIN

Dept. of Geology, Univ. of Illinois, Urbana, Illinois, 61801

ABSTRACT

The Precrbriari Lower Fine-grained Quartzite of Scotland and
both the Precaubrian Sterling Quartzite and Precanbrian part of the
Wood Canyon Formation of eastern California and Nevada are
characterized by primary sedimentazy features which are indicative
of sediment transport and deposition by tidal currents. Sediment-
sty structures which occur in these formations are grouped into
seven associations which am produced by seven phases of tidal
sediment transport:

ASSOCIATION 1: Cross-stratification organized into herringbone sets,
with bipolar—bimodal orientation; parallel laninae; these features
indicate tidal current bedload transport with bipolar reversals of
flow directions (Reirieck, 1963).

ASSOCIATION 2: Reactivation surfaces: Multimodal frequency distrib-
utions of cross-strata set thickness and of dip angles; unirnodal
orientation of directional current structures parallel to basin
topographic strike; all produced by time—velocity assymetry of
tidal current flow (Klein, l970a3.

ASSOCIATION 3: Interference ripples; superposition of current ripples
at 900 and 1800 on crests and slip faces of dunes, sand waves and
internal cross-strata; "B-C" sequences of cross-strata overlain by
micro-cross-laninae; highly-var! ant orientation of current ripples;
all produced by late-stage emergence runoff prior to anergence of
an intertidal flat (Klein,1963,1970a,l970b).

ASSOCIATION It: Cross—stratification with flasers and clay drapes;
flaser bedding; lenticular bedding; "tidal bedding'; convolute
bedding; all produced by alternation of bedload and suspension
sedimentation associated with alternating bedload and slack-water
tidal current flow (Reineck and Wunderlich,l968a,1965b; Wunderlich,
1970).

ASSOCIATION 5. Washout structures, sane filled with mud—chip
conglctnerates; rill marks; flute casts; all produced by tidal scour
(Van Straaten,l951j; Reineck, 1967; Klein,1970a).
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ASSOCIATION 6: Mudc racks; mt rafo tin ational congicrie rates; birdseye
stricture; all, produced by exposure and evaporation (Shinn,1968).

ASSOCIATION 7: Tracks and trails; burrowing structures,"escape
burrows; all produced by burrowing orgaxüaus adapted to a tidal
regime (Rhoads,l967; Remneck and others, 1968).

Precanbrian paleotidal ranges can be approximated in these
rock units finn analysis of fining-upward sequences similar to
those occurring in prograding tidal copstlines. To date, Late
Precambrian paleotidal ranges from 0.3 to 13.0 meters have been
measuitd. This Late Precaubrian paleotidal range variation is
less than the known variation measured along Holocene tidal
coasts (variation of tidal ranges fran 0 to 17.5 meters). Perhaps
Precanbripn paleotidal range variation is not greatly difforent
fran present-day variation. If further work substantiates such
a limited paleotidal range variation fruit the Precambrian, it
poses critical problems for various geophysical pxtblms that have
been proposed for the origin and age of the earth-noon systan.
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SOME GEOLOGY OF THE 'ARATHON COUNTY VOLCANIC BELT

by
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Wisconsin Geological Survey and
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Oshkosh, Wisconsin

ABSTRACT

The area east of Wausau in Marathon County consists largely of
volcanic rocks which range in composition from basaltic to rhyolitic.
The basaltic rocks are mainly to the southeast and the rhyolitic rocks
to the northwest, suggesting that the top of the sequence is northwest:
however, no definite evidence of stratigraphic top was fond. Trachytes
are also pr?sent at the northwestrn edge of the napped area. Sedimentary
rocks are virtually absent.

The volcanic rocks have been intruded by v;rious sized masses of
gabbro, diorite, granite, and syenite. There appears to have been
several ages of granitic intrusion. Available radiometric ages indicate
that the rocks arc late Middle Precambrian.

Structurally, the area is characterized by at least two directions
of large scale faulting with niajor fault zones trending approximately
N8O°E to N60°E. The faulting, which also shows up well on the aeronagnetic
map covering the area mainly west of Wausau, has resalted in many of the
lithologli units being in fault contact. Perhaps the most significant
fault zone is the N3OF trend whiàh has produced a zone nearly a mile
wide in the Eau Claire River valley in which mylonite is a major rock
type. This zone truncates the N8O°E—N60°E trend more prevalent to the
west.

The current napping project, funded by the Wisconsin Geological
S"rvey, has revealed significantly more volcanic rocks than are shown OLI
Weidinan's 1907 map. This has important implications for min al explora-
tion programs. A previously unreported gold prospect, on which mining
was attempted about 1920, is probably the most interesting locality from
an economic point of view.

Dutton, C. B. and Bradley, R. E. (1970) "Lithologic, Geophysical, and
:•lineral Commodity Maps of Precambrian Rocks in Wisconsin"; U.S.G.S.
Miscellaneous Geologic Investigations Mao 1—631.

Henderson, J. IL, Tyson, N. S., and Page, 3. R. (1963) "Aeromagnetic
Map of the Wausau Area, Wisconsin"; U. S. G. S. Geophysical
Investigations Map CP—40l.

Laberge, G. U. and Weis, L. W. (1968) 'A Greenstone Belt in Central
Wisconsin?, Guidebook for 32nd Annual Tn—State Geological Field
Conference.
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HEMATITE PSEUDOMORPI-1IC AFTER BIOCENIC
PYRITE IN THE NEGAUNEE IRON FORMATION

N. S. Lougheed and J. 3. Nancuso

Bowling Green State University, Bowling Green, Ohio 43403

ABSTRACT

Spherules of hematite (limonite), ranging in diameter from
5 microns to 20 microns but generally of similar size in each
particular population, as well as disseminated octahedral crystals
of pseudomorphic hematite occur in many laminations of the Negaunee
iron formation. Mineral associations include chert, magnetite, iron
carbonate, and iron silicates. A common associate is fossil fila—
mentous mat algae. A tentative conclusion based on two microprobe
analyses indicates carbon in the filaments. Thermal experiments
result in considerable removal of the filamentous material suggesting
the presence of both amorphous carbon and graphite.

Framboidal pyrite with diameters ranging from 5 microns to 20
microns and pyrite octahedra, occurring in two unconsolidated sedi—
inents with contrasting environments, one a Pleistocene fresh water
lake deposit, the other a Recent marine tidal lagoon, unequivocally
demonstrate their biogenic origin.

P-Jzoic analogs of somewhat similar lithology to iron formation
have the following associations: chert, carbonate, biogenic euhedral
pyrite, biogenic framboidal pyrite 5 microns to 20 microns in diameter,
sparce euhedral magnetite and fossil microfcunz: and/or microflora.
They further demonstrate the biogenic origin of pyrite.

A finely laminated chert carbonate specimen from the Pennsylvanian
Dimple formation, Texas, clearly shows the transition of biogenic
pyrite to pseudomorphic hematite (limonite) by oxidation.

These various features are illustrated by phbtomicrographs to
support the hypothesis that the spherules of hematite (limonite)
and possibly other hematite in the Negaunee iron formation are
pseudomorphic after biogenic pyrite, and together with the presence
of probable algal mat strongly support the bio3enic (in part) genesis
of the Negaunee iron formation.
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of pseudomorphic hematite occur in many laminations of the Negaunee
iron formation. Mineral associations include chert, magnetite, iron
carbonate, and iron silicates. A common associate is fossil fila­
mentous mat algae. A tentative conclusion based on two microprobe
analyses indicates carbon in the filaments. Thermal experiments
result in considerable removal of the filamentous material suggesting
the presence of both amorphous carbon and graphite.

Framboidal pyrite with diameters ranging from 5 microns to 20
nlicrons and pyrite octahedra, occurring in two unconsolidated sedi­
ments with contrasting environments, one a Pleistocene fresh water
lake deposit, the other a Recent marine tidal lagoon, unequivocally
demonstrate their biogenic origin.

Paleozoic analogs of somewhat similar lithology to iron formation
have the following associations: chert, carbonate, biogenic euhedral
pyrite, biogenic framboidal pyrite 5 microns to 20 microns in diameter,
sparce euhedral magnetite and fossil microfauna and/or microflora.
They further demonstrate the biogenic origin of pyrite.

A finely laminated chert carbonate specimen from the Pennsylvanian
Dimple formation, Texas, clearly shows the transition of biogenic
pyrite to pseudomorphic hematite (limonite) by oxidation.

These various features are illustrated by photomicrographs to
support the hypothesis that the spherules of hematite (limonite)
and possibly other hematite in the Negaunee iron formation are
pseudomorphic after biogenic pyrite, and together with the presence
of probable algal mat strongly support the bio~enic (in part) genesis
of the Negaunee iron formation.
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DISTRIBUTION OF URANIUM AND THORIUM IN PRECAMBRIAN
ROCKS OF THE WESTERN GREAT LAKE: RE3ION

by

Roger C. Malan and David A Sterling

U.S. Atomic Energy ommission, Grand Junction, Thiorado

AECTRACT

Prospecting during the 1950's resulted in the discovery of several
uranium and thorium prospects in Precambrian rocks in the west-
ern Great Lakes region of the United States. No economic deposits
were delHeated by the few small exploration efforts that were under-
taken. Since then there has been very little exploration for radio-
active minerals in that region.

In Wisconsin and in upper Michigan, Lower, Middle, and Upper Pre-
cambrian silicic and hyperalkalic plutonic rocks contain anomalous
amounts of disseminated radioactive minerals. In upper Michigan,
the Middle Precambrian Animikie Series contains uranium veins in
slate, monazite placers in conglomerate, and irregular concentra-
tions of utanium in iron formation adjacent to slate. These pros-
pects do not contain important reserves of uranium or thorium that
are economically mineable at present but some may contain large
long-range, low-grade resources. For example, limited sampling
indicates that masses of silicic igneous rocks in northeastern Wis-
cousin may contain 50 to 100 parts per million uranium. This is
greater than the uranium content in any of about 250 bulk samples
of igneous rocks that have been analyzed in a recent study of the
distribution of uranium and thorium in Precambrian rocks in the
western United States. A potentially great low-grade resource of
thorium may exist in the monazite placers in Animikie conglom-
erates in the Marquette Range, upper Michigan.

In other areas of the world, stratiform uranium deposits in Middle
Precambrian coarse clastic sediments are of major importance.
The world's greatest known resource of uranium is in basal con-
glomerates of the Middle Precambrian Huronian Series in the
Elliot Lake - Blind River district in southern Ontario. Important
stratiform uranium deposits have not been discovered in the
Animikie Series which is in part correlative with the Huronian;
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however, limited sampling ia the iviarquette Range, upper Michigan,
indicates that anomalous amounts of uranium are present in coarse
elastic facies. Also uranium/thorium ratios in the Animikie in the
Marquette Range and in the Huronian in the Elliot Lake - Blind River
area increase in descending stratigraphic positions. More study of
the distribution of uranium and thorium in the Animikie is warnnted.
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LOWER KEWEENAWAN SEDIMENTS OF THE LAKE SUPERIOR REGION

Allen F. Mattis

Department of Geology
University of Minnesota, Duluth

ABSTRACT

Lower Keweenawan sediments directly underlie the Keweenawan

voi:anic series in the Lake Superior region. Studies of the quartz—
rich Puckwunge Formation (Minnesota) and the Bessemer Formation (Michigan
and Wisconsin), which include thin section petrography, heavy mineral

analysis, and measurement of paleocurrent indicators, provide new data

on Lower Keweenawan events.

The Puckwunge Formation of Cook County, northeastern Minnesota,
is LT.termittently exposed along a 25 mile belt extending westward from

Pigeon Point on Lake Superior. Although the lower contact of this

formation is not exposed, outcrops of the formation thicken from 30
feet on Grand Portage Island to over 100 feet in the westernmost

exposures. Fifteen feet of basal conglomerate exposed on Grand Portage
Island contains flat chips and pebbles of argillite and slate, probably
derived from the underlying Rove Formation, and rounded pebbles of
quartzite. Thin section examinutioi indicates total feldspar content
ranges from 20 percent in the eastern exposures to only a trace in the
western outcrops. Unit quartz is the dominant quartz uype, with up to
20 percent polycrystalline quartz being preseriI. Zircon, apatite, and
epidote are the common nonopaque accessory heavy ininerais, with tourma—
line also present in the central portion of the outcrop belt.

At Nopeming, just west of Duluth, 25 feet of quartzite and quartz-
and quatnJte—pebble conglomerate are •:->.oosed bere&: }T the basal (?)

Keweenawn flow over a distance of half a mile. In the sand—sized
fractions, unit quartz is LUe dominant quartz tye, with polycrystalline
quartz also preseit. Zircon is the principal nonopaque accessory heavy
mineral, with minor amounts of a;atite and tourmaline present. Gravity
and magnetic profiles across the na suggest the presence of a tabular,
dike—like mafic body beneath the Puckwunge exposures at Nopeming; a
greater degree of recrystallization in the lowermos: sediments may be
related to this probable intrusive.

The Bessemer Formation of :-:ohigai-r and Wisconsin is intermittently
exposed along a 40 :nile belt extending eastward from >leflen, Wisconsin.
The formation is over 150 feet thick where both the upper i-td lower
contacts are visible. A basal conglomerate contains rounded pebbles of
quartz, qu;E2ite, flint, and jasper in a qnartzite matrix. In the
sand—si-:d fractions, unit qunrtz is the dominant quartz type, with
polycrystalline quartz also present. The average total feidsrar content
is less than 10 percent. Zircon is the dominant nonopaque nccesscry
h!avy hliner&I, with apatite, rutile, and tourmaline also present.
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Lower Keweenawan sediments directly underlie the Keweenawan
volcanic series in the Lake Superior region. Studies of the quartz-
rich Puckwunge Formation (Minnesota) and the Bessemer Formation (Michigan
and Wisconsin), which include thin section petrography, heavy mineral
analysis, and measurement of paleocurrent indicators, provide new data
on Lower Keweenawan events.

The Puckwunge Formation of Cook County, northeastern Minnesota,
is intermittently exposed along a 25 mile belt extending westward from
Pigeon Point on Lake Superior. Although the lower contact of this
formation is not exposed, outcrops of the formation thicken from 30
feet on Grand Portage Island to over 100 feet in the \vesternmost
exposures. Fifteen feet-of basal conglomerate exposed on Grand Portage
Island contains flat chips and pebbles of argillite and slate, probably
derived from the underlying Rove Formation, and rounded pebbles of
quartzite. Thin section examination indicates total feldspar content
ranges from 20 percent in the eastern exposures to only a trace in the
western outcrops. Unit quartz is the dominant quartz type, with up to
20 percent polycrystalline quartz being present. Zircon, apatite,and
epidote are the common nonopaque accessory heavy minerals, with tourma­
line also present in the central portion of the outcrop belt.

At Nopeming, just west of Duluth, 25 feet of quartzite and quartz-­
and quartzite-pebble conglomerate are exposed beneath the basal (?)
Keweenawan flow over a distance of half a mile. In the sand-sized
fractions, unit quartz is the dominant quartz type, with polycrystalline
quartz also present. Zircon is the principal nonopaque accessory heavy
mineral, with minor amounts of apatite and tourmaline present. Gravity
and magnetic profiles across the area suggest the presence of a tabular,
dike-like mafic body beneath the Puckwunge exposures at Nopeming; a
greater degree of recrystallization in the lowermost sediments may be
related to this probable intrusive.

The Bessemer Formation of Hichigan and lHsconsin is intermittently
exposed along a 40 mile belt extending eastward from ~le~len, Wisconsin.
The fonnation is over 150 feet thick where both the upper and lower
contacts are visible. A basal conglomerate contains rounded pebbles of
quartz, quartzite, flint, and jasper in a rruartzite matrix. In the
sand-sized fractions, unit quartz is the dominant quartz type, with
polycrystalline quartz also present. The average total feldspar content
is less than 10 percent. Zircon is tlte dominant nonopaque accessory
heavy ltlineral, \vith apatite, rutile. and tourmaline also presenL



—46—

Exposures of the lower IKeweenawan sediments along both limbs
of the Lake Superior Syncline suggest the deposition of a thin sheet
of sediment throughout the region. The cross—bedded, rippie—mariced,
well sorted quartz—rich sediment composed of well rounded grains
suggests a shallow water environment. Cross—bedding, ripple mark,
and parting lineation measurements in these sedimentary rocks indicate
a general southerly direction of sediment transport, with the sediments
being derived from the Pre—Keweenawan rocks to the north. Thus, these
Lower Keweenawan sediments were probably deposited during the northward
transgression of a sea into the region, and were apparently the final
sediment deposited in the Lake Superior region prior to formation of
the Lake Superior Syncline.
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EXPLORATION GEOLOGY OF DOUGLAS COUNTY, w::scoNSIN

by

Joseph T. Mcnge1, Jr., Professor and Ronald A. Hendrickson
Department of Geology

Wisconsin State University, Superior, Wisconsin 54880
and

Wisconsin Geological and Natural History Survey, Madison 53706

ABSTRACT

The oldest bed rock units in Douglas County are the Keweenawan
basaltic fissure flows of the St. Croix horst south of the line
Brule, raple, Wentworth, South Range, Pattison State Park, Patzau.
These flows have a N6OE3SS attitude along tha north margin of the
horst and N5OE15S along the south. They are intruded by "red rock"
in l5—47N-13W,K/Ar dated at .95 b.y. and by a gabbro mass in 32—48N—
12W.

Basaltic flows occur again south of the line Totagatic River—
Ounce Creek where the attitude is N4SE3ON and there are extensive
conglomerate and sandstone interbeds with the lavas.

Native copper and copper suif ides are found in ainygdaloidal
horizons and along fractures wherever the Keweenawan lavas outcrop.
Almost all lava outcrop is within the following limits:

(1) A 2 mile wide band a,uth of the line Brule—Patzau

(2) A 2 nile wide band north of the line Winnebaujou—St.
Croix River in 43N—14W and 44N—13W

(3) The NW half of 43N—1SW

(4) The south half of 44N—l5W and SW quarter 44N—14W

(5) The NE quarter of 45N—l2W

(6) The SE haf of 43N—1OW, especially along the valley of
Dingle Creek in sections 12 and 13 where an extensive
section is exposed

During the last century and a half the properties listed below
have all been the locus of shafts and/or test pits and drilling for
copper in the lavas.
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The oldest bed rock units in Douglas County are the Keweenawan
basaltic fissure flows of the St. Croix horst south of the lin~

Brule, Maple, Wentworth, South Range, Pattison State Park, Patzau.
These flows have a N60E35S attitude along the north margin of the
horst and N50E15S along the south. They are intruded by "red rock"
in 15-47N-13W,K/Ar dated at .95 b.y. and by a gabbro mass in 32-48N­
l2W.

Basaltic flows occur again south of the line Totagatic River­
Ounce Creek where the attitude is N45E30N and there are extensive
conglomerate and sandstone interbeds with the lavas.

Native copper and copper sulfides are found in amygdaloidal
horizons and along fractures wherever the Keweenawan lavas outcrop.
Almost all lava outcrop is within the following limits:

(1) A 2 mile wide band south of the line Brule-Patzau
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(6) The SE half of 43N-lOW. especially along the valley of
Dingle Creek in sections 12 and 13 where an extensive
section is exposed

During the last century and a half the properties listed below
have all been the locus of shafts and/or test pits and drilling for
copper in the lavas.
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Location Property Nature

NE 12—43N—1OW Weyerhauser Ainygdaloid and in
assoc. sediments

SW 28—43N—1OW Williams Ashbed amygdaloid

NW 6—43N—13W Superior Copper Mines C.F. Irving Mon 5,

p1. 25

SW 8—43N—13W Copper Mine Dam Ainygdaloid (?)

SE 34—44N—J.4W Nowell (Crotty Brook ArnoL) Anygdaioici (?)

SE 14—44N—13W Aac ía Amygdaloid

NE 31-4 7N—liJ Culligan Amygdaloid

SE 28—47N—14W Bardon Amygdaloid ()

SW 1447N—14W Cc1:ier Creek Amygdaloid

NE 8—47N—13W Fond du Lac Amygdaloid

SE 2—47N—l3W Starkweather Fissure vein 4—6' wide
Wisconsin NE strike 75 NW dip
Zdwards

Center ll—47N—13W Amnicon Narrow steeply dipping
vein

4—47N-12W Houghton Amygdalcid

NE 8—47N—12W Badger Nnygdaloid (?)

NW 1O—47N—12W Chippewa Fractured Amygdaloids

St 1O—47N—12W Copper King Amygdaloid (?)

NE 23--48N--lOW Cascade Miygdaloid (?)

NE 24-48N—lOW Percival, Jr. Amygdaloid

NE 27—48N—1OW Percival Veinlets in amygdaloid

NW 28—48N—1OW Astor Amygdaloid

SE 29—48N—12W Mrnicon Mtygdaloid (?)

SE 34—48N—13W Catlin Amygdaloid

Location

NE l2-43N-lOW

SW 28-43N-lOW

NW 6-43N-l3W

SW 8-43N-l3W

SE 34-44N-l4W

SE l4-44N-l3W

NE 3l-47N-l4W

SE 28-47N-l4W

SW l4-47N-l4W

NE 8-47N-l3W

SE 2-47N-l3W
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Nature
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Amygdaloid
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Fissure vein 4-6' wide
NE strike 75 NW dip

Center ll-47N-l3W Amnicon

4-47N-l2\.J Houghton

NE 8-47N-l2W Badger

NW lO-47N-l2W Chippewa

SW lO-47N-l2W Copper King

NE 23-48N-lOW Cascade

NE 24-48N-lO\.J Percival, Jr.

NE 27-48N-lOW Percival

NW 28-48N-lOW Astor

SE 29-48N-l2W Amnicon

SE 34-48N-l3W Catlin

Narrow steeply dipping
vein

Amygdaloid

Amygdaloid (?)

Fractured Amygdaloids

Amygdaloid (?)

Amygdaloid (?)

Amygdaloid

Veinlets in amygdaloid

Amygdaloid

Amygdaloid (?)

Amygdaloid
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The U. S. Bureau of Mines reported on extensive tests of the
Weyerhauser Property in 1947 and the Chippewa Property in 1955.

The Keweenawan Oronto Group occupies the Lake Superior syneline
south of the line Winneboujou, Solon Springs — St. Croix River. Re-
portedly the Copper Harbor Conglomerate, the Nonesuch Shale, and the
Freda Sandstone units are all present in this area. Prospecting in
the syncline has centered on attempts to locate a copper—bearing facies
of the Nonesuch Shale, but has been hampered by complete absence of
outcrop except along the lower portion of the St. Croix River Valley.
Conglomerates have been reported from exploration tests in: NWNW 10—
44N-llW, SW corner 3l—44N—1OW, W half lO—45N—1OW, SWSW l6—45N—llW,
NE corner 27—45N-lOW, NENE 34—45N—llW, SE 10—46N—llW, NESE 25—46N—11W;
Shale rrom near the center of 34—47N—llw; and Sandstone from NE 3—45N—
lOW, SW 8—46N—lOW, NWSW ll—46N—lOW, W half 15—47N—1OW, SE 19—47N—1OW.
Waterwells do not penetrate the estimated 200 foot depth of sandy
overburden in this area.
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REVISED KEWEENAWAN SUBSURFACE STRATIGRAPHY
SOUTHEASTERN MINNESOTA

G. B. Morey
Minnesota Geological Survey

Minneapolis, Minnesota

ABSTRACT

The Mid—continent Gravity High is the major tectonic feature of the
northern mid-continent region. Detailed geophysical surveys over the 600
mile—long belt show that the structure consists mainly of a sequence of ba-
saltic lava flows which form steep—sided blocks that are an average of about
40 miles wide and several miles thick. Clastic rocks occur in flanking ba-
sins and in grabens and axial basins on top of the blocks. Because much of
the structure is covered by Paleozoic rocks, little is known about the rocks
away from their outcrop area around Lake Superior. However, the Paleozoic
cover is relatively thin in southeastern Minnesota, and several drill holes
have penetrated considerable thicknesses of Iceweenawan strata. Of particular
interest here are the sedimentary rocks which flank and overlie the St. Croix
horst, an uplifted basalt block in southeastern Minnesota.

Keweenawan sandstone and shale have been known from the subsurface for a
hundred years. Because of their red color, they have been grouped together un-
der the Red Clastic Series, a "temporary" name proposed by Hall and others in
1912. Mooney and others (1970, J. Geophys. Res., v. 75, p. 5056—5086) have
subdivided these rocks into a number of seismic units, and concluded that sev-
eral of their subdivisions could be correlated with already named formations.
A detailed petrographic study of Ii,000 feet of diamond drill core from a number
of localities has demonstrated the presence of at least three lithologically
distinct intervals which more—or-less correspond to seismic units. Therefore,
it will be recommended (Morey, in prep.) that the term Red Clastic Series be
abandoned and replaced by a more suitable nomenclature. Accordingly, three
formations will be recognized: (1) Hinckley Sandstone, a buff to tan rock con-
taining 95 percent or more quartz. (2) Fond du Lac Formation, consisting of
intercalated moderate red shale and sandstone containing 6o percent quartz, 30
percent orthoclase, microcline and sodic plagioclase, and 10 percent "granitic"
rock fragments. (3) An as yet unnamed formation, consisting of dark reddish—
brown mudstone and sandstone containing variable amounts of quartz, plagioclase
of intermediate composition, and aphanitic igneous rock fragments. The first
two formations are known from surface exposures, however the third formation is
confined entirely to the sub—surface.

A stratigraphic analysis indicates that in the flanking basins, the un-
named formation is overlain by the Fond du Lac Formation, which in turn is grada-
tionally overlain by the Hinckley Sandstone. On top of the horst, the unnamed
formation overlies basaltic rocks and is locally overlain by Hinckley Sandstone;
at places, a regolith as much as 100 feet thick separates the two formations.
Either the Fond du Lac Formation was never deposited on top of the horst, or was
removed prior to Hinckley deposition.

Any attempt to explain the geologic evolution of this structure must take
into account these stratigraphic relationships.

-50-

REVISED KEWEENAWAN SUBSURFACE STRATIGRAPHY
SOUTHEASTERN MINNESOTA

G. B. Morey
Minnesota Geological Survey

Minneapolis~ Minnesota

ABSTRACT

The Mid-continent Gravity High is the major tectonic feature of the
northern mid-continent region. Detailed geophysical surveys over the 600
mile-long belt show that the structure consists mainly of a sequence of ba­
saltic lava flows which form steep-sided blocks that are an average of about
40 miles wide and several miles thick. Clastic rocks occur in flanking ba­
sins and in grabens and axial basins on top of the blocks. Because much of
the structure is covered by Paleozoic rocks, little is known about the rocks
away from their outcrop area around Lake Superior. However, the Paleozoic
cover is relatively thin in southeastern Minnesota, and several drill holes
have penetrated considerable thicknesses of Keweenawan strata. Of particular
interest here are the sedimentary rocks which flank and overlie the St. Croix
horst, an uplifted basalt block in southeastern Minnesota.

Keweenawan sandstone and shale have been known from the subsurface for a
hundred years. Because of their red color, they have been grouped together un­
der the Red Clastic Series, a IItemporaryll name proposed by Hall and others in
1912. Mooney and others (1970, J. Geophys. Res., v. 75, p. 5056-5086) have
subdivided these rocks into a number of seismic units, and concluded that sev­
eral of their subdivisions could be correlated with already named formations.
A detailed petrographic study of 4,000 feet of diamond drill core from a number
of localities has demonstrated the presence of at least three lithologically
distinct intervals which more-or~less correspond to seismic units. Therefore,
it will be recommended (Morey, in prep.) that the term Red Clastic Series be
abandoned and replaced by a more suitable nomenclature. Accordingly, three
formations will be recognized: (1) Hinckley Sandstone, a buff to tan rock con­
taining 95 percent or more quartz. (2) Fond du Lac Formation, consisting of
intercalated moderate red shale and sandstone containing 60 percent quartz, 30
percent orthoclase, microcline and sodic plagioclase, and 10 percent "granitic"
rock fragments. (3) An as yet unnamed formation, consisting of dark reddish­
brown mudstone and sandstone containing variable amounts of quartz, plagioclase
of intermediate composition, and aphanitic igneous rock fragments. The first
two formations are known from surface exposures, however the third formation is
confined entirely to the sub-surface.

A stratigraphic analysis indicates that in the flanking basins, the un­
named formation is overlain by the Fond du Lac Formation, which in turn is grada­
tionally overlain by the Hinckley Sandstone. On top of the horst, the unnamed
formation overl ies basaltic rocks and is locally overlain by Hinckley Sandstone;
at places, a regolith as much as 100 feet thick separates the two formations.
Either the Fond du Lac Formation was never deposited on top of the horst, or was
removed prior to Hinckley deposition.

Any attempt to explain the geologic evolution of this structure must take
into account these stratigraphic relationships.



—51—

LIMNOGEOLOGICAL STUDIES OF THUNDER BAY,

LAKE SUPERIOR, ONTARIO

J. S. Mothersill

LAICEHEAD UNIVERSITY

ABSTRACT

Limnogeological studies were carried out in Thunder Bay,
Lake Superior during the 1970 field season. Ponar grab samples
and Phleger cores were taken at one hundred and forty—seven
stations on a 1.5 mile grid for geochemical and mineralogical
analyses. In addition three echo sounding traverses were
carried out using an MS 26F metric echo sounder.

Thunder Bay which is partly silled to the south by an
east—northeast trending horst from Victoria Island to Spar
Island contains three separate basins. Recent sediments which
cover the bay—floor grade from a thin veneer of sand, less than
3 centimeters thick, to a sequence of clay—silts, up to 14
meters thick, in the central parts of the basins. Tight fold-
ing of the Recent clay—silts in the deepest part of the central
basin is probably caused by gravity slumping. Geochemical
investigations of the bottom—sediments show that there appears
to be a tendency towards negative Eh and low pH values in the
deep—water areas. In the vicinity of the Kaministikwia Delta
anomolous Eh and pH measurements were recorded which were
probably caused by industrial pollutants entering the bay from
the Kaministikwia River.

The Recent sediments unconformably overlie Pleistocene
varved sediments of undetermined thickness. The Recent clay—
silt section and the Pleistocene varved sect±on each form a
typical syndiagenetic sequence with a relatively thin upper
oxidized zone (initial stage) and a lower reduced zone (early
burial stage). The oxidized zone is caused by the dissolved
oxygen in the trapped waters of the upper layers of sediment
and the action of aerobic bacteria. The depletion of oxygen
results in the underlying reducing zone with anaerobic
conditions and a sharp increase in pH.
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REINVESTIGATION OF "RED ROCKS" IN THE
PIGIY)N POINT AREA, MINNESOTA

M. C. M::drey, Jr., and P. W. Weiblen

Minnesota Geological Survey
and

University of Minnesota, Minneapolis

ABSTRACT

Keweenawan granitic rocks of reddish color as exemplified
by the "red rocks" of the Pigeon Point, Cook County, area are
divisible into red quartzites, porphyritic red rocks and granular
red rocks. Retnapping with this division reduces the problem of
excess granophyre abundance associated with the Pigeon Point sill.

Reddish quartzites contain abundant recrystallized quartz
with minor iicrstitial sericite—biotite granophyric feldspar—
quartz intergrowths. A faint foliation defined by biotite linea—
tion and relict bedding can be discerned in quartzite inclusions
found in intermediate rock of dioritic composition.

Porphyritic red rock displays euhedral feldspar phenocrysts
in a granophyric quartz—feldspar groundmass. This rock type cuts
the Rove formation and intrudes the Pigeon Point gabbro. Miaro—
litic cavities are found filled with calcite and zeolite minerals.

Granular red rock contains granoblastic quartz and feldspar
set in a granophy tic groundinass of quartz and feldspar with minor
sericite—biotite and rounded grains or sphene and epidote.

Phase relations and overgrowths on quartz suggest that a
sedimentary parentage is possible, however intrusive relations on
Pigeon Point require that the granular red rocks must have been a
crystal mush.

The abundance of red rock in the Pigeon Point area in excess
of that to be expected by differentiation has been noted since
1893, and is part of a reinvestigation of the eastern exposures of
Keweenawan rocks in Minnesota.
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THE SEDIMENTOLOGY AND TECTONIC SIGNIFICANCE OF THE
BAYFIELD GROUP, WISCONSIN AND MINNESOTA

Wallace Darwin Myers, II

University of Wisccnsin

ABSTRACT

A study of the mineralogical and physical characteristics of the
Bayfield Group was made to determine 1) depositional environment,
paleogeography, and source terrane during Bayfield time, 2) the
nature of the contact of the Bayfield Group with the older Oronto
Group, and 3) the early history of the Douglas fault.

Field study included detailed mapping of Bayfield and Oronto
Group rocks to establish the location of all outcrops, the lithology
and stratigraphy of all formations, the geographic and stratigraphic
distribution of sedimentary structures and the structural relationships
between rock bodies. Analyses of rock specimens in the laboratory
included 1) petrographic study of the bulk mineralogy and textural
characteristics of sandstone specimens, 2) x—ray diffraction study of the
clay mineralogy of shale beds and chemical analyses of the boron con-
centration of the clay mineral illite, 3) x—radiography study of the
internal stratification of selected sedimentary structures, and 4)
statistical study of directional sedimentary structures.

Petrographic studies of Bayfield Group sandstones indicate that
quartz constitutes approximately 80 percent of framework grains, that
the feldspar population is dominated by microcline, and that Bayfield
Group sandstones are better sorted and exhibit a higher degree of
rounding than the Freda Sandstone of the Oronto Group.

The high compositional and textural maturity of the Bayfield Group
suggests that the source area for these sediments was not a simple
volcanic terrane. Petrographic data indicate that the Bayfield and
Freda sandstones had a similar source; possibly recycling of the Freda
Sandstone was an important source of sediments during Bayfield time.

The sedimentary structures of the Bayfield Group are those which
are typically developed in fluvial environments, including trough cross—
bedding, current ripple marks, channel sandstones, mudcracks, and
associated structures. The stratification and bed forms of the Bayfield
Group are characteristic of those formed in the upper part of the lower—
flow regime (Harms and Fahnestock, 1965). By analogy with modern alluvial
channels the general geologic setting of the Bayfield Group can be
inferred to have been an alluvial plain characterized by loz—gradient,
meandering, perennial streams. The strong N40°E trend of trough cross—
bedding indicates the direction of sedimentary transport was from the
southwest to the northeast. This inference is supported by the orienta-
tion of parting lineation and current ripple marks.
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The contact of the Bayfield and Oronto Groups is not exposed;
petrographic data provide the clearest evidence of the nature of this

boundary. On the basis of the high compositional and textural maturity
exhibited by Bayfield Group sandstones, it is suggested that these
elastics represent a new cycle of sedimentation in the synclinal Lake
Superior basin. This interpretation is supported by the contrasting
clay mineralogy of the two sequences (illite— and chlorite—rich Oronto
rocks, but kaolin—rich Bayfield rocks).

There is no compelling evidence that:the Douglas fault was active
during Bayfield time. Conglomerates are known at nitty two exposures of
the Douglas fault, and in each case their distribution is restricted to
the zone immediately adjacent to the fault. Furthermore, the conglom-
erates do not resemble true tectonic conglomerates either texturally or
compositionally. Additional evidence is provided by the orientation
of directional sedimentary structures at the Douglas fault localities.
These structures which include parting lineation and cross—bedding, show
no apparent relation to the Douglas fault. Thus, there is no geologic
evidence of major faulting during Bayfield, or at least Orienta, time.
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ABSTRACT

The Precambrian basement complex beneath Lake Michigan, which lies
on the western and northern flank of the Paleozoic Michig.E.n Basin, is

only known from a few widely scattered basement drill holes around the
perimeter of the Lake and a single drill hole -ithin the Lake on 3eaver
Island. Nevertheless, the basement geology of Lake Michigan is signifi-
cant to the Precambrian framework of the Midcontinent and is critical to
the extrapolation of basement structural trends from Lake Superior, orth—
em Michigan, and Wisconsin into the Michigan Basin. To fill this gap an
aeromagnetic survey consisting of 7,000 miles of total magnetic intensity
data were collected along flight traverses separated by six mile intervals.
Flight traverses were flown over northern Lake Michigan in a general north-
east direction and over southern Lake Michigan in a northwest direction.

The residual total magnetic intensity map prepared from the collected
data exhibits three regional magnetic positives. To general the magnetic
anomalies are related in a direct manner to gravity anomalies on the peri-
meter of the Lake. The southernmost postive :rikes northwest from the
Michigan shore from +2° to 13° 30'N. This anomaly is associated with a
southeast striking gravity positive and local magnetic positives extend—
icLg across southwestern Michigan and northeastern Indiana into Ohio. It

is on strike with the positive gravity and magnetic anomaly in northeastern
Indiana which has been found by basement drilling to be underlain by basalts
similar to Keweenawan flows of the Lake Superior region. The central regional
positive, which is made up of several individual anomalies, strikes roughly east—
west across the Lake between t140 and 450 l5'N. The northern components of
this anomaly can be traced into Wisconsin and across the southern Peninsula
of Lchigan except where they are transected by the Mid—Michigan rift zone.
These trends are believed to be assrciated with the Penokean basement prov-
ince. A marked regional magnetic anomaly minimum striking east—west occurs
to the north of the regional positive. The anomaly is on strike with the
felsic rocks of the Mountain—Amberg area of Wisconsin which is also char-
acterized by magnetic minimums. The minimum reappears east of the Mid—Michi—
gan rift zone anomaly and strikes east—southeast across to Lake Huron. The
northern regional positive magnetic anomaly strikes north—south from Traverse
Bay to north of Beaver Island where it bifurcates with one limb extending
north—northwest through Lake Superior to the Keweenawan baa alts on Keweenaw
Point. The other limb continues into the eastern portion of the Northern
Peninsula of Michigan and another segment of this branch connects to the
Keweenawan flows on Mamainse Point. In the Traverse Bay area the regional
positive becomes strongly negative and connects to the south with the mid—
Michigan gravity and magnetic anomaly.
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A B S T R ACT

The Precambrian basement complex beneath Lake Michigan, which lies
on the western and northern flank of the Paleozoic Michigan Basin, is
only known from a few widely scattered basement drill holes around the
perimeter of the Lake and a single drill hole within the Lake on Beaver
Island. Nevertheless, the basement geology of Lake Michigan is signifi­
cant to the Precambrian framework of the Midcontinent and is critical to
the extrapolation of basement structural trends from Lake Superior, North­
ern Michigan, and Wisconsin into the Michigan Basin. To fill this gap an
aeromagnetic survey consisting of 7,000 miles of total magnetic intensity
data were collected along flight traverses separated by six mile intervals.
Flight traverses were flown over northern Lake Michigan in a general north­
east direction and over southern Lake Michigan in a northwest direction.

The residual total magnetic intensity map prepared from the collected
data exhibits three regional magnetic positives. In general the magnetic
anomalies are related in a direct manner to gravity anomalies on the peri­
meter of the Lake. The southernmost positive strikes northwest from the
Michigan shore from 420 to 430 30'N. This anomaly is associated with a
southeast striking gravity positive and local magnetic positives extend­
ing across southwestern Michigan and northeastern Indiana into Ohio. It
is on strike with the positive gravity and magnetic anomaly in northeastern
Indiana which has been found by basement drilling to be underlain by basalts
similar to Keweenawan flows of the Lake Superior region. The central regional
positive, which is made up of several individual anomalies, strikes roughly east­
west across ·the Lake between 440 and 450 15'N. The northern components of
this anomaly can be traced into Wisconsin and across the southern Peninsula
of Michigan except where they are transected by the Mid-Michigan rift zone.
These trends are believed to be associated with the Penokean basement prov-
ince. A marked regional magnetic anomaly minimum striking east-west occurs
to the north of the regional positive. The anomaly is on strike with the
felsic rocks of the Mountain-Amberg area of Wisconsin which is also char­
acterized by magnetic minimums. The minimum reappears east of the Mid-Michi-
gan rift zone anomaly and strikes east-southeast across to Lake Huron. The
northern regional positive magnetic anomaly strikes north-south from Traverse
Bay to north of Beaver Island where it bifurcates with one limb extending
north-northwest through Lake Superior to the Keweenawan basalts on Keweenaw
Point. The other limb continues into the eastern portion of the Northern
Peninsula of Michigan and another segment of this branch connects to the
Keweenawan flows on Mamainse Point. In the Traverse Bay area the regional
positive becomes strongly negative and connects to the south with the mid­
Michigan gravity and magnetic anomaly.



—57—

GEOCHRONOLOGY OF THE GIANTS RANGE GRANITE

L. A. FRECE AND G. N. HANSON
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ABSTRACT

Seven whole rock samples of two—mica, foliated quartz
monzonites from the central part of the Giants Range Granite,
north of Hibbing, Minnesota, give a Rb—Sr isochron age of 2670
± 65 m.y. (Rb 87 A = 1.39 x i0' yr 1) and a 3r87/Sr86 initial
ratio of 0.7002 ± 0.0019 at the 95% confidence level. Epidote,
plagioclase, potassium feldspar, biotite—chiorite, apatite and
muscovite separates from one of these whole rock samples give mineral
—whole rock ages ranging from 2350 m.y. for epidote to 26140 m.y.
for muscovite. The lowered mineral—whole rock ages suggest that
at least one event occurred after intrusion of the granite, but that
the individual mineral phases were not completely homogenized with
respect to their 5r87/5r86 ratios. The 2350 m.y. epidote—rock
age probably is a maximum for the time of the last event. The
mineral data provide no conclusive evidence for the sequence of
events after intrus on, but are not inconsistent with a regional
low—grade metamorphism at around 1600 m.y.

This whole rock age is in agreement with U—Pb data on sphene
and zircon from the Giants Range Granite which suggest an age of
2100 n.y. and also with K—Ar ages for hornblende from the Giants
Range Granite which generally are 2600—2100 m.y. These ages
however are older than most of the Rb—Sr and K—Ar ages for biotite
which range from 2260—2630 m.y. The age of the post—kinematic
Linden Syenite just to the north also limits the ae of the syn—
to late—kinematic Giants Range Granite. ?b207_Pb2u6 data on sphene
and a b—Sr mineral—whole rock isochron with an initial ratio of
0.1009±O.000b suggest an age for the Linden Syenite of about
2100 m.y.

The low Sr87/5r86 initial ratios from both the Linden Syenite
and the Giants Range Granite suggest a source with a low Rb/Sr
ratio, perhaps the mantle, and it is unlikely that appreciable
mixing with preexisting continental crust took place.
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Seven whole rock samples of two-mica, foliated ~uartz

monzonites from the central part of the Giants Range Granite,
north of Hibbing, Minnesota, give a Rb-Sr isochron age of 2670
± 65 m.y. (Rb 87 AS = 1.39 x 10- 11 yr _1) and a Sr87 /Sr86 initial
ratio of 0.7002 ± 0.0019 at the 95% confidence level. Epidote,
plagioclase, potassium feldspar, biotite-chlorite, apatite and
muscovite separates from one of these whole rock samples give mineral
-whole rock ages ranging from 2350 m.y. for epidote to 2640 m.y.
for muscovite. The lowered mineral-whole rock ages suggest that
at least one event occurred after intrusion of the granite, but that
the individual mineral phases were not completely homogenized with
respect to their Sr87 /Sr 86 ratios. The 2350 m.y. epidote-rock
age probably is a maximum for the time of the last event. The
mineral data provide no conclusive evidence for the se~uence of
events after intrusion, but are not inconsistent with a regional
low-grade metamorphism at around 1600 m.y.

This whole rock age is in agreement with U-Pb data on sphene
and zircon from the Giants Range Granite which suggest an age of
2700 m.y. and also with K-Ar ages for hornblende from the Giants
Range Granite which generally are 2600-2700 m.y. These ages
however are older than most of the Rb-Sr and K-Ar ages for biotite
which range from 2280-2630 m.y. The age of the post-kinematic
Linden Syenite just to the north also limits the age of the syn-
to late-kinematic Giants Range Granite. Pb207_Pb206 data on sphene
and a Rb-Sr mineral-whole rock isochron with an initial ratio of
0.7009£-0.0004 suggest an age for the Linden Syenite of about
2700 m.y.

The low Sr87 /Sr 86 initial ratios from both the Linden Syenite
and the Giants Range Granite suggest a source with a low Rb/Sr
ratio, perhaps the mantle, and it is unlikely that appreciable
mixing with preexisting continental crust took place.
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THE GREAT LOGAN PALEOMAGNETIC LOOP — THE POLAR
WANDERING PATH FROM CANADIAN SHIELD ROCKS DURING THE HELIKIAN ERA

by

W. A. Robertson w. F. Fahrig
Geomagnetic Laboratory Geological Survey of Canada
Energy,I'Iines & Resources Ottawa, Ontario
Ottawa, Ontario

ABSTRACT
Normally magnetized dykes and reversely magnetized sills of

Neohelikian age near the north west shore of Lake Superior form
two distinct paleomagnetic groups with mean pole positions of
179W, 35N, and 140W, 47N respectively. Thermal and alternating
field paleomagnetic studies and the study of magnetic properties
and opaque minerals indicate that directions of magnetization of
these rocks were acquired at the time of their intrusion. Field
evidence indicates that the reversely magnetized sills are older
than the normally magnetized dykes and radiogenic age determinations
indicate intrusion between 1000 and 1100 m.y. ago.

These pole positions, together with those for the Franklin
intrusions pole at 167E—08N, assigned age 675 m.y., the Abitibi
dykes, at 134W, 27N, assigned aged 1150 m.y. and the NacKenzie
Igneous events, at 171W, 4N, assigned age 1200 iu.y. are used to
define Logan's Loop, the path that. the pole took in Neohelikian
time relative to the Canadian Shield. Other poles well defined
magnetically, but less well dated, from rocks of this era fit
the curve quite well.

Analysis of available data supports the hypothesis that the
relative polar movement that gave rise to Logan's Loop was pre-
ceded and followed by polar stability vis a vis North America,
whereas polar movement may have been quite rapid during the for-
mation of the loop. The depositional environment of Neohelikian
rocks of the Canadian Shield should be tested against their
probable paleolatitude as indicated by the 5 key points on Logan's

Loop.
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ABSTRACT

Normally magnetized dykes and reversely magnetized sills of
Neohelikian age near the north west shore of take Superior form
two distinct paleomagnetic groups with mean pole positions of
179\\1, 35N, and 140W, 47i'J respectively. Thermal and alternating
field paleomagnetic studies and the study of magnetic properties
and opaque minerals indicate that directions of magnetization of
these rocks were acquired at the time of their intrusion. Field
evidence indicates that the reversely magnetized sills are older
than the normally magnetized dykes and radiogenic age determinations
indicate intrusion between 1000 and 1100 m.y. ago.

These pole positions, together with those for the Franklin
intrusions pole at l67E-08N, assigned age 675 m.y., the Abitibi
dykes, at 134W. 27N, assigned aged 1150 m.y. and the MacKenzie
Igneous events, at l71W, 4N, assigned age 1200 m.y. are used to
define Logan's Loop, the path that the pole took in Neohelikian
time relative to the Canadian Shield. Other poles well defined
magnetically, but less well dated, from rocks of this era fit
the curve quite well.

Analysis of available data supports the hypothesis that the
relative polar movement that gave rise to Logan's Loop was pre­
ceded and follmved by polar stability vis a vis North America,
whereas polar movement may have been quite rapid during the for­
mation of the loop. The depositional environment of Neohelikian
rocks of the Canadian Shield should be tested against their
probable paleolatitude as indicated by the 5 key points on Logan's
Loop.
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CHARACTERISTICS OF SOME ALTERATION MINERALS,
PORTAGE LAKE LAVA SERIES, MICHIGAN

A. P. RUOTSALA
Michigan Technological University

ABSTRACT

Many silicate, carbonate, and oxide minerals are associated with
copper mineralization in the Portage Lake Lava Series and associated
conglomerates. A complete listing was published by Butler and Burbank'.
Amygdule zoning patterns associated with mineralization were studied by
Stoiber and Davidson . Chemical and x-ray diffraction studies are being
carried out at Michigan Technological University on a continuing basis.
In the past some of these studies were supported by the Calurnet Divisi -'n,
Universal Oil Products Company.

Epidote is characterized by wide ranges in unit cell dimensions. In
general, epidotes from amygdaloids have larger unit cell volumes than those
from conglomerates.

Calcites show wide ranges in trace element composition, especiaiy
in concentratiois of Fe, Mg, and Mn. There is a positive correlation be-
tween Mn content and copper mineralization in the Kearsarge amygaloid, and
therefore is potentially useful as an exploration tool in the district.

Chlorite occurs in many forms and at virtually every stage of the
alteration sequence in the district. An interesting occurrence is as an
essentially pure clay mineral in the fault gouge in the Allouez Gap Fault
and hanging wall slip of the Kingston Mine4. This is one of the few, if not
the only occurrence of pure clay chlorite known, It consists essentially of
the type Ub polytype5. In much of the hanging wall slip, chlorite is intimately
mixed with hematite. The water absorption properties (plastic and liquid
limits) are greater for chlorite-hematite mixtures than for pure chlorites,
suggesting the possibility of some mixed layering of chlorite and hematite.

References Cited

1. Butler, B. S., and W. S. Burbank (1929) The copper deposits of
Michigan. U.S. Geol. Surve., Prof. Paper 144, 238 pp.

2. Stoiber, R. E. and E. S. Davidson (1959) Amygdule mineral zoning in
the Portage Lake Lava Series, Michigan. Econ. Geo. v. 54,
p. 1250-1277 and p. 1444-1460,
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THE GENERAL STRATIGRAPHY OF THUNDER BAY,

LAKE SUPERIOR

R. J. Shegelski

LAKE-lEAD UNIVERSITY

ABSTRACT
Petrographic studies of the sediments taken from Thunder Bay

combined with x-ray diffractometer analysis have indicated distinct
lithologic types in the bottom sediments of Thunder Bay. Strati-
graphic correlation of thc bottom sediments from Thunder Bay has
been developed with the aid of echo sounding traces. These traces
indicate the boundaries, nature and thickness of the various litho-
facies.

The sediments in Thunder Bay can be divided into five categories;
(1) Varved Clay, (2) Weathered Varved Clay, (3) Intermediate Clay,

(4) Upper Deltaic Sediment, (5) Upper Trough Sediment. The Varved

Clay is of Post Valders glacial origin and is discoi:fom*Lj overlain
by the Weathered and Intermediate Clays. The latter are products
of weathering of the older Varved Clay. The Intermediate Clay is
conformably overlain by Upper Deltaic and Upper Trough Sediment.
The latter units are sediments derived dominantly from the Kaministikwia
River. Thin iron and manganese beds are formed through diagenetic
solution, upward migration, and precipitation at a chemical interface
in the Upper Sediments.
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lithologic types in the bottom sediments of Thunder Bay. Strati­
graphic correlation of the bottom sediments from Thunder Bay has
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indicate the boundaries, nature and thickness of the various litho­
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(4) Upper Deltaic Sediment, (5) Upper Trough Sediment. The Varved
Clay is of Post Valders glacial origin and is disconformably overlain
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—62—

CHERT IN SEDIMENTS

by

G. Spencer
Duluth, Minnesota

ABSTRACT
Amorphous silica is produced when a silica solution becomes super-

saturated and a precipitate forms or when some silicates are dissolved
in acids. In either case the silica is in a colloidal form and remains
so for long periods of time. Eventually crystallization begins, and
heating the substance can speed up the process to a great extent. In

natural conditions opal is the first step followed by chalcedony and
finally cristobalite. All of these forms of silica have been termed
chert.

Chert has long been regarded as a chemical precipitate. This

view is sufficient to explain hot spring deposits and hydrothermally
deposited chert or opal near the surface. Cooling volcanic waters
become supersaturated with silica in solution and amorphous is deposited
as a sinter or in thin layers.

There are, however, many other environments in which chert is found
such as:

a) black slate with chert lenses or beds
b) limestones with chert nodules or joint fillings
c) bedded cherts containing sponge spicules or Radiolaria
d) chert stringers and crusts in oxidized sulphides
e) agate fillings of vesicles in lava flows
f) chert as a matrix for iron oxide granules
g) opal or chert replacing organic matter

The author ascribes chert to the decomposition of clays, detrital
silicates, volcanic ash or sand grains in carbonates. In acid environ-
ments alumina and alkalies are removed and a silica gel is left. In

alkaline waters silica is dissolved and is deposited in a more neutral
zone or will replace a dissolving particle such as organic matter. The

relative solubility of alumina and alkalies compared to silica is the
determining factor.

iturata (1946) investigated many silicates which produced gels when
treated with acid. He found that a silica to alumina ratio of 1:1 or
2:3 was conmion to gel forming silicates. Other silicates prpduced silica
particles larger than colloidal size or were not affected by acids. Any
silicate structure from which alumina has been removed is halfway along
to becoming chert.

In carbonate and silicate iron formations mixed with quartz, minerals
become unstable when the temperature is raised and CO. is removed from the
sediment. The ionization of water increases up to 23°C at whicli point
silica both in quartz and silicates becomes increasingly soluble. Sand
grains in oolites might dissolve and secondary silicates such as
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minnesotaite and stilpnonielone would appear. Chert in this case is
clearly diagenetic and came from a breakdown of original elastics
even if the original texture remained the same.

Precambrian iron formations would appear to be examples of late
diagenetic chert although they would also contain early diagenetic silica
as well. Silica and iron oxide content is higher in these rocks because
of the loss of carbon dioxide, water, and small amounts of alkalies in
solution.
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IMPLICATIONS OF CARBON ISOTOPE RATIO VARIATIONS IN CARBONATES
FROM THE BIWABIK IRON FORMATION, MINNESOTA

F. C. Tan and E. C. Perry, Jr.

Minnesota Geological Survey
University of Minnesota

Minneapolis, Minnesota 55455

ABSTRACT

Carbon isotope ratios from carbonates of the Biwabik Iron—formation
obtained from core samples of Mesabi Deep Drilling Project (Pfleider and
others, 1968) show the following significant features.

(1) SC13 values of carbonates associated with magnetite from holes
5 and 7 show a range of from —7 to —19 per nil (relative to a Cretaceous
belemnite standard calcite PDB) in comparison with1he carbonates from
the magnetite—free horizons (0 to —7 per mu). SC is strongly correlated
with magnetite content in hole 7.

(2) The SC13 values of carbonates from magnetite and non—magnetite
horizons of hole 2 with one exception, do not show1ignificant difference
in contrast with holes 5 and 7. They exhibit a SC range of from —7 to
—19 per mU..

(3) The C13 values do not show any significant stratigraphic
correlation with tlia percent iron.

(4) There appears to be a correlation between C1-3 values and the
individual members of the Biwabik Iron—formation.

13
In explaining the observed correlation between magnetite and the

SC values based on our preliminary results, we proposed (Perry and
Tan, 1970) that a diagenetic oxidation—reduction reaction producing
magnetite from hematite permitted exchange between organic carbon and
carbonate carbon reservoirs:

bFeO +C r 4FeO +CO (1)
2 3 (organic) 3 4 2

C1202 + FeC3O3 C1-3O + FeC2O3 (2)

Our recent detailed studies have strengthen our previous observa-
tion on hole 7 but have found anomalously low SC values (—18 per nil)
from the non—magnetite horizons of hole 2 (Lower Slaty Unit). These
anomalous values may be related to metamorphic reactions accompanying
the intrusion of the Duluth Complex because hole 2 is located near
metamorphic zone (1) of French (1968).

Our observation that there is a correlation between C13 values
and the individual members of the Biwabik Iron—formation would suggest
that the SC1-3 variations are depositional or early diagenetic features
and bear no relationship :o the genesis of niagnetite (model above). The
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magnetite from hematite permitted exchange between organic carbon and
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C
12

02 + Fec
13

0
3

< c130
2

+ Fec
12

0
3

(1)

(2)

Our recent detailed studies have strengthenI~ our previous observa­
tion on hole 7 but have found anomalously low SC values (-18 per mil)
from the non-magnetite horizons of hole 2 (Lower Slaty Unit). These
anomalous values may be related to metamorphic reactions accompanying
the intrusion of the Duluth Complex because hole 2 is located near
metamorphic zone (1) of French (1968).

Our observation that there is a correlation between ~el3 values
and the individual members of the Biwabik Iron-formation would suggest
that the eel3 variations are depositional or early diagenetic features
and bear no relationship ~o the genesis of magnetite (model above). The
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differences in IC13 values may be explained by the variable contributions
of organic carbon and oceanic bicarbonate to the depositional or
diagenetic environments.

We are currently investigating the SC13 values of co—existing
graphite-tarbonate pairs and oxygen isotope fractionation between co-
existing quartz—magnetfte at various stratigraphic levels of holes 2
and 7 to see if they have different diagenetic or metamorphic histories.
Co—existing quartz—carbonate oxygen isotope fractionation In samples
from hole 2 compared to that in holes 5 and 7 suggests that the post—
depositional history of these two areas is indeed different.
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Oxygen isotopic studies of Early Precambrian granitic and

metamorphic rocks from the western part of the

Giants Range batholith, Northeastern Minnesota

S. Viswanathan, E.C. Perry, Jr., and P.K. Sims,
Minnesota Geological Survey, University of Minnesota,

Minneapolis, Minnesota 55455

ABSTRACT

The paper has two main objectives: (1) to demonstrate that oxygen
isotope geochemistry is a valuable tool in elucidating granite petrogenesis,
provided it is integrated with detailed field and laboratory studies, and
(2) to give values for f(O18/016)qrtz in the Early Precambrian granitic
and metamorphic rocks, data for which are rather scarce in the literature.

Geologic mapping of a 500—square mile area in the western part of the
2.1 b.y. old Early Precambrian Giants Range batholith of northeastern
Minnesota has revealed eleven distinct granitic phases (Sims and others, 1970).
Field observations, petrography, petrochemistry, and trace element
geochemistry suggest that five of the phases are magmatic, four are metasomatic,
and two are anatectic.

meIo'8/o'6 ratios of quartz separated from 28 rocks, relative to
Standard Mean Ocean Water (SNOW), are presented in the accompanying table.
The values are consistent with the postulated genetic grouping for the
Early Precambrian granitic succession. The following conclusions can be
drawn from the data:

(1) Values of 9 to 10 permil are characteristic of relatively
uncontaminated, probable mantle—derived granites and granodiorites. These
are consistent with the S(O18/ol6quartz values tharhave been reported for
plutonic granites, granodiorites, and tonalites, which range from about
9 to about 11 permil (Taylor, 1968, p.34).

(2) Values greater than 10 permil require one of several special
explanations, such as:

(a) syntexis of large amounts of 018—rich country rocks
into a primitive or first—cycle granitic magma

18
(b) co—mingling of an 0 —enriched magma and a primitive

or first cycle granitic magma

18
(c) anatexis of 0 —rich sediments
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(d) potash metasomatisin of O'8—rich sediments

(e) simple recrystallization (treptomorphisin) of
relatively 018—rich elastic sediments such as
arkoses and graywackes, which thereby assume a
granitic fabric and composition

(f) recrystallization of granites under shearing and
crushing to produce aplogranites, accompanied by
late—tectonic metasomatism in mobile zones

(g) post—consolidation eataclasis, and other
metamorphic episodes which facilitate exchange
between granitic rocks of magmatic origin and

O'8—rich country rocks through a pore—fluid medium

(h) post—consolidation endoblastesis/autometatOrphism
involving 018—enriched fluids

(i) processes such as petroblastesis and imbibition
in which the participants are O'8—rich sediments
and 018—enriched fluids

(j) selective exchange between granitic intrusions and
O'8—rich host rocks

(k) tectonic styles of emplacement, whether synkineinatic,
post—kinematic or late—kinematic, and

(1) early segregation of O'8—depleted minerals which
results in O'8—enrichment in late granitic differentiates.

(3) The values observed in granitic rocks of anatectic origin are nearly
identical to those of their source rocks. They are either low or high
depending on whether such granitic rocks were formed from O'8—poor or
OIS_rich sources, respectively. The values will be grossly different only if:
(i) the anatectic melt undergoes subsequent differentiation, and (ii) the
consolidated anatectic melt is subjected to later metasomatism (see data
under "C" and "D (2)", of table).

(4) The main intrusive phases of granites and granodiorites of maginatic
origin have values nearly identical to those of their satellitic phases
(sve data under "A" of table). Interestingly, a value of 9.2 permil was
obtained for a leucogranite (satellitic late—magmatic differentiate) that
transgresses an 018—rich metasedimentary host rock having a value of 12.4
perinil. This result indicates that there was hardly any oxygen communication
between the satellitic late—maginatic differentiate and its o8—rich
metasedimentary host rock. This is in sharp contrast to the conclusion of
Shieh and Taylor (1969, p.353) who report that: "Samples from tiny intrusive
bodies and dikes and from the marginal portions of most of the larger plutons
have unusually high 018/016 ratios relative to "normal" igneous rocks from
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the central portions of plutons. This is interpreted to be the result
of large—scale oxygen isotopic exchange between essentially molten igneous
rock and metasedimentary country rock, either through a medium of aqueous
fluids or by contamination with xenolithic blocks of country rock."

(5) The sequence: sedimentary parent ——)' partially granitized
sediment —>-granitic rock of metasomatic origin reflects a progressive
decrease in the 018/016 ratio, and encompasses only a narrow range of
1 to 2 permil, and

(6) Global comparisons of oxygen isotopic ratios from granitized
sequences should not be attempted, unless: Ci) the 018/016 ratios of the
parent rocks of two widely separated granitized sequences are comparable,
and (ii) their geological settings are nearly identical.

Problems involving a possible time—dependence of the 018/0 16 ratios in
minerals from specific rock—series, representing the entire geological column,
are under study by one of us (Per;y).
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Goldich, S.S. and others (1961): The Precambrian geology and geochronology
of Minnesota; Minn.Geol. Survey Bull.41, University of Minnesota,
Minneapolis, p.62—65.

-68-

the central portions of plutons. This is interpreted to be the result
of large-scale oxygen isotopic exchange between essentially molten igneous
rock and metasedimentary country rock, either through a medium of aqueous
fluids or by contamination with xenolithic blocks of country rock. 1I

(5) The sequence: sedimentary parent -~ partially granitized
sediment --~granitic rock of metasomatic origin reflects a progressive
decrease in the 018/0 16 ratio, and encompasses only a narrow range of
1 to 2 permil, and

(6) Global comparisons of oxygen isotopic ratios from granitized
sequences should not be attempted, unless: (i) the 018/016 ratios of the
parent rocks of two widely separated granitized sequences are comparable,
and (ii) their geological settings are nearly identical.

18 16Problems involving a possible time-dependence of the 0 /0 ratios in
minerals from specific rock-series, representing the entire geological column,
are under study by one of us (PerJY).

References cited

Shieh, Y.N. and H.P. Taylor, Jr. (1969): Oxygen and hydrogen isotope studies
of contact metamorphism in the Santa Rosa Range, Nevada and other areas:
Contr. Mineral. and Petrol., v.20, p.306-356.

Sims, P.K. and others (1970): Geologic map of Minnesota, Hibbing Sheet
(scale 1:250,000): Minn. Geol. Survey, University of Minnesota, Minneapolis.

Taylor, H.P. Jr. (1968): The oxygen isotope geochemistry of igneous rocks:
Contr. Mineral. and Petrol., v.19, p.1-71.

Other useful References

Allison, I.S. (1925): The Giants Range batholith of Minnesota: Jour. Geology,
v.33, p.488-508.

Goldich, S.S. and others (1961): The Precambrian geology and geochronology
of Minnesota; Minn.Geol. Survey Bull.41, University of Minnesota,
Minneapolis, p.62-65.



—69—

Table

SNOW
ratios of quartz in Early Precambrian granitic

and metamorphic rocks from the western part of the

Giants Range batholith of Northeastern Minnesota

Range
(perlil) (permil)

A. Rocks of magmatic origin:

(1) Granodiorites (main intrusive
phase, two samples) 9.4 — 9.9 9.7

(2) Leucogranodiorite (satellitic
phase of (1), one sample) 9.8

(3) Granites (main intrusive phase,
two samples) 9.5 — 9.6 9.6

(4) Leucogranites (satellitic phase
of (3), two samples) 9.2 — 9.6 9.4

B. Rocks of metasomatic origin:

(1) Granites (five samples) 10.7 — 11.4 10.9

(2) Aplogranite (one sample) 10.2

(3) Partially granitized
volcanogenic metasediments
(three samples) 10.4 — 12.5 11.1

C. Rocks of anatectic origin:
(derivatives of relatively
0'8—poor source rocks)

(1) Quartz tonalites (four samples) 9.2 — 10.1 9.6

(2) K—f eldspathized tonalite
(one sample) 12.1

D. Parent volcanogenic metasediments of:

(1) Group B (four samples) 11.1 — 12.9 12.2
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.{'* 18 16
b(O /0 )SMOW ratios of quartz in Early Precambrian granitic

and metamorphic rocks from the western part of the

Giants Range batholith of Northeastern Minnesota

Range
(perilil)

A. Rocks of magmatic origin:

Average
(permil)

(1) Granodiorites (main intrusive
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(2) Leucogranodiorite (satellitic
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(3) Granites (main intrusive phase t

two samples)

(4) Leucogranites (satellitic phase
of (3)t two samples)

~~.Rocks of metasomatic origin:

(1) Granites (five samples)

(2) Aplogranite (one sample)

(3) Partially granitized
volcanogenic metasediments
(three samples)

c. Rocks of anatectic origin:
(derivatives of relatively
alB_poor source rocks)

(1) Quartz tonalites (four samples)

(2) K-feldspathized tonalite
(one sample)

D. Parent volcanogenic metasediments of:

(1) Group B (four samples)

9.4 - 9.9

9.5 - 9.6

9.2 - 9.6

10.7 - 11.4

10.4 - 12.5

9.2 - 10.1

1l.1 - 12.9

9.7

9.8

9.6

9.4

10.9

10.2

11.1

9.6

12.1

12.2
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ABSTRACT

A microprobe study of the copper ore minerals at White Pine,
Michigan, has shown that zoned copper—mineral grains occur in the
ore—bearing horizons of the Nonesuch Shale. This zoning is developed
in both chalcocite and native copper, and the most prominent type of
zoning is iron enrichment towards the edge of the grain. Some

chalcocite grains are highly zoned, containing about four times as
much iron (at least 10%) on the edge of the grain as in the core.
Aluminum, magnesium and silicon show the same type of zoning, hut
are developed to a lesser extent.

Many native copper grains are also zoned with respect to iron,
with the edge of the grain containing about twice as much iron
(about 1%) as the core. All zoned copper minerals show an enrich-
ment of iron towards the edge of the grain; however, both within and
between samples, the amount of zoning and the relative proportion
of zoned to unzoned grains is highly variable. This variation does
not appear to be controlled by the major lithologic variations in
the ore zone, but may be controlled by subtle differences in lithology
or by variations in the local chemical environment at the time of
deposition.

Any model of 're genesis must take into account the occurrence,
distribution and type of zoning in these copper minerals.
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Toledo, Ohio

ABSTRACT
Recent geologic and aeromagnetic surveys provide a skeletal

fraciework for throi:ghgoing stratigraphic correlations of the
Keweenawan rocks of westernmost Michigan. The stratigraphy of the
middle and upper Fceweenawan rocks of the Keweenaw Peninsula has
long been known in great detail, thanks to the large amount of
drill—hole and surface geologic information. The recent work per-

mits certain key horizons to be traced, with moderate certainty,
westward into Wisconsin.

Stratigrapitic relationships for the middle and upper Keweenawan
rocks are best shown in a longitudinal stratigraphic section drawn
along the general strike of the middle Keweenawac rocks and having
the base of the Nonesuch Shale as a datum plane. The most striking
features of such a diagram are the following: (1) The predominantly
basaltic Portage Lake Lava Series maintains a thickness of 10,000—
12,000 feet from 1-loughton to the Black River and is thinnest near
the Ontonagon River. It is about 8000 feet thick at the Montreal
River. (2) An unnamed lenticular unit, 10,000 feet thick at the
Presque Isle River and pinching out near the Ontonagon Liver on the
east and the Montreal River on the west, lies above the Portage Lake
Lava Series and below the predominantly sediientary Copper Harbor
Conglomerate. The unit is mainly composed of thin aphanitic to fine—
grained andesitic flows and contains minor rhyolite and intermediate
rocks, particularly near the top. It seems to represent accumulation
within a few miles of a volcanic center south of the Porcupino
Mountains. (3) The Copper Harbor Conglomerate is less than 500 feet
thick over the thick part of the unnamed unit, and 4000—5000 feet
thick near the pinchouts of tile unnamed unit. (4) The combined thick-
ness of tue three units suggests a strongly asynnetric basin,
deepening from a minimum near the Ontonagon River to more than 25,000
feet between the Black and Presque Isle Rivers, and then, in the next
15 miles to the west, thinning rapidly to less than 10,000 feet at the
Montreal River. These findings reinforce the concept that the middle
Keweenawan lavas accumulated in separate tectonic basins rather than

in a single large one.
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Recent geologic and aeromagnetic surveys provide a skeletal
framework for throughgoing stratigraphic correlations of the
Keweenawan rocks of westernmost Michigan. The stratigraphy of the
middle and upper Kel.".eenawan rocks of the Keweenaw Peninsula has
long been known in great detail, thanks to the large amount of
drill-hole and surface geologic information. The recent work per­
mits certain key horizons to be traced, with moderate certainty,
westward into Wisconsin.

Stratigraphic relationships for the middle and upper Keweenawan
rocks are best shown in a longitudinal stratigraphic section drawn
along the general strike of the middle Keweenawan rocks and having
the base of the Nonesuch Shale as a rlA.tum plane. The most striking
features of such a diagram are the following: (1) TIle predominantly
basaltic Portage Lake Lava Series maintains a thickness of 10,000­
12,000 feet from Houghton to the JHack River and is thinnest near
the Ontonagon River. It is about 8000 feet thick at the Montreal
River. (2) An unnamed lenticular unit, 10,000 feet thick at the
Presque Isle River and pinchinp, out near the Ontonagon River on the
east and the Montreal River on the west, lies above the Portage Lake
Lava Series and below the predominantly sedimentaty Copper Harbor
Conglomerate. The unit is mainly composed of thin aphanitic to fine­
grained andesitic flm,s and contains minor rhyolite and intermediate
rocks, particularly near the top. It seems to represent accumulation
\Vithin a fe\.". miles of a volcanic center south of the Porcupine
f·jountains. (3) The Copper Harbor Conglomerate is less than 500 feet
thick over tile thick part of the unnamed unit, and 4000-5000 feet
thick near tIle pinchouts of the unnamed unit. (4) The combined thick­
ness of tlle three units sugr,ests a strongly asymmetric basin,
deepening from a minimum near the Ontonagon River to more than 25,000
feet between the Black and Presque Isle Rivers, and then, in the next
15 miles to the \Vest, thinning rapidly to less than 10,000 feet at the
hontreal River. These findinf's reinforce the concept that the middle
Ke\VeenaVlan lavas accumulated in separate tectonic basins rather than
in a single large one.
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The lower Keweenawan lavas, which form the sc—called South Trap
Range, lie unconforably beneath the Portage Lake Lava Series, from
&hich they differ in lithology, metamorphic grade, and magnetic
properties. The lowermost 5000 feet consists predominantly of very
thin basalt flows, and the next 4000 feet mainly of aphanitic to
fine—grained flows of intermediate composition. The uppermost part

of this sequence is everywhere concealed by the Jacobsville Sandstone
or deep overburden, but is inferred from gravity and magnetic data
to consist largely of felsic flows. This lower sequence is lC,000
and perhaps 20,000 feet thick, the difference reflecting uncertainty
about the location of the top.

The lower Keweenawan rocks are more metamornhosed than the middle
Keweenawan. Their metamorphic grade appears to increase westward —
actinolite is found in Wisconsin but is rare near Ironwood.

Kenneth Books has found that the lower and middle Keweenaw€n
rocks also differ from one another in magnetic direction.

In contrast with the belts of middle and upper Keweenawan roes,
dips of bedding generally decrease with stratirraphic depth in the
lower Keweenawan belt. If this represents southward thickening
rather Lian folding, it suggests that the axis of the lower Keweenawan
basin lay to the south.
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The North Shore Volcanic Group

John C. Green

Introduction

Previous Work and Acknowledgments. Detailed mapping of the Minnesota
shore of Lake Superior began with A. S. Sandberg's study (1938) of the
section between Duluth and Two Harbors. Grout and Schwartz (1939) and
Gehman (1957) studied the intrusions and flows in eastern Lake County;
Grogan (1940) mapped the lakeshore between Two Harbors and Split Rock
River; Schwartz (1949) studied the Duluth area; and Grout and others
(1959) mapped most of Cook County. Most of the data reported in this
account derive from studies by the writer who, starting in 1965, has
mapped the shoreline between Silver Bay and Grand Portage, with con-
siderable reconnaissance inland (Green, 1966; 1968a; 1968b; 1970).
The report does, however, also lean considerably on Grout etal. (1959)
and, for the Duluth—Two Harbors area, on Sandberg (1938). The field

studies have been supported by the Minnesota Geological Survey, and
most of the laboratory studies have been supported by the National
Science Foundation. Sincere gratitude for this support is extended to
both agencies. The writer's ideas have benefitted from discussions
with many other geologists concerned with Keweenawan rocks, esnecially
including Bill Bonnichsen, D. M. Davidson, Jr., H. Hubbard, C. B. Morey,
W. C. Phinney, P. W. Weiblen, and W. S. White.

Regional Setting. The name "North Shore Volcanic Group" has been used
by Goldich et al. (1961) for the lavas and interbedded sediments of
Late Precambrian age in northeastern Minnesota. These rocks, as well
as all other Late Precambrian volcanic and sedimentary rocks in the
Lake Superior district, have traditionally been called"Keweenawad'by
general lithic and structural correlation with rocks exposed on the
Keweenaw Peninsula of Michigan, but recent radiometric and paleomagnetic
investigations as well as geologic mapping indicate that a more precise
stratigraphic framework is needed to adequately describe the complex
series of Late Precambrian events and deposits in this area.

In the northeast corner of Minnesota (Grand Portage area) the lowest
Upper Precambrian flows overlie a thin quartzite (Puckwunge) which in
turn overlies, apparently disconfornably, the shales and graywackes Of
the Middle Precambrian Rove Formation; here both sequences strike nearly
east—west and dip at approximately 10° to the south. At the southwest
end of the basin immediately west of Duluth (155 miles away), the lowest
Upper Precambrian flows also conformably overlie a thin quartzite (Puck—
wunge?) which there overlies the vertically folded slates and metagray—
wackes of the Middle Precambrian Thomson Formation, which is correlated
with the Rove. Here the flows strike north and dip at about 25° to the
east. The angular unconformity here reflects the diastrophism and subse-
quent erosion associated with the Penokean orogeny, which evidently did
not affect the northeastern corner of the state. Across the axis of the
Lake Superior Syncline in northern Wisconsin and Michigan the lowest flows
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The North Shore Volcanic Croup

John C. Green

Introduction

Previous Hork and Acknowledgments. Detailed mapping of the Minnesota
shore of Lake Superior began with A. E. Sandberg's study (1938) of the
section between Duluth and Two Harbors. Grout and Schwartz (1939) and
Gehman (1957) studied the intrusions and flows in eastern Lake County;
Grogan (1940) mapped the lakeshore between Two Harbors and Split Rock
River; Schwartz (1949) studied the Duluth area; and Grout and others
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most of the laboratory studies have been supported by the National
Science Foundation. Sincere gratitude for this support is extended to
both agencies. The writer's ideas have benefitted from discussions
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stratigraphic framework is needed to adequately describe the complex
series of Late Precambrian events and deposits in this area.

In the northeast corner of }linnesota (Grand Portage area) the lowest
Upper Precambrian flows overlie a thin quartzite (Puckwunge) \.;rhich 1.n
turn overlies, apparently disconformably, the shales and graywackes 6f
the Middle Precambrian Rove Formation; here both sequences strike nearly
east-west and dip at approximately 100 to the south. At the southwest
end of the basin immediately west of Duluth (155 miles away), the lowest
Upper Precambrian flows also conformably overlie a thin quartzite (Puck­
wunge?) which there overlies the vertically folded slates and metagray­
wackes of the }tiddle Precambrian Thomson Formation, which is correlated
with the Rove. Here the flmols strike north and dip at about 25 0 to the
east. The angular unconformity here reflects the diastrophism and subse­
quent erosion associated with the Penokean orogeny, which evidently did
not affect the northeastern corner of the state. Across the axis of the
Lake Superior Syncline in northern Wisconsin and Michigan the lowest flows



MINNESOTA

'—-7 -

ONTARIO

rHCVL AND

ITLC MARAIS

LUTSEN

KEWEENAWAN

KEWEENAWAN

FIELD

INTRUSION S

LAVAS

•O HARBORS

SCALE

EARLY
PRECAMBRIAN

GRAND M AR A IS

JOFTE

uACONITh

LEGEND

ER BAY

JBEAVER BAY

STOP

LAKE SUPERIOR

U'

i.,'\~r KEWEENAWAN INTRUSIONS

Wf0J KEWEENAWAN LAVAS

"'to FIELD TRIP STOP

LEGEND

I
-....J
\Jl
I

403020

Miles

SCALE

MICHIGAN

10°!

SUPERIOR

ONTARIO

LAKE

MARAIS

BAY

WISCONSIN

\-n
I J)
I \

I

MINNESOTA

EARLY
PRECAMBRIAN

MINN.



—76—

conformably overlie a similar quartzite (Bessemer) that in turn overlies
Middle Precambrian shale and graywacke with only minor discordance. These
quartzites have always been referred to as Lower Keweenawan, but no
radiometric age determinations are available and they may be much older
than the volcanic rocks of the iCeweenaw Peninsula.

The North Shore Volcanic Group is cut by a great variety of intrusive
rocks that are also of Late Precambrian age. These range from the great
Duluth Complex, dominated by anorthositic and troctolitic rocks, to
smaller sills, stocks, dLkes, and irregular plutons of diabase, 'crro—
abbro, troctolite, syenogabbro, trachybasalt, granocdorite, an
grarophyricadanellite. Some of these bodies also cut the older rocks
to the north, northwest and west of the main Late Precambrian outcrop
area (e.g. the Logan intrusives of Cook County and the Thunder Bay District
of Ontario).

Paleonagnetism and Age. Recent paleomagnetic studies (Dubois, 1962; Beck
and Lindsley, 1969; Books, 1968; Palmer, 1970) have shown that two
reversals of magnetic polarity occur within the Late Precambrian volcanic
rocks of the Lake Superior district. The lowest stnta show 'nor'ial"

(north—seeking) polarity similar to orientations in the underlying Middle
Precambrian rocks, but this group of rocks has not been reconized in
Minnesota. Books (1y68) has proposed that the Lover — Middle Keweenawan
boundary be redefined at the second macnetic reversal where rocks of
reversed po]arity are succeeded by rocks of' normal polarity. The North
Shore Volcanic Group contains at the base of the section at Grand Portage
about 5000 feet of lavas tnat show reversed polarity, and are thus Lower
Keweenawan as magnetically defined. The thick wedge of flows west of
Duluth that underlie the Duluth Complex ut overlie the Puckwunge (?)
quartzite have not been adequately tested in the laboratory. hut on
regional magnetic maps give a negative magnetic anomaly which implies
reversed polarization. Furthermore they are lithically very similar to
the reversed—polarity lavas of Grand Portage. The remainder of the
::orth Shore Volcanic Group has normal magnetic polarity, similar to the
bulk of the associated intrusive rocks and to the rocks of the Keweenaw
Peninsula.

Only limited radiometric age determinations are yet available on rocks
of the North Shore Volcanic Group. Goldich !! al. (1961) found a
1.1 ± 0.1 b.y. age for associated intrusive rocks of the Duluth Complex
by Rb/Sr and K/Ar methods, and Silver and Green (1963) found an isotopic
age of 1.125 by U/Pb isotopes in zircons of both lavas and intrusive rocks
from the Duluth and Mellen, Wisconsin areas. Paure et al. (1969) determined
the age of the Endion sill, which cuts the flows at Duluth, as 1.092 b.y.,
and that of the Duluth Complex at Duluth as 1,115 b.y. by theRb/Srmethod.
However, all of these sampled rocks are in areas of normal magnetic polarity
so no data are available as to the age of the Lower Keweenawan lavas of, for
instance, the Grand Portage area. Hanson and Malhotry (1970) have recently
found a 1.380 b.y. age (K/Ar) of a "Logan Intrusive' in southern Ontario,
which may indicate the possible age span of the Lower Keweenawan. Isotopic

U/Pb studies over the range of Upper Precambrian rocks iii the district are
currently in progress.
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Structure

The general structure of the North Shore Volcanic Group is that of a
great nest of dishes tilted gently to the southeast into Lake Superior.
At the northeast end the strata at the base strike slightly north of
west and dip about 10—12° south, whereas at the southwest end, 155 miles
away, they strike north and dip about 25° east. In between the strikes
c-raually converge along the shore of Lake Superior as higher stratigraphic
levels are reached, until the flows strike parallel to the shore in the
vicinity of Schroeder, Torte, and i,utsen in southwestern Cook County.
Here the highest stratigraphic units are exposed, and the dip is approxi-
mately 12° to the southeast.

The lavas are intruded by a great variety and bulk of intrusive rocks,
includim several large diabasic sills at Duluth, the Beaver Bay Complex,
the 1-iovland and Reservation River diabase complexes and the Logan intrusions.
Where these intrusions are discordsnt and abundant they have deformed the
lavas considerably, with local strongly divergent strikes and steep to
overturned dius. Along with the thick glacial cover inland, they have
also made difficult to impossible the long-distance tracing of stratigraphic
units in the lava series. Several major flows or roups of similar flows,
however, can be traced inland from the lakeshore for at least 15 to 25 miles.
Faulting is common in the flows near the areas of abundant intrusions (such
as from Silver Bay to Little :iarais). These faults appear to be of minor
displacement and are mostly transverse and steeply dipping with no strongly
preferred strike or displacennnt, but a few longer strike—faults have been
found, one of which probably extends for at least five miles.

The thickness of the lava succession has been measured and estimated by
Sandberg (1938) and Gror-an (l90) as 23,lB feet between Duluth and Split
Pock River (the beginning of the Beaver Bay intrusive complex) by adding
the individual flow thicknesses intersected along the lakeshore. Whether

this conforms to the true thickness of the j.ile at Split Rock Biver is not

known. Northeast of the Beaver Bay Complex about 5000 feet of lavas are
estimatcd from recent mapping to form the lakeshore section between 'ilver
Bay and the uppermost flows at °ofte. Rortheast of Tofte and Lutsen, where

the flows are parallel to the shore, lavas totalling about 16,500 feet
have been measured down to the Reservation River diabase near }iovland. Below
(northeast of) this is an older section of about 5,000 feet of lavas, for
a total on this limb of about 21,500 feet.

Estimateof volcanic thicknesses by constructing cross—section profiles
give between 11,000 and 18,000 feet at Tofte, above the Duluth Complex,
deDendng on assumed dips between 12° and 20°. Although the average

dip at Tofte is about 12°, there is very little control on dips near the
base of the section as the few inland outcrops rarely expose flow contacts.
Farther northeast at the Cascade River, about 15,000 feet of lavas above
the Duluth Complex are calculated with an average dip of 12°; another
thick section, possibly as much as 5,000 feet thick, here lies beneath
the Complex.
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lDesptiq

The North Shore Volcanic Group bears many resemblances, both physically
and chemically, to plateau lava sequences of various geologic ages.
Similarities to the Tertiary plateau lavas of eastern Iceland are
particularly striking. The lavas are almost entirely subaerial, showing
highly vesicular (now amygdaloidal) upper portions and massive interiors,
and. various types of jointing, surface features, and textures depending
on their specific composition. Evidence of submarine extrusion is almost
entirely limited to the base of the section both at Grand Portage and at
Duluth; at Nopeming, west of Duluth, the lowest flow is piflowed and on
Grand Portage Island the lowest flow shows spheroidal forms that could
possibly be pillows, but excellent, thick—rinded, vesicular pillows
constitute a flow on the lakeward side of the island a few flows above
the base of the section. Unequivocal hut less well—formed pillows and
pillow—breccia have been seen only rarely higher in the section. These

could have formed in local lakes or stream beds on the lava surface. The

flows are in general tabular, and since some individual flows or flow
groups can be traced along strike for at least 20 miles, the general
impression is that of a broad, rather flat volcanic terrain. In contrast

to the situation in eastern Iceland, however (Walker, l96), no clear
evidence of volcanic centers, representing shield or composite volcanoes
contemporaneous with the plateau volcanism, has yet been found. White

(1960) has drawn attention to the remarkable extent of some Keweenawan
flows (especially in Michigan) and with ample justification calls them
flood basalts.

Interfiow sediments make up a minor part (l—3) of the section. They

are principally red, cross—bedded sandstones, that occur sporadically as
beds a few inches thick between flows, but a few local accumulations of
over 100 feet are found. Conglomerate is rare. Some sand has filtered
down into cavities in the upper parts of flows, and also forms a matrix
for flow—top breccia in others. These sediments appear to have been
deposited by occasional temporary streams winding across the volcanic
surface. There is little evidence of erosion. Pyroclastic deposits are
extremely scarce, but welded tuff and mixed sand and shards have been
reported from the Cascade River in Cook County (Johnson and Foster, 1965)
and basaltic to andesitic breccia, other than flow top breccia, is present
in a few localities.

With the exception of a high potassium content in some oaf ic and intermediate
members and the relative abundance of rhyolite, the compositions of the lavas
are also very similar to those of plateau lava series in Iceland and else-
where. Table 1 shows the general characteristics and abundance of the
major types.

The most abundant general type is olivine basalt of several varieties;
one widespread, important, and distinctive variety is mottled (ophitic),
and is similar to what has been called olivine tholeiites in other areas.
These typically have ropy surfaces and were very fluid. Rough columnar
joints are common. Other olivine basalts are coarser, some with diabasic
and some with other characteristic textures. In the Tofte—Lutsen area,
high in the section, is a group of olivine basalts with abundant, small
(1—3 mm) bytownit&phenocrysts or crystal clots. At the base of the section
both t Duluth and on Lucille Island east of Grand Portage are distinctive
basalts that contain abundant phenocrysts, 2—3 mm across, of augite and
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TABLE 1

Generalized Characti±ritics of Major Lava Types of North Shore Volcanic Group

Wt % MgO

I Olivine Quartz Andesite—

I

Tholeilte Tholelite Trachyandesite

46-49 50—51 4,,52-57

0.1-0.5 0.6-0.9 1 1.9—2.7

5.9:6.8 1 11:9—4.5

Quartz Latite
ithyolite

2.8—5.0 3.9—6.2

aphanitic, aphanitic to
mostly pot— felsitic;aphyric
phyritic (plag., or porphyritic
augite, oh) (plag., orthoclase,

quartz, mag., pyrox.)
occas. spherulitic

—

Thickness, feet
Range <1 to >100 30—150 50—240

10—40 80 varIable—Structures
flow tops smooth, ropy scoriaceous rubble scoriaceous,

- rubbly
jointing sheeted tops[" small, 1rregiIar small, irregular

columnar centers

vesic1es round or 1rregu1ar stretched

4

Other

______ _____

Characteristics

Characteristic

Wt % Si02

Wt % 1(20

Intermediate
Quartz Latite

Textures

62—65 72—75

Ophitic
I Occasionally

porphyritie
(plagioclase)

0.0—0.4

Very fine—
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granular. Some
flow structure,
fine oxidation—
banding
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grained,

commonly pot—
phyritic (plag.,
augite)

very_fluid
pipe amygdules
at base
segregation veins,
vesicle cylinders
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50—1300

perhaps 3500
120 50—500

vesicular vesicular, rolled,
wrinkled flow—banded

irejilai tâ platy, sub—horizontal
subhorizontal, big columns in thick
platy flows
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round

few flow pink, red, or
contacts exposed light gray

stretched or -

round

brown—weathering
;omewhat variable

more_viscous
some contain

more 1(20,Ksr
quartz, agate
common in cavities
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(serpentinized) olivine: these are particularly unusual in having
ferromagnesian instead of plagioclase phenocrysts. Another moderately
abundant and distinctive rock ty-pe is the "quartz tholeiite which is
aphanitic or very fine grained and slightly more siliceous and viscous
than the olivine basalts. The quartz—tholeiites characteristically have
a rubbly or brecciated top with the highly vesicular fragments set in a
matrix of washed—in red sand or occasionally calcite and zeolites. They
also commonly show narrow oxidation bands, 1-3 mm thick, along subhorizontal
flowage planes. This quartz—tholeiite grades into more potassium—rich
varieties (trachybasalt, trachyandesite) that can be distinguished only
by chemical analysis and microscopic study; patches of interstitial K
feldspar are present in these rocks but are invisible in hand specimen.

Intermediate varieties are nearly all porphyritic with plagioclase, augite,
magnetite, and in some specimens iron—rich olivine phenocrysts; they have
the compositions of andesites, trachyandesites, and intermediate quartz
latites. Most are aphanitic, but one unusual flow, here called the Manitou
traciybasalt, is exceptionally thick (at least 300 feet) and granular,
and can be traced for 5 miles although it originally continued for an
unknown distance in both directions. These flows are commonly brown or
red and irregularly jointed or with platy,subhorizontal joints.

The felsic lavas are anomalously abundant for a simple differentiation
series from a basaltic parent magma. They are red, pink, or light gray.
and have the composition of quartz latites. These flows tend to be much
thicker than the other types: the thickest is 1300 feet, a few miles east
of Grand Marais; the 3500' Brule Flyer rhyolite west of Hovland may be a
lava dome. Their top surfaces are mostly strongly flow—banded, vesicular,
and. contorted, but not brecciated, and their bases are commonly flow—banded
and locally brecciated. Spherulites are occasionally present. Jointing
ranges from large columns 4 feet across in the thickest flows to sub—
horizontal platy joints; small tectonically—produced parallel fracture
sets a few mm apart commonly break up the ccooling joint fragments into
small pieces. Most of the felsites are porphyritic, with quartz and
feldspar phenocrysts (oliogclase—andesine and/or orthoclase) but some
are only weakly porphyritic or arhyric. Poikilitic quartz surrounding
stout alkali—feldspar laths ("snowflnke texture:) is a common microscope
texture in the thicker flows. Even these siliceous lavas have evidently
flowed a great distance; one lava or fow group can be traced for at
least 23 miles west from the Devil Track Fiver, Grand Marais (see man,
fig. 1).

Alteration

The lavas have been strongly but irregularly affected by secondary
solutions that have deposited low—temmerature minerals in vesicles,
fractures, and other cavities, and -altered some of the minerals of the
lavas themselves. For instance, no fresh divine has been detected in
any of the lavas, although it is common in the intrusive diabases.
broad zonation of this alteration is anparent; at Duluth and at Grand
Portage (in the lower parts of the lava section) r'uch of the groundmass
pyroxene has been converted to actinolite (although many larger aurites
are unaffected) and some plagioclase has been saussuritized. Iere also
the arnygdule minerals are characteristically quartz, prehnite, calcite,
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epidote, and chlorite, the same basic assemblage as is found in the
Portage Lake hava Series on the Keveenaw Peninsula (Stoiber and Davidson,
1959). In and northeast of Duluth K—feldspar is also occasionally found,
arid laumontite becomes abundant. Higher in the section variouS zeolites,
along vith caThite, are dosnant except In the quartz tholeiites and
similar levas where aaate, crystalline quartz and chlorite are common.
The most abundant zeolites are laumontite, stilbite, heulandite,
thorrsonite and scolecite but analcite, natrolite, mesolite, mordenite,
and apotbvllite have also been found. Saponite is common in olivine
basalts. Andradite carnets have been discovered in several localities
in amydules and veins from a wide range of lava tres (basalts to
rhyclites) and levels in the sequence, and traces of native copper have
been found in several localities. Thus the secondary zonation in the
:rorth Shore 1oThanic Grout spans both the deeper—level, higher—temperatre
tyte of the Keweenaw Peninsula and the higher—level, cooler tyte character-
istic of the icuer parts of the Tertiary plateau lavas of eastern Iceland
as described by Walker (1960). Walker's upper, zeolite—free zone is
apparently not represented in innesota. According to his estirsates, the
presently exposed top of the section on the Lake Sunerior shore could have
been anrrcxirratel'r 5,000 feet below the surface during mineralization.
Although (tetal led work has not yet been done, no clear cross—cutting
relations of' zeolite zones to stratigraph within the lavas have been
recocnized. hut the evident Upper Precambrian, nostvolcanic unconformity
wit' ch probably follows the lorth Shore must have postdated the mineralization,
since it does crosscut the zeolite zones.

It should be stressed, however, that none of the flows has been entirely
converted to secondary minerals. in fact, the plaioclase and augite are
tvicall'r unaltered or only locally altered in most mafic and intermediate
rocks, although no fresh olivine has been discovered, There has typically
been sore oxidation of the opsnue minerals, especially of nagnetite, and
pi'eonite is coirnonly oxidized at its borders. In many interrsediate and
felsic lavas. plarioclase phenocrysts have been albitized and/or zeolitized:
some of this alteration could be deuteric. Fresh, undevitrified volcanic
glass is still present in occasional samples, notably in a basalt from about
two miles west of the mouth of the Prule River.

Etnra•iv
The Thias of the ;orth Shore Volcanic Group can be conveniently

divided into several lithostratir'ranhic units of coherent petrographic
character nrimarily on the basis of exposures at or near the Lake Superior
shore. qir of these units can he traced for a considerable distance
inland, buU nterruntions and structural corwlicatipns by intrusive bodies
as well -as lacial denosits prevent the reconstruction of' a complete, con-
tinuous sequence. o clear trend of connositional change is evident from
base to top; in fact, although the most ferrora-'nesian lavas occur at the
base, the unnermost flows, in the Tofte—Lutsen area, are entirely olivine
oasalts. It should be kept in rind also that a major stratigraphic break
may occur heween the Grand Portage lava section (sho'ing reversed magnetic
polarity) and the lhgher strata.

Table 2 lists the informal stratigraphic units nroposed for the
northeast limb (Torte to Grand Portage) forth Shore Volcanic Group, with
their estimated thicknesses and general lithic characters, and Table 3
Ltives sinlar data for the southwest limb. This latter table depends largely
on the work of Sandberrr (1038) and Grogan (iqito), pending restudy.
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Table 2

Stratigraphy of Northeast Limb (Tofte-Grand Portage)

North Shore Volcanic Group

(Exclusive of interflow sediments)

Approx.

ThigkneaL&Q

Top

1020

160

310

360

500

600

1020

400—900

1300

1800

1000

3500

4000 (est.)

200

260

4500

Lithostratigraphic unit

Lutsen basalts

Terrace Point basalt flow

Good Harbor Bay andesites

Breakwater trachybasalt flow

Grand Narais rhyolite flow

Croftville basalts

Devil Track felsites

Red cliff basalts

Kimball Creek felsite

Marr Island lavas

Brule River basalts

Brule River fhyolite flow

Havland lavas

Red Rock rhyolite flow

Deronda Bay andesite flow

Grand Portage basalts

Lithic character

divine basalts, olivine tholeiites

thomsonite—bearing ophitic basalt

brown, porphyritic andesite,
trachyandesite

brown, columnar, granular trachybasalt

pink, red, gray porphyritic rhyolite

various fine—grained basalts

aphyric and porphyritic rholite fJows

amygdaloidal, ophitic olivine basalts

pink to tan, porphyritic felsite

mixed tholeiitlc basalt, intermediate,
felsic lavas

granular—diabasic basalts

pink to gray porphyritic rhyolite

mixed porphyritic basalt, trachybasalt,
rhyolite

red, porphyritic rhyolite

gray—brown, aphyric andesite

mixed tholeiltic to diabasic basalts
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4500

Base
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brown. porphyritic andesite,
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brown, columnar, granular trachybasalt

pink, red, gray porphyritic rhyolite

various fine-grained basalts

aphyric and porphyritic rholite flows

amygdaloidal, ophitic olivine basalts

pink to tan, porphyritic felsite

mixed tholeiitic basalt, intermediate,
felsic lavas

granular-diabasic basalts

pink to gray porphyritic rhyolite

mixed porphyritic basalt, trachybasalt,
rhyolite

red. porphyritic rhyolite

gray-brown, aphyric andesite

mixed tholeiitic to diabasic basalts
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Table 3

Generalized Stratigraphy of Southwest Limb (Tofte—Nopeming)

North Shore Volcanic Group

(exclusive of interflow sediments)

Approx.

TbLekness_'ft) Lithostratigraphic Unit Lithic character

Tp

4000 Schroeder basalts ainygdaloidal ophitic olivine tholeiltes

>300 Manitou trachybasalt flow red—brown granular trachybasalt to
basalt

(more of the Schroeder basalts)

> 280 Bell Harbor lavas mostly quartz tholeiites, other
basalts

> 3CC' Palisade rhyolite flow gray to pink, porphyritic rhyolite

few 100's Baptism River lavas mixed lavas, mostly basalts

— — — Beaver Bay intrusive complex —

3200 Gooseberry River basalts mixed basalts, one felsite

— --
—. LaFayette Bluff, Silver Creek Cliff intrusions — — —

1025 Two Harbors fine—grained basalts "melaphyres", some quartz tholeiites

1615 Larsmont ophitic basalts amygdaloidal ophitic divine basalts.

— — — Knife River diabase intrusion — — — — —

4930 Sucker River basalts mixed basalts, mostly ophitic

4400 Lakewood basalts mixed basalts, mostly non—ophitic

— — Lester River diabase sill

3600 Lakeside lavas mixed basalts, andesites, felsites

— — — Endion diabase sill — — —

2560 Leif Erickson Park lavas mixed basalts, andesites

— — — Duluth Complex — — —

2300 Nope'iuing basalts porphyritic meLbasalts, diabasic
basalts

Base Puckwunge Sandstone
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Sucker River basalts
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Lester River diabase sill
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"melaphyres", some quartz tholeiites
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Field Trip A

The North Shore Volcanic Group

Leader: John C. Green
University of Minnesota, Duluth

The stops described below are intended to give a broad picture of
the chemical, petrographic, and structural varieties of lavas of the Group,
some representative exposures of the minor intrusions that cut the flows,
and the general structural characteristics of these Upper Precambrian racks.
The area northeast of Silver Bay, where Green has done most of his work, is
stressed. The trip excludes the Duluth Complex, aspects of which have been
or are covered elsewhere (GSA 1956 Guidebook, ILSG 1968 Guidebook, and Field
Trip B of this program). Many more stops are listed below than will be
possible to examinein a one—day trip, but they are included for the benefit
of those who can visit or revisit the area at a later time. The U.S.G.S
7 1/2 minute quadrangle name is given for each stop. The stops which are
planned as a minimal framework for Field Trip A are designated with an
asterisk after the number. Mileages are listed for distances between
easily identifiable points along US Highway 61 (not cumulative mileage for
whole trip), for travel either southwest (starting at the U.S.A.fCanada
border — Pigeon River: left—hand column) or northeast at the Midway Road,
(St. Louis Co. 13), Nopeming, WESt of Duluth: right—hand column). Mileages
for side trips off Hwy 61 are in parentheses or not given. All stops are
shown on Fig. 1. Descriptions between stops are written for southwestward

travel. The total distance covered is approximately 160 miles each way.

At several stops volcanic structures are well preserved. Visitors are
urged to refrain from loosening, removing or otherwise destroying them,

since they constitute irreplaceable evidence for flow direction, etc.,

and are valuable teaching features for local students and future visitors.

GoingGoing
SW NE

0.0 7.4 Start of Trip A — Pigeon River, Minnesota—Ontario (Pigeon Point,

Minn. — Mich. quad.). Travel SW along flat post—glacial lake bed,
then rise along shoulder of a large NE—trending dike of the
Iceweenawan Logan Intrusions. Several road cuts in Middle Precambrian
Rove Formation shales cut by small branch dikes. Excellent views

from parking rest areas to the east over Wauswaugoning Bay, Pigeon
Point (thick complex Keweenawan sill), Susy Islands (Rove Fm. and
Lower Keweenawan flows), Isle Royale (Keweenawan flo's), Hat Point
with Mount Josephine (Logan dike).

3.7 3.7 Stop 1. Logan dike and Roc Faauction (Grand Portage quad.) At

the top of the rise is a deep cut trirough the thick Keweenawan
diabase dike that forms Mt. Josephine and flat oint. Farther
down the highway to the southwest are good cuts in the Rove

Formation which is here dominr4lc-J by graywacke.
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Field Trip A

The North Shore Volcanic Group

Leader: John C. Green
University of ~finnesota, Duluth

The stops described below are intended to give a broad picture of
the chemical, petrographic, and structural varieties of lavas of the Group,
some representative exposures of the minor intrusions that cut the flows~

and the general structural characteristics of these Upper Precambrian rocks.
The area northeast of Silver Bay~ where Green has done most of his work, is
stressed. The trip excludes the Duluth Complex, aspects of which have been
or are covered elsewhere (GSA 1956 Guidebook, ILSG 1968 Guidebook, and Field
Trip B of this program). Many more stops are listed below than will be
possible to examine in a one-day trip, but they are included for the benefit
of those who can visit or revisit the area at a later time. The U.S.'G.S
7 1/2 minute quadrangle name is given for each stop. The stops which are
planned as a minimal framework for Field Trip A are designated with an
asterisk after the number. Mileages are listed for distances between
easily identifiable points along US Highway 61 (not cumulative mileage for
whole trip)~ for travel either southwest (starting at the u.S.A./Canada
border - Pigeon River: left-hand column) or northeast at the ~fidway Road,
(St. Louis Co. 13), Nopeming, west of Duluth: right-hand column). Mileages
for side trips off Hwy 61 are in parentheses or not given. All stops are
shown on Fig. 1. Descriptions between stops are written for southwestward
travel. The total distance covered is approximately 160 miles each way.

At several stops volcanic structures are well preserved. Visitors are
urged to refrain from loosening~ removing or otherwise destroying them~

since they constitute irreplaceable evidence for flow direction, etc.,
and are valuable teaching features for local students and future visitors.

GoingGoing
SW NE

-0:0 7.4

3.7 3.7

Start of Trip A - Pigeon River, Minnesota-Ontario (Pigeon Point,
Minn. - Mich. quad.). Travel SW along flat post-glacial lake bed,
then rise along shoulder of a large NE-trending dike of the
Keweenawan Logan Intrusions. Several road cuts in Middle Precambrian
Rove Formation shales cut by small branch dikes. Excellent views
from parking rest areas to the east over Wauswaugoning Bay, Pigeon
Point (thick complex Keweenawan sill)~ Susy Islands (Rove Fm. and
Lower Keweenawan flows), Isle Royale (Keweenawan flows), Hat Point
with Mount Josephine (Logan dike).

Stop 1. Logan dik~ and Rove Formation (Grand Portage quad.) At
the top of the rise is a deep cut through the thick Keweenawan
diabase dike that forms Mt. Josephine and Hat Point. Farther
down the highway to the southwest are good cuts in the Rove
Formation which is here dominated by graywacke.
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Going Going
SW NE

(At the base of the slope an interesting detour can be
made to the SE to Grand Portage Chippewa village and bay and

Grand Portage National Monument. The base of the Upper
Precambrian sequence forms Grand Portage Island. Continue

out the west end of the village to Highway 61).

7.4 0.0 Stop 2.* Basal Lower Keweenawan basalts, Grand Portage (Grand

0.0 14.8 Portage quad.). At the top of the next rise (at the Junction
of Cook Co. 17) are low cuts exposing basalts near or at the
base of the Keweenawan reversed polarity sequence. These basalts
have a somewhat diabasic texture and have been strongly though not
completely retrograded to prehnite—pumpellyite facies minerals.
Amygdules contain weathered agate, prehnite, and epidote.

The basal Upper Precambrian sandstone (Puckwunge) underlies
the gentle slope to the north but is not exposed at the highway.
It can be seen by bushwhacking about 1/4 mile to the NNW. It is

a clean—looking,somewhat feldspathic quartz sandstone, in marked con-
trast to the red, immature, volcanic interf low sandstones above. The
lowland beyond is underlain by the Rove Fm. , anC all the ridges are
held up by large Logan dikes.

3.0 11.9 Stop 3. Tholeiitic basalt and porphyry dike (Grand Portage quad.).
Walk or drive off Highway 61 on an inconspicuous, unmaintained little
branch on the lake side to an old cabin site at a small cove (1/8
mile). On R (SW) is the basal, massive portion of a fine—grained
tholeiitic basalt of the Lower Keweenawan Grand Portage lavas. On
the L is a thick, compound dike of porphyritic trachybasalt that
trends E into lake. A large swarm of similar dikes is present in
this area and is being studied. They are unusually rich ji Fe and K.

3.7 11.1 Stop 4. Red Rock rhyolite (Mineral Center quad.). At Deronda
Bay the beach leads out to the SE to the breccia—rubble base of
a thick (over 600 feet) porphyritic rhyolite flow which is the
uppermost flow found to show magnetic reversal by Books (1968).
More scenic exposure can be seen by climbing up the ridge and
walking out to the point on the open lake. Less scenic but more
accessible exposure is in a road cut 1/2 mile beyond.

4.6 10.2 Stop 5. Reservation River Diabase and abandoned beach ridges.
(Mineral Center quad.) At the top of the next rise is the eastern
edge of the extensive Reservation River diabase complex: one
characteristic phase is exposed here that shows faint banding on
sonic surfaces. Lcrge gravel pits n the lowland to the northeast,
mined out for the new highway, were large abandoned beaches of
late postglacial Lake Superior. Excellent smaller, later ridges
can still be seen on a little track that goes to the lake shore
from the base of the slope.

Going
SW
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Going
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(At the base of the slope an interesting detour can be
made to the SE to Grand Portage Chippewa village and bay and
Grand Portage National Monument. The base of the Upper
Precambrian sequence forms Grand Portage Island. Continue
out the west end of the village to Highway 61).

7.4
0.0

0.0
14.8

Stop 2.* Basal Lower Keweenawan basalts, Grand Portage (Grand
Portage quad.). At the top of the next rise (at the Junction
of Cook Co. 17) are low cuts exposing basalts near or at the
base of the Keweenawan reversed polarity sequence. These basalts
have a somewhat diabasic texture and have been strongly though not
completely retrograded to prehnite-pumpe11yite facies minerals.
Amygdu1es contain weathered agate, prehnite, and epidote.

The basal Uppe~ Precambrian sandstone (Puckwunge) underlies
the gentle slope to the north but is not exposed at the highway.
It can be seen by bushwhacking about 1/4 mile to the NNW. It is
a clean-looking, somewhat feldspathic quartz sandstone, in marked con­
trast to the red, immature, volcanic interf10w sandstones above. The
lowland beyond is underlain by the Rove Pm., and all the ridges are
held up by large Logan dikes.

3.0

3.7

4.6

11.9 Stop 3. Tholeiitic basalt and porphyry dike (Grand Portage quad.).
Walk or drive off Highway 61 on an inconspicuous,unrnaintained little
branch on the lake side to an old cabin site at a small cove (1/8
mile). On R (SW) is the basal, massive portion of a fine-grained
tholeiitic basalt of the Lower Keweenawan Grand Portage lavas. On
the L is a thick, compound dike of porphyritic trachybasalt that
trends E into lake. A large swarm of similar dikes is present in
this area and is being studied. They are unusually rich in Fe and K.

11.1 Stop 4. Red Rock rhyolite (Mineral Center quad.). At Deronda
Bay the beach leads out to the SE to the breccia-rubble base of
a thick (over 600 feet) porphyritic rhyolite flow which is the
uppermost flow found to show magnetic reversal by Books (196 8).
More scenic exposure can be seen by climbing up the ridge and
walking out to the point on the open lake. Less scenic but more
accessible exposure is in a road cut 1/2 mile beyond.

10.2 Stop 5. Reservation River Diabase and abandoned beach ridges.
(Mineral Center quad.) At the top of the next rise is the eastern
edge of the extensive Reservation River diabase complex: one
characteristic phase is exposed here that shows faint banding on
some surfaces. Large gravel pits in the lowland to.the northeast,
mined out for the new highway, were large abandoned beaches of
late postglacial Lake Superior. Excellent smaller, later ridges
can still be seen on a little track that goes to the lake shore
from the base of the slope.
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Going Going
SW NE

9.0 5.8 Cross Reservation River and out of Grand Portage Indian
Reservation. Slope is at contact of Reservation River diabase
complex and lavas (a rhyolite here).

10.0 4.8 Stop 6.* Hovland porphyry lavas. (Hoviand quad.) Opposite a
on the lake side are exposures of a remarkable porphyritic

trachyandesite lava flow with platy plagioclase phenocrysts up
to 10 cm across. By following the low scarp to the NE behind a
house (private property) two flows can be ueen, the top of the
lower one being vesicular and showing a slightly uneven crust.
These are near the base of the Middle Keweenawan (normal polarity)
lava sequence, and are assigned to the Hovland lavas. They are
here cut by a large dike, at least 2 miles long, of brown
trachyandesite with small. elinopyroxene phenocrysts, that also
crops out across the road.

Highway descends to old lake—bed flat; then, past Big Bay,
rises onto higher ground of Hovland Diabase complex. Cross Flute

il.8 0 r Reed River, pass through village of Hovland at Chicago Bay, and up

00 onto a large sill—like body of syenogabbro. Many road cuts; some
show good foliation of plagioclases, dipping gently S.

Stop 7. Syenogabbro, basalt pillow—breccia, and rhyolite at Brule
River (Marr Island quad.). Opposite Naniboujou Lodge, park in lot

0.0 of Judge Hagney State Park. Walk up trail, cross rivet on footbridge,
10.6 and follow fisherman's trail and bushwhack up W bank. Take care —

steep and unstable slope in places. At footbridge is medium—grained,
foliated syenogabbro of "Hovland diabase complex." This is cut by
a later basalt dike, then gives way to a rather coarse—grained basalt
lava with chlorite scraps and amygdules. Soon this is overlain by
basaltic—scoriaceous tuff—breccia. After a short gap in exposure,
steep bank resumes which is made of basalt pillow—breccia, with
altered volcaniclastic matrix. This is one of the few places where
evidence for underwater extrusion can be seen in the North Shore
Volcanic Group (others are on Grand Portage Island and W of Duluth
in the Lower Keweenawan). Farther upstream this can be seen to overlie
the altered, flow—banded and swirled top of a very large porphyricic
rhyolite flow through which the Bride has cut a deep gorge above.
Return by fisherman's trail at top of bank.

After crossing the Brule (Arrowhead) River, the highway rises
over and cuts through three hasalts of the Brule River group, then
crosses a porphyritic trachyandesite or intermediate quartz latite
of the Marr Island lavas at Paradise Beach. A few more low cuts of
this mixed group are passed in next 3 miles.

3.8 5.8 Stop 3•x Porphyritic intermediate cuartz latite p Marr Island
lavas one mile past Cook Co. 14 (Kadunce Creek quad.) Two large
road cuts on N. side of a thick, intermediate quartz latite
lava (62% SiO , 4.1% K 0) with plagioclase, ferroaugite, and rare
ex—olivine an magnetie phenocrysts. Contacts not exposed.
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Cross Reservation River and out of Grand Portage Indian
Reservation. Slope is at contact of Reservation River diabase
complex and lavas (a rhyolite here).

10.0 4.8 Stop 6.* Hovland porphyry lavas. (Hovland quad.) Opposite a
house on the lake side are exposures of a remarkable porphyritic
trachyandesite lava flow with platy plagioclase phenocrysts up
to 10 em across. By following the low scarp to the NE behind a
house (private property) two flows can be ~een, the top of the
lower one being vesicular and showing a slightly uneven crust.
These are near the base of the Middle Keweenawan (normal polarity)
lava sequence, and are assigned to the Hovland lavas. They are
here cut by a large dike, at least 2 miles long, of brown
trachyandesite with small.elinopyroxene phenocrysts, that also
crops out across the road.

14.8---
0.0

Highway descends to old lake-bed flat;
rises onto higher ground of Hovland Diabase
Reed River, pass through village of Hovland
onto a large sill-like body of syenogabbro.
show good foliation of plagioclases, dipping

then, past Big Bay,
complex. Cross Flute
at Chicago Bay, and up
Many road cuts; some
gently S.

4.0----".
0.0

3.8

0.0
10.6

Stop 7. Syenogabbro, basalt pillow-breccia, and rhyolite at Brule
River (Marr Island quad.). Opposite Naniboujou Lodge, park in lot
of Judge tmgney State Park. Walk up trail, cross river on footbridge,
and follow fisherman's trail and bushwhack up W bank. Take care ­
steep and unstable slope in places. At footbridge is medium-grained,
foliated syenogabbro of "Hovland diabase complex." This is cut by
a later basalt dike, then gives way to a rather coarse-grained basalt
lava with chlorite scraps and mnygdules. Soon this is overlain by
basaltic-scoriaceous tuff-breccia. After a short gap in exposure,
steep bank resumes which is made of basalt pillow-breccia, with
altered volcaniclastic matrix. This is one of the few places where
evidence for underwater extrusion can be seen in the North Shore
Volcanic Group (others are on Grand Portage Island and W of Duluth
in the Lmyer Keweenawan). Farther upstream this can be seen to overlie
the altered, flow-banded and styi rled top of a very large porphyritic
rhyolite flow through which the Brule has cut a deep gorge above.
Return by fisherman's tr~il at top of bank.

After crossing the Brule (Arrowhead) River, the highway rises
over and cuts through three basalts of the Brule River group, then
crosses a porphyritic trachyandesite or intermediate quartz latite
of the }larr Island lavas at Paradise Beach. A few more low cuts of
this mixed group are passed in next 3 miles.

Stop 8.~ Porphyritic intermediate quartz latite of ~arr Islan~

lavas one mile past Cook Co. 14 (Kadunce Creek quad.) Two large
road cuts on N. side of a thick, intermediate quartz latite
lava (62% Si02 , 4.1% K20) with plagioclase, ferroaugite, and rare
ex-olivine ana magnetite phenocrysts. Contacts not exposed.
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Going Going
SW NE

1 1/2 miles to the west at Kadunce Creek (Kodonce River)
State Park a thick porphyritic felsite is exposed, especially
in a deep and narrow canyon that begins about 1/8 mile upstream
from highway — this is part of the Kimball Creek felsite group,
also exposed in Kimball and Cliff creeks farther west. Excellent
abandoned wave—cut cliffs of Nipissing stage.

7.3 3.2 Stop 9. Olivine basalts of Red Cliff series (Kadunce Creek quad.).
Just past large gravel pit and creek gully, highway rises onto a
series of 5 or 6 ophitic olivine basalt flows totalling between
400 and 900 feet in thickness. Amygdules contain saponite,laumontite,
calcite, quartz, and agate. Plagioclase phenocrysts have floated to
top in some, sunk to bottom in others. 47% Si02 0.5% K20.

Past Durfee Creek (near top of Red Cliff basalts) highway (and
Nipissing cliff) pass onto Devil Track felsite group, here composed
of two thick flows.

9.6 1.0 Stop 10.* Felsite of Devil Track sEries, at promontory of abandoned
Nipissing wave—cut cliff. N side of highway, 0.85 miles west of
Durfee Creek (Kadunce Creek quad.). Pink, non— or weakly porphyritic
rhyolite or quartz latite (72% SiO , 5.5% K20) with slabby jointing
and faint flow—banding. Bushwhack?ng along old cliff to E for 1/4
mile one eventually passes down into vesicular, locally spherulitic
and flow banded top of a porphyritic flow of similar composition.
These two flows total about 1020 feet in thickness. Five Mile
(Guano) Rock, a mile out in Lake Superior, is made of diabase.

10.6 0.0 Cross Devil Track River. This cuts a deep gorge just upstream

0.0 3.7 in the upper felsite flow. Continue on Hwy 61 into Grand Marais, or
alternatively turn off just before rise on small side road (Cook Co.
87) toward lake to Croftville settlement and optional Stop 11.

(off Hwy 61)
(1.3) (0.45) Stop 11. Spherulitic hasal phase, Grand Marais rhyolite, Croftville

(0.0) (Grand Marais quad.) Drive about 1.1 mile along Nipissing terrace
over Croftville basalts (about 0.45 mi. from W end of this road).

Private Property. Ask permission at the house in birches on lake

side, examine outcrops at modem beach—back. Slabby, spherulitic

red rhyolite is exposed here (73.4% SiO , 4.65% K20) that contains

andesine—oligoclase and rare hedenbergie, ex—fayalite and magnetite
phenocrysts. Nearby is cross—bedded, calcite—cemented interflow sand.

(0.45) (0.0) Strata have been steeply tilted by diabase intrusions. Continue on

(2.1) Croftville road until it re—joins Hwy 61.

Continue SW to Grand Marais.

(off Hwy 61) Stop 12. Breakwater trachybasalt (Good Harbor Bay quad.). Drive

to Coast Guard Station at E end of Grand Marais harbor. Tombolo

here is made by gravel bar connecting mainland to resistant island
and ledges of a massive, locally columnar—jointed, porphyritic
trachybasalt or basalt with small phenocrysts of plagioclase, augite,
and rare olivine. It is about 360 feet thick. It is not known
for certain whether this is a big flow or sill; to the west is has
a sharp, chilled basal contact against felsite but its top
contact is covered. It becomes amydgaloidal and zeolitized near

(off Hwy 61)
_~~ (0.45)

(0.0)

Going
SW

7.3

9.6

10.6
0.0

(0.45)

Going
NE

3.2

1.0

0.0
3.7

(0.0)
(2.1)
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1 1/2 miles to the west at Kadunce Creek (Kodonce River)
State Park a thick porphyritic felsite is exposed, especial~y

in a dl~ep and narrow canyon that begins about 1/8 mile upstream
from highway - this is part of the Kimball Creek felsite group,
also exposed in Kimball and Cliff creeks farther west. Excellent
abandoned wave-cut cliffs of Nipissing stage.

Stop 9. Olivine basalts of Red Cliff series (Kadunce Creek quad.).
Just past large gravel pit and creek gully, highway rises onto a
series of 5 or 6 ophitic olivine basalt flows totalling between
400 and 900 feet in thickness. Amygdules contain saponite,laumontite,
calcite, quartz, and agate. Plagioclase phenocrysts have floated to
top in some, sunk to bottom in others. 47% Si0

2
, 0.5% K

2
0.

Past Durfee Creek (near top of Red Cliff basalts) highway (and
Nipissing cliff) pass onto Devil Track felsite group, here composed
of two thick flows.

Stop 10.* Felsite of Devil Track series, at promontory of abandoned
Nipissing wave-cut cliff. N side of highway, 0.85 miles west of
Durfee Creek (Kadunce Creek quad.). Pink, non- or weakly porphyritic
rhyolite or quartz latite (72% Si02 , 5.5% K20) with slabby jointing
and faint flow-banding. Bushwhacking along old cliff to E for 1/4
mile one eventually passes down into vesicular, locally spherulitic
and flow banded top of a porphyritic flow of similar composition.
These two flows total about 1020 feet in thickness. Five Mile
~uano) Rock, a mile out in Lake Superior, is made of diabase.

Cross Devil Track~. This cuts a deep gorge just upstream
in the upper felsite flow. Continue on Hwy 61 into Grand Marais, or
alternatively turn off just before rise on small side road (Cook Co.
87) toward lake to Croftville settlement and optional Stop 11.

Stop 11. Spherulitic hasal phase, Grand Marais rhyolite, Croftville
(Grand Marais quad.) Drive about 1.1 mile along Nipissing terrace
over Croftville basalts (about 0.45 mi. from Wend of this road).
Private ?roperty. Ask permission at the hous~ in birches on lake
side, exwline outcrops at modern beach-back. Slabby, spherulitic
red rhyolite is exposed here (73.4% SiO , 4.65% K20) that contains
andesine-oligoclase and rare hedenbergite, ex-fayalite and magnetite
phenocrysts. Nearby is cross-bedded, calcite-cemented interflow sand.
Strata have been steeply tilted by diabase intrusions. Continue on
Croftville road until it re-joins Hwy 61.

Continue SW to Grand Marais.

(off H'YY 61) Stop 12. Breakwater trachybasalt (Good Harbor Bay quad.). Drive
to Coast Guard Station at E end of Grand Marais harbor. Tombolo
here is made by gravel bar connecting mainland to resistant island
and ledges of a massive, locally columnar-jointed, porphyritic
trachybasalt or basalt with small phenocrysts of plagioclase, augite,
and rare olivine. It is about 360 feet thick. It is not known
for certain whether this is a big flow or sill; to the west is has
a sharp, chilled basal contact against felsite but its top
contact is covered. It becomes amydgaloidal and zeolitized near
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SW NE

its top and is assumed to be a flow. As can be seen from this
vantage point, it forms one of the major strike—ridges of the
"Sawtooth Range" to the west (as does the big "thomsonite flow"
starting at Good Harbor Bay). The harbor at Grand Marais is

probably eroded from rhyolite.

3.7 0.0 Highway 61 passes corner of harbor, near start of Gunf lint Trail
0.0 9.2 (Cook Co. 12).

Then highway rises to W past a good norphyritic rhyolite cut
onto higher level (Breakwater trachybasalt cuesta ahead), then
back down across the Breakwater trachybasalt and across Fall River
(Rosebush Creek). About 1 mile past this creek, low road cuts start
in two thick porphyritic trachyandesite to andesite flows (55% Si02,
2.7% K 0) with small plagioclase and clinopyroxene phenocrysts and
vesicuar—rubble tops. Big cuesta ahead is held up by Terrace Point
thomsonite—bearing basalt flow. Continue across Cut face (Good
Harbor) Creek.

5.2 3.9 Stop 13.* Thomsonite—bearing basalt, interf low sediments (Good
Harbor Bay quad.). In this large road cut one of the major cliff
formers of the "Sawtooth Range" overlies a thick (130') section of
interf low sediments. The Terrace Point basalt is dominantly a
massive, fine—grained, ophitic basalt that characteristically contains
thomsonite in amygdules, hut in its lengthy exposure (including in
this cut) several flow units of varying character show complex
relations with the major, massive part of the flow.

The interfiow sediment Is here mainly thin—bedded siltstone
and silty shale, but by walking up the bed of Cutface Creek at
the bottom of this hill one passes outcrops of the basal contact
of the sediments resting on the amygdaloidal—scoriaceous top of
an andesite flow and eventually reaches large banks cut into well—
bedded sandstone showing abundant ripple marks.

Highway 61 passes low cuts of the complex upper parts of the
Terrace Point flow complex, with big cuesta on this flow visible
ahead, then at jct. of Cook Co. 7 passes into coarse—grained olivine

9.2 — 0.0 basalt of the Lutsen basalt series. Cross Cascade River in State
0.0 16.9 Park. Trail up W side provides access to good river outcrops of

Terrace Point thomsonite basalt, the underlying sandstones, and
several andesite flows of the Good Harbor Bay series. Drive past
Cascade Lodge.

0 5 16 4
Stop 14* Cascade olivine basalt of Lutsen basalt series (Deer
Yard Lake quad.). 0.5 miles W. of Cascade River. Shore outcrops
of a thick (100 feet or more), relatively coarse—grained olivine
basalt of a distinctive group in this Cascade—Lutsen area.
Segregation cylinders up to 6" or so in diameter and segregation
lenses or sills can be seen within this flow.

Highway continues on long straight stretch roughly parallel
to strike of Lutsen basalts, topmost series of the North Shore
Volcanic Group. Pass through Lutsen village (big ridges to
W held up by Leveaux trachybasalt sill), to Poplar River.

Going
SW

3.7
0.0

5.2

9.2
0.0

0.5
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NE

0.0
9.2

3.9

0.0
16.9

16.4

-90-

its top and is assumed to be a flow. As can be seen from this
vantage point, it forms one of the major strike-ridges of the
"Sawtooth Range" to the west (as does the big "thomsonite flm.,"
sta~ting at Good Harbor Bay). The harbor at Grand Harais is
probably eroded from rhyolite.

Highway 61 passes corner of harbor, near start of Gunflint Trail
(Cook Co. 12).

Then highway rises to W past a good porphyritic rhyolite cut
onto higher level (Breakwater trachybasa1t cuesta ahead), then
back down across the Breakwater trachybasa1t and across Fall River
(Rosebush Creek). About 1 mile past this creek, low road cuts start
in two thick porphyritic trachyandesite to andesite flows (55% 5i02 ,
2.7% K

2
0) with small plagioclase and clinopyroxene phenocrysts and

vesicular-rubble tops. Big cuesta ahead is held up by Terrace Point
thomsonite-bearing basalt flow. Continue across Cut face (Good
Harbor) Creek.

Stop 13.* Thomsonite-bearing basalt, interflow sediments (Good
Harbor Bay quad.). In this large road cut one of the major cliff
formers of the "Sawtooth Range" overlies a thick (130') section of
interflow sediments. The Terrace Point basalt is dominantly a
massive, fine-grained, ophitic basalt that characteristically contains
thomsonite in amygdu1es, but in its lengthy exposure (including in
this cut) several flow units of varying character show complex
relations with the major, massive part of the flow.

The interflow sediment is here mainly thin-bedded siltstone
and silty shale, but by walking up the bed of Cut face Creek at
the bottom of this hill one passes outcrops of the basal contact
of the sediments resting on the amygdaloidal-scoriaceous top of
an andesite flow and eventually reaches large banks cut into well­
bedded sandstone showing abundant ripple marks.

Highway 61 passes low cuts of the complex upper parts of the
Terrace Point flow complex, with big cuesta on this flow visible
ahead, then at jct. of Cook Co. 7 passes into coarse-grained olivine
basalt of the Lutsen basalt series. Cross Cascade River in State
Park. Trail up W side provides access to good river outcrops of
Terrace Point thomsonite basalt, the underlying sandstones, and
several andesite flows of the Good Harbor Bay series. Drive past
Cascade Lodge.

Stop 14* Cascade olivine basalt of Lutsen basalt series (Deer
Yard Lake quad.). 0.5 miles W. of Cascade River. Shore outcrops
of a thick (100 feet or more), relatively coarse-grained olivine
basalt of a distinctive group in this Cascade-Lutsen area.
Segregation cylinders up to 6" or so in diameter and segregation
lenses or sills can be seen within this flow.

Highway continues on long straight stretch roughly parallel
to strike of Lutsen basalts, topmost series of the North Shore
Volcanic Group. Pass through Lutsen village (big rid?,es to
W held up by Leveaux trachybasa1t sill), to Poplar Rive~,
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9.3 7.1 Stop 15. Poflyritic olivine basalts of Lutsen series (Lutsen
quad.), Poplar River. Watch your step - dangerous. Private land.
Several flows of a distinctive ophitic olivine basalt characterized
by abundant small (1—3 nun) blocky bytownite phenocrysts are exposed
frcrn the mouth of the Poplar River at Lutsen Resort, up through an
impassable canyon to the highway bridge and upstream to left bend
(1/10 nile from highway). Take fisherman's trail on W side. This
?low type has the most "primitive' composition (lowest K, highest Mg)
of the North Shore lavas (1+7% Si02, 0.l2I K20). At L bend in river
it overlies breccia—rubble top of a basaltic andesite flow; red sand
has been washed into all the interstices between the lava blocks,
a typical situation.

12.3 4.6 Stop 16. Leveaux — Onion Mtn. trachlbasalt porphyry !411. (Tofte
quad.). 2.5 ml. SW of Poplar R.. at slight L bend cross Rollins
Creek and irnediately turn up U. S. Forest Service gravel road

(No. 336). Continue on it as it contours back to SW, then cuts up
into Onion Mver gap in big ridge held up by a big trachybasalt
porphyry sill. This sill forms Leveaux Mtn., the high ridge with
a fire tower on it to the SW, and comes out to the lake shore to
form the islands at Taccnite Harbor SN of Tofte. Its contacts are
not exposed but it crosscuts the lavas. Park as near as possible
to the S corner of the hill on the NE side of the gap, and bushwKack
a short distance N to the steeper, rocky rise. Here the lower part
of the sill is exposed — a fine—grained, pigeonite—augite trachy—
basalt to trachyandesite. Farther up the Glope a bit abundant large
(1 cm) blocky labradorite phenocrysts appeartruptly; they appear to
have floated. This porphyritic phase forms the upper part of the
sill throughout its extent.

2.... 0.0 Continue SW past Sawbill Trail (Cook Co. 2) at village of Tofte.
0.0 12.1 Town park on lake shore 0.3 mi. SW of Edgewater Motel has good

exposures of thin—bedded ophitic olivine basalts. DO NOT DESTROY
FEATI.ffiES. These lie at the top of the section of the orth Shore
Volcanic Group.

1.7 10.1+ Stop 17. Carlton Peak anorthosite in diabase (Tofte quad.) 1.7 mi.
SW of Sawbill Trail jct., opposite large Superior National Forest
Sign, turn up road of Erie Mining Co. to large quarry in side of
Carlton Peak, which is held up by massive anorthosite xenoliths in
a gabbroic intrusion. Private Property. The complex rela.tions
between the anorthosite and various phases of olivine gabbro are well
exposed.

2.5 9.6 Stop 18. Thin—bedded ophitic olivine tholeiites of Schroeder
basalts, Temperance River (Tofte quad.). Park at State Park lots,
walk down trail to bridge near river mouth. Note excellent erosional
potholes. Several thin flows or flow units, with ropy surfaces, pipe
anygdules and lensing shape are well exposed here. If more time is
available, walk up NE side of river above highway to the main gorge
where the river has cut a very deep and narrow slot with larger
potholes into thicker olivine basalts. Warning people have been
killed trying to jump across. Large joint columns visible on trail
and overlooks, and vesicle cylinders are present in thicker flows.
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Stop 15. Porphyritic olivine basalts of Lutsen series (Lutsen
quad.), Poplar River. Hatch your step - dangerous. Private land.
Several flows of a distinctive ophitic olivine basalt characterized
by abundant small (1-3 mm) blocky bytownite phenocrysts are exposed
from the mouth of the Poplar River at Lutsen Resort, up through an
impassable canyon to the highway bridge and upstream to left bend
(1/10 mile from highway). Take fisherman's trail on W side. This
flow type has the most Ilprimitive" composition (lowest K, highest Mg)
of the North Shore lavas (47% Si02 , 0.12% K20). At L bend in river
it overlies breccia-rubble top of a basaltic andesite flow; red sand
has been washed into all the interstices between the lava blocks,
a typical situation.

Stop 16. Leveaux_ - Onion HtIl=- trachybasalt porphyry Eill (Tofte
quad. ) . 2.5 mi. SH of Poplar R•..at slight L bend cross Rollins
Creek and immediately turn up U. S. Forest Service gravel road
(No. 336). Continue on it as it contours back to SW, then cuts up
into Onion River gap in big ridge held up by a big trachybasalt
porphyry sill. This sill forms Leveaux Mtn., the high ridge with
a fire tower on it to the SW, and comes out to the lake shore to
form the islands at Taconite Harbor SH .of Tofte. Its contacts are
not exposed but it crosscuts the lavas. Park as near as possible
to the S corner of the hill on the NE side of the gap, and bush~ack
a short distance n to· the steeper, rocky rise. Here the lower part
of the sill is exposed - a fine-grained, pigeonite-augite trachy­
basalt to trachyandesite. Farther up the slope a bit abundant large
(1 cm) blocky labradorite phenocrysts appearroruptly; they appear to
have floated. This porphyritic phase forms the upper part of the
sill throughout its extent.

Continue svr past Sawbill Trail (Cook Co. 2) at village of Tofte.
Town park on lake shore 0.3 mi. SW of Edgewater Motel has good
exposures of thin-bedded ophitic olivine basalts. DO NOT DESTROY
FEATURES. These lie at the top of the section of the North Shore
Volcanic Group.

Stop 17. Carlton Peak ?lloythosite in diabase (Tofte quad.) 1.7 mi.
SW of Sawbill Trail jet., opposite large Superior National Forest
Sign, turn up road of Erie Mining Co. to large quarry in side of
Carlton Peak, which is held up by massive anorthosite xenoliths in
a gabbroic intrusion. Private Property. The complex relations
between the anorthosite and various phases of olivine gabbro are well
exposed.

Stop 18. Thin-bedded ophitic olivine tholeiites of Schroeder
basalts, Temperance River (Tofte quad.). Park at State Park lots,
walk down trail to bridge near river mouth. Note excellent erosional
potholes. Several thin flows or flow units, with ropy surfaces, pipe
amygdules and lensing shape are well exposed here. If more time is
available, walk up NE side of river above highway to the main gorge
where the river has cut a very deep and narrow slot with larger
potholes into thicker olivine basalts. Warning: people have been
killed trying to jump across. Large joint colUmns visible on trail
and overlooks, and vesicle cylinders are present in thicker flows.
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3.8 8.3 Drive SW through Schroeder and Taconite Harbor (power
plant and taconite pellet shipping facility of Erie fining Co.)

with occasional low cuts of ariygdaloidal or ophitic olivine tholeiite.

9.14 2.7 Stop 19*. Thin—bedded ophitic olivine tholeiite of Schroeder basalts
at Sugar Loaf Point (Little Marais quad.). Private property. Drive

down side road (just opposite gravel road from uphill) at Consolidated
Paper Co. pupwood storage and handling facility. Drive down to cove,
end ask permission to walk opoint at office. Notice great old
pine boom—logs used to raft pulpwood cross lake. Walk around
Sugarloaf Point clockwise from end of beach. Excellent exarrioles

of thin flow units (6" and up) and thicker flows of ophitic "olivThe
tholeiites," with ropy surfaces, bent pipe amyvdules, and clastic
dikes where sand was washed into open ;oints in the tops or flows.
Please do not remove or destroy these structures! On the sides of
the high knob at the end can be seen vertical tube—like concentrations
of arnydules ("vesicle cylinders") in the massive lower tart of the

topmost flow.

11.7 0.14 Cross Cook/Lake County line.

12.1 0.0 Stop 20. Ophitic olivine tholeiites, Ma! tracybasalt, and

0.0 11.0 strike—fault, Caribou River (Little arais quad.) Park at Caribou
Falls State Park 1°t on the side of the highway and walk ut the
trail. (Between the highway and Lake is private property including
falls over typical ophitic olivine basalts). In the river and aiocg
the trail are a few outcrops of the red volcanic breccia and basalt
that underly the "Manitou trachybasalt," then at a L bend is the NE—
most outcrop of the trachybasalt. As the trail anproaches the falls
the river has cut through a thick section of volcanic breccia, nut
a large strike—fault intervenes between this and the typical ophitic
olivine thoeiites (flio2=5-.7%, :20=o.3_o.5z) that Torn tt:e cli'
over which the river fells. Several flows, 10—30' each, are visible
in the cliff each with a massive lower part and an amygdaloidal and
slabbv-jointed top. These are tynical of nearly all the lavas between
1:ittle arais and Lutsen, the uppermost sequence of tbe North Chore
Volcanic Group.

2.2 8.8 Drive SW, cross anitou River, '.rhich has cut a deep aorge throu'h
drift and olivine basalts (trail up streaxn in State Land accessible
on SW side via gravel pit road), Cornniercialized gorge downstrean has
falls, sea arches.

Continue LW almost to I? bend at Little Marais .

14.5 6.5 Stop 21. Manitou trachsasait (Little i'larais quad.). Turn do'.in
road at Ben Fenstad's Resort, Private property; ask permission
for entry at office. Continue down to lakeshore, bearing left to
end of driveway loop at fishhouse. here at the end of the slit is
exposed the base of a 1arre flow of granular trachvbasalt, at least
300' thick and 5 rLles long, that forns !'uch of t1roreledges Croa
this breakwater on, both SW and HE of Menitou FLyer. It contains
about 52% Si02 and 2.3 K20, and has labradorite. augite, and
altered rare olivine phenocrysts and abundant K feldspar and
pigeonite in the groundviass. higher in the flow it is coarser—
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Drive SI'! through Schroeder and Taconite Harbor (power
plant and taconite pellet shipping facility of Erie Mining Co.)
with occasional low cuts of amygdaloidal or ophitic olivine tholeiite.

Stop 19*. Thin-bedded ophitic olivine tholeiite of Schroeder basalts
at Sugar Loaf Point (Little Marais quad.). Private property. Drive
down side road (just opposite gravel road from uphill) at Consolidated
Paper Co. pulpwood storage and handling facility. Drive down to cove,
and ask permission to walk onpoint at office. Notice great old
pine boom-logs used to raft pulpwood across lake. Halk around
Sugarloaf Point clockwise from end of beach. Excellent examples
of thin flmv units (6" and up) and thicker flo1>ls of ophitic "olivine
tholeiites ,It with ropy surfaces, bent pipe amye:dules, and clastic
dikes where sand was washed into open joints in the tops of flows.
Please do not remove or destroy thes~_Et~.~ures! On the sides of
the high knob at the end can be seen vertical tube-like concentrations
of amygdules ("vesicle cylinders") in the Massive Imler nart of the
topmost flo",.

Cross Cook/Lake County line.

Stop 20. Qphiti c_ olivine !-holeii:~s, ~If~it0l.! !-S.?-chY.Easalt., and
strike-fault, Caribou River (Little ~larais quad.) Park at Caribou
Falls State Park lot on the HH side of the hip-;h,.,ray and "Talk up the
trail. (Between the highway and Lake is private property including
falls over typical ophitic olivine basalts). In the river and alonr;
the trail are a few outcrops of the red volcanic breccia and basalt
that underly the "lvlanitou trachybasalt," then at a L bend is the NE­
most outcrop of the trachybasalt. lis the trail ap]Jroaches the falls
the river has cut through a thick section of volcanic breccia, but
a large strike-fault intervenes between this and the typical ophitic
olivine tholeiites (Si02==45-47%, K20"'0. 3-0.5%) that form the cli ff
over which the river fa.lls. Several flovs, 10-30' each, are visible
in the cliff each with a massive lower part and an amygdaloidal and
slabby-jointed top. These are typical of nearly all the lavas between
Little Marais and Lutsen, the uppermost sequence of the North Shore
Volcanic Group.

Dri ve 8\1, cross ~ftanitou River, lIhi ch has cut a deep f!;orge throup;h
drift and olivine basalts (trail up stream. in State Land accessible
on S1:T side via gravel pit road). Commercialized gonre dmmstrear'l has
falls, sea arches.

Continue SH almost to H bend at Little I·,farais R.

4.5 6.5 Stop 21. !5~j.~.sm !-!_a~J1_x.:!?~a1.!-. (Little Marais quad.). 'I'urn down
road at Ben Fenstad's Resort. Private nrqperty; ask permission
for entry at office. Continue down to lakeshore, bearinp. left to
end of drivevay loop at fishhouse. here B.t the end of the slin is
exposed the base of n larp,e flow of granular trachybasalt, at least
300' thick and 5 miles lonp" that forms much of th~SDreledges fro~

this breaki-mter on, both G\l and tIE of M8ni tou Pi vel". It contains
about 52;~ Si02 and 2.3% K2(), and has labradorite, aup.;i te, and
altered rare olivine phenocrysts and ahundant K feldspar and
piGeonite in the groundmass. hip:,her in the fIm, it is coarser-
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SW SE

grained, less potassic and less porphyritic. Its top is not
exoosed. It overlies a sequence of interLedded basalts and red
volcanic breccia or conglorierate.

Continue SW past Little 'arais. high ridge inland is held up by
a thick intrusive diabase sill containing some anorthosite blocks.

8.0 2.6 Stop 22.* .iartz tholejite—trachybasalt, Kennedy Landing
(Finland quad.) Good cuts for about 1/3 mile through several
typical auartz tholeiites to trachybasalts. They show the char-
acteristic fine—grained, anhyric texture, oxidation lamellae, and
scoria—rubble tops. They contain interstitial alkali feldspar
and about 5l—53 5102 and up to 2% K20. Red sand, locally cross—
bedded, fills the interstices between fragments. Large knob
overlooking the bay is made of the thickest of these flows.

9.1 7.8 Stop 23. * Anorthosite in syenoabbro; overturned lavas
(Illgen City quad.). After crossing Kennedy Creek come to deep
vertical cut in an irregular discordant intrusion (part of Beaver
Bay complex) of altered syenogabbro that contains a great, massive
block of rather pure anorthosite. After examining this, walk or
drive SW downhill to lower cut that is composed of a sequence of
several basaltic lavas with an interflow sediment bed — all of which
have been overturned, probably as a result of forceful intrusion
of nearby diabases. These basalts show a variety of structures,
including some lobes that look like pillows and at the NE end some
red scoria—rubble that is characteristic of the top part of the
fine—grained tholeiites, basaltic andesites, and trachybasalts.

42 0.0 Continue SW to lilgen City, Lc• with Minc. Rte.ito Ely.
0.0 It.9 Just to NE are cuts in quartz tholeiite flows, to SW cuts in

altered rhvolite.

0.45 4.5 Stop 24.* Palisade Head pohyritic rhyolite, Shovel Point
(Ingert City quad.3. 0.b5 mile SW of Illgen City jct., or 0.145 mile
NE of Baptism River, search for unmafled trail leading to shore
at Shovel Point in Baptism 9. State Park. Here is well exposed
the upper—middle part of the thick (>300'? porphyritic rhyolite
(quartz latite) that also forms Palisade Head to the SW and the
road cuts at Tllgen City. Take care on clifftop. View to SW
over underlying lavas ("Baptism basalts") and some mafic intrusive
bodies, to Palisade Head. Follow trail down dipslope to end and

corner: view TIE toward overlying quartz tholeiite flows. Return
on sa1Ie trail

Drive SW across Baptism River to Palisade head (big hill with
radio beacon).

2.1 2.7 Stop 25. Palisade Head r1yaUiq. (Iliren (Tity quad.), Drive up
narrow, winding road (just past Palisade Creek) to top of cliff
next to raOio beacon. careful — joint columns are se-narating
from rest of hill. Excellent views to .N, NE, SE, SW. Ridges to
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grained, less potassic and less porph~ritic. Its top is not
eXDosed. It overlies a sequence of interbedded basalts and red
volcanic breccia or conglomerate.

Continue S\J past Little ~1arais. High ridge inland is held up by
a thick intrusive diabase sill containin~ some anorthosite blocks.

8.0

9.1

2.6

7.8

Stop 22. * QJ.artz tholeii te-trachybasalt, Kennedy Landing
(Finland quad.) Good cuts for about 1/3 mile throu~h several
typical quartz tholeiites to trachybasalts. They show the char­
acteristic fine-grained, aphyric texture, oxidation lamellae, and
scoria-rubble tops. They contain interstitial alkali feldspar
and about 51-53% Si02 and up to 2% K20. Red sand, locally cross­
bedded, fills the interstices between fragments. Large knob
overlooking the bay is made of the thickest of these flows.

Stop 23. * An_,?rth,?sitE:. in ~y~nogllR..br~; ove!:turned l~vas

(Illgen City quad.). After crossing Kennedy Creek come to deep
vertical cut in an irregular discordant intrusion (part of Beaver
Day complex) of altered syenogabbro that contains a great, massive
block of rather pure anorthosite. After examining this, walk or
drive SW downhill to lower cut that is composed of a sequence of
several basaltic lavas with an interflow sediment bed - all of which
have been overturned, probably as a result of forceful intrusion
of nearby diabases. These basalts show a variety of structures,
including some lobes that look like pillows and at the NE end some
red scoria,-rubble that is characteristic of the top part of the
fine-~rained tholeiites, basaltic andesites, and trachybasalts.

11.0
_._----~

0.0
0.0 Continue SW to Ulgen City, ~• •Tith Minn. Rte. -.l to Ely.
~ .Just to NE are cuts in quartz tholeiite flows, to SW cuts in

altered rhyolite.

0.45 4.5

2.1

Stop 21~. * ~~~isad~, .!1~_a~ P.s>E1?-~)'Ti tic:: rhyolite" Shovel Point
(Illgen City quad.). 0.45 mile SW of Illgen City jet., or 0.45 mile
NE of Baptism River, search for unmarked trail leading to shore
at Shovel Point in Baptism R. State Park. Here is well exposed
the upper-middle part of the thick (>30d: porphyritic rhyolite
(quartz latite) that also forms Palisade Head to the SW and the
road cuts at III~en City. Take care on clifftop. View to SW
over underlying lavas ( "Baptism basalts ") and some mafic intrusive
bodies, to Palisade Head. Follow trail down dipslope to end and
NE corner: view NE toward overlying quartz tholeiite flows. Return
on same trail

Drive 811 across Baptism !liver to Palisade Head (big hill with
radio beacon).

Stop 25. Palisade Head rhvolite (Illgen City quad.). Drive up
narrow, winding road--C,ju;t'" past--Palisade Creek) to top of cliff
next to radio beacon. ,9areful - joint colwnns are separating
from rest of hill. ~xcellent views to ~, NE, SE, SW. Ridges to
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N. NE aie held up by intrusions of Beaver Bay complex. Up
lakeshore to NE is columnar—jointed Shovel Point, made of same
rhyolite flow, and far beyond is smoke from Taconite Harbor
power plant and Canton Peak anorthosite knob at Tofte. To S
across lake are Apostle Islands and Bayfield Peninsula, Wisc.
To SW is Reserve Mining Co. taconite plant at Silver Bay and humpy
topography of Beaver Bay complex. Palisades made of thick, por—
phyritic rhyolite with quartz and feldspar phenocrysts, flow—
banded at the base. Return to highway.

1.9 0.0 Drive 2.75 ml. to traffic light at Silver Bay, site of
0.0 i1.8 Reserve Mining Co.'s taconite plant where about 100,000 tons of

rock from the eastern Mesabi Range are processed per day.

0.14 l.3 Stop 26. Anorthosite in diabase of Beaver Bay complex, Silver
Bay (Silver Bay 15' quad.). Stop at road cut directly opposite
the main building of the Reserve Mining Co. 's taconite plant (after
the 2nd traffic lights). Here several large blocks of anorthosite
are included in diabase, a typical assemblage in the Beaver Bay
complex. Large patches of interstitital, poikilitic olivine occur
in some parts of the anorthosite. No definite source for the
anorthosite is known. Small red veins and dikelets of "granophe"
cut the diabase and anorthosite.

Continue SW 2.8 miles across Beaver River to Beaver Bay.

3.2 11.6 Stop 27. Beaver y ferrogabbro and Black - (names after
Gebman) of Beaver Bay complex (Silver Bay 15' quad.), Drive or
walk down to shore on gravel road opposite the main restaurant In
Beaver Bay. Walk E through woods across little point to shore
ledges. These are well—foliated ferrogabbro of the Beaver Bay
Ferrogabbro, one of two similar plugs in this area. On walking NE along
the shore, the contact with an enclosing ring—dike of Black Bay Gabhro
is reached; such rings surround both ferrogabbro plugs. It is rather
inhomogeneous and locally contains very abundant apatite. The ophitic
Beaver River Gabbro can be seen farther along the shore below some
cabins. Return to highway.

Continue SW through Beaver Bay complex; most outcrop is of
coarsely mottled, ophitic olivine gabbro ("Beaver River Gabbrot'
of Gehman), well seen opposite Kings's Landing Marina 3 miles from
Beaver Bay. After 2.2 more miles road branches to Split Rock
Lighthous,buil on anorthosite in diabase. At Day Hill (parking
and trail), 1.0 mile beyond, is last exposure of Beaver Bay
complex. Re—enter volcanics, continue 5.14 miles to Gooseberry
Falls State Park.

114.8 0.0 Stop 28. Smooth—surfaced olivine basalt, Gooseberry Falls State Park0.0 l3.i (Split Rock Point quad.). Below highway bridge are good exposures,
in. and between falls, of Columnar—Jointed olivine basalt lavas withainygdalojdal tops, and smooth, gently billowing surfaces.

Continue SW through Castle Danger (2.L ml.), across Crow Creek
(a diabasic intrusion here returns soon to SW at deeply weathered
Lafayette Bluff), through Encampment Forest (privately owned old—growth forest with summer homes) to Silver Cliff (anoth' +1I41-
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"[IT, NE B,Te held up by intrusions of Beaver Bay complex. Up
lakeshore to NE is columnar-jointed Shovel Point, made of same
rhyolite flow, and far beyond is smoke from Taconite Harbor
power plant and Carlton Peak anorthosite knob at Tofte. To S
across lake are Apostle Islands and Bayfield Peninsula, Wise.
To SW is Reserve Mining Co. taconite plant at Silver Bay and humpy
topography of Beaver Bay complex. Palisades made of thick, por­
phyritic rhyolite with quartz and feldspar phenocrysts, flow­
banded at the base. Return to highway.

Drive 2.15 mi. to traffic light at Silver Bay, site of
Reserve Mining Co. 's taconite plant where about 100,000 tons of '
rock from the eastern Mesabi Range are processed per day.

Stop 26. Anorthosite in diabase of Beaver Bay complex, Silver
Bay (Silver Bay 15' quad.). Stop at road cut directly opposite
the main building of the Reserve Mining Co. 's taconite plant (after
the' 2nd traffic lights). Here several large blocks of anorthosite
are included in diabase, a typical assemblage in the Beaver Bay
complex. Large patches of interstitital, poikilitic olivine occur
in some parts of the anorthosite. No definite source for the
anorthosite is known. Small red veins and dikelets of "granoph~y'.(e"

cut the diabase and anorthosite.

Continue SW 2.8 miles across Beaver River to Beaver Bay.

St,up 27. Beaver Bay ferrogabbro and Black_ Bay_ gabbro (names after
Gehman) of Beaver Bay complex (Silver Bay 15' quad.). Drive or
walk down to shore on gravel road opposite the main restaurant tn
Beaver Bay. Walk E through woods across little point to shore
ledges. These are well-foliated ferrogabbro of the Beaver Bay
Ferrogabbro, one of two similar plugs in this area. On walking NE along
the shore, the contact with an enclosing ring-dike of Black Bay Gabbro
is reached; such rings surround both ferrogabbro plugs. It is rather
inhomogeneous and locally contains very abundant apatite. The ophitic
Beaver River Gabbro can be seen farther along the shore below some
cabins. Return to highway.

Continue SW through Beaver Bay complex; most outcrop is of
coarsely mottled, ophitic olivine gabbro ("Beaver River Gabbro"
of Gehman), well seen opposite Kings's Landing Marina 3 miles from
Beaver Bay. After 2.2 more miles road branches to Split Rock
Lighthouse,built on anorthosite in diabase. At Day Hill (parking
and trail), 1.0 mile beyond, is last exposure of Beaver Bay
complex. Re-enter volcanics, continue 5.4 miles to Gooseberry
Falls State Park.

14.8 0.0
0.0 13.1

Stop 28. Smooth-surfaced olivine basalt, Gooseberry Falls State Park
~Split Rock P6int quad.). Below highway bridge are good exposures,
ln, and between falls, of columnar-jointed olivine basalt lavas with
amygdaloidal tops, and smooth, gently billowing surfaces.

Continue SW through Castle Danger (2.4 mi.), across Crow Creek
(a diabasic intrusion here returns soon to SWat deeply weathered
Lafayette Bluff), through Encampment Porest (privately owned old­
growth forest with summer homes) to Silver Cliff (anothp~ tni~~
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SW

gabbroic intrusion) to outskirts of Two Harbors.

12.7 0.5 Stop 29. Quartz tholeiite basalt, Two Harbors city park (Two

I:arbors quad.). Just before entering town, turn toward lake at

road to city camp ground and Wa—Ke—Ya Motel. Drive past Burlington

Bay, and up a hill. Park at hilltop picnic area, walk E to shore,

then S. Well exposed contact between amygdaloidal, weathered
(ex—laumontite) top of one basalt and massive basal part of an
analyzed fine—grained, aphyric quartz tholeiite (50% 5102, 0.6%
K20). Local thin sand lenses near and at contact; traces of
Cu have been found. The tholeiite shows occasional small quartz—
agate and chlorite amygdules and typical incipient sheeting—
fractures with thin bands of oxidation. Upper zone- .of this thick

tholeiite can be examined to S. toward power plant; it becomes
rubbly, vesicular, brecciated, with abundant laumontite. Return
to Hwy 61.

13.1 0.0 Continue SW to traffic light in Two Harbors. At west end of town
0.0 20.6 take express highway to Duluth. Many cuts of basalts and minor

diabase intrusions. At-about 17.7 miles Moose Mtn. is seen inland,
held up by Lester River diabase sill. At 20 miles jct. with old
Hwy 61 (now St. Louis Co. 61), and at 20.6 miles Lester River

20.6 0.0 bridge. Just beyond, either continue straight on Hwy 61 (London Rd.)
0.0 5.9 direct to downtown 6 miles ahead, or turn uphill on Minn. 23

(60th Ave. E) across ItR tracks to Superior St; go left.

(3.0) (3.0) Stop 30. Tischer Creek felsite and Endion sill, Congdon Park
(Duluth quad.). Examine outcrops beneath bridge; then walk up
trail that starts on W side of creek. There are some impassable
places where you must climb up to a bank—top trail on W side.
Lower part of section cuts through orange, foliated felsite with
flow structure, quartz veinlets, occasional inclusions, out by two
or three basaltic dikes. Upstream at top of steeper part of gorge
the stream cuts down into red granophyre top of Endion sill. Up-
stream the creek cuts gradually down into intermediate, then gabbroic
rocks of main part of Endion sill. At Vermilion Road bridge (second
bridge above Superior St.) still in lower—middle part of sill;
return via trail or Congdon Parkway on W. side. See Ernst, 1960.

Continue SW on Superior St. over rise held up by Endion Sill.

5.0 0.9 Stop 31. Basaltic—andesitic lavas, interflow sandstone, Leif
Erickson Park, Duluth (Duluth quad.). At lath Avenue E. turn off
Superior St. toward lake to London Road at Leif Erickson Park.
Walk over footbbridge near "viking ship' t shore. Weakly por—
phyritic basalt or basaltic andesite ledges behind stage. Rubbly

(weathered?) top to NE is directly overlain by a thick cross—bedded
sandstone, strongly epidotized, that is cut by a small dike at NE
end of beach. Several more flows exposed along shore to SW.

5.9 0.0 Lake Avenue and Superior Street, downtown Duluth.
0.0 11.2

(approx.)

Drive SW on Hwy 61 past Point of Rocks through Duluth Complex
11-2 0.0 up Thomson Hill to Nopeming. Turn R at Midway Road (St. Louis o. 13),
approx.) drive uphill about 0.9 mi. almost to top of rise.

Going
SW

12.7

13.1
0.0

20.6
0.0

(3.0)

Going
NE

0.5

0.0
20.6

0.0
5.9

(3.0)
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agate and chlorite amygdu1es and typical incipient sheeting­
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tholeiite can be examined to S. toward power plant; it becomes
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to Hwy 61.

Continue SW to traffic light in Two Harbors. At west end of town
take express highway to Duluth. Many cuts of basalts and minor
diabase intrusions. At- about 11.7 miles Moose Mtn. is seen inland,
held up by Lester River diabase sill. At 20 miles jet. with old
Hwy 61 (now St. Louis Co. 61), and at 20.6 miles Lester River
bridge. Just beyond,either continue straight on Hwy 61 (London Rd.)
direct to downtown 6 miles ahead 9 or turn uphill on Minn. 23
(60th Ave. E) across RR tracks to Superior St; go left.

Stop 30. Tischer Creek felsite and Endion sill, Congdon Park
(Duluth quad.). Examine outcrops beneath bridge; then walk up
trail that starts on W side of creek. There are some impassable
places where you must climb up to a bank-top trail on W side.
Lower part of section cuts through orange, foliated felsite with
flow structure, quartz veinlets, occasional inclusions, Clut by two
or three basaltic dikes. Upstream at top of steeper part of gorge
the stream cuts down into red granophyre top of Endion sill. Up­
stream the creek cuts gradually down into intermediate, then gabbroic
rocks of main part of Endion sill. At Vermilion Road bridge (second
bridge above Superior St.) still in lower-middle part of sill;
return via trail or Congdon Parkway on W. side. See Ernst, 1960.

Continue SW on Superior St. over rise held up by Endion Sill.

5.0 0.9 Stop 31. Basaltic-andesitic lavas, interflow sandstone, Leif
Erickson Park, Duluth (Duluth quad.). At 10th Avenue E. turn off
Superior St. toward lake to London Road at Leif Erickson Park.

I
Walk over footbbridge near "viking ship" to shore. Weakly por-
phyritic basalt or basaltic andesite ledges behind stage. Rubbly
(weathered?) top to NE is directly overlain by a thick cross-bedded
sandstone, strongly epidotized, that is cut by a small dike at NE
end of beach. Several more flows exposed along shore to SW.

5.9 0.0 Lake Avenue anc Superior Street, downtown Duluth.
0.0 11.2

~approx.)

1L 2 o. a
:approx. )

Drive SW on Hwy 61 past Point of Rocks through Duluth Complex
up Thomson Hill to Nopeming. Turn R at Midway Road (St. Douis ~o. 13),
drive uphill about 0.9 mi. almost to top of rise.
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Stop 32. Basal (Puckwunge?) sandstone, basal basalts of Lower
Keweenawan ('Grandview Golf Course" locality, Esko quad.).
Drive or walk E on road toward Cloquet city water supply tank on
hill. Pass low outcrops of vertical Thomson slate and graywacke
(Middle Precambrian: more are exposed on rise and roadcuts to
N.). At slope, go either R or L along base of slope to outcrops
of basal Upper Precambrian quartzite and conformably overlying
mafic, porphyritic basalt with small augite and altered olivine
phenocrysts identical to rocks on Lucille Island at Grand Portage.
Note pillows subtly outlined by small vesicles and color zones.

-96-

Stop 32. Basal (Puckwunge?) sandstone, basal basalts of Lower
Ke\veena\van ("Grandview Golf Course" locality, Esko quad.).
Drive or walk E on road toward Cloquet city water supply tank on
hill. Pass low outcrops of vertical Thomson slate and graywacke
(Middle Precambrian: more are exposed on rise and roadcuts to
N.). At slope, go either R or L along base of slope to outcrops
of basal Upper Precambrian quartzite and conformably overlying
mafic, porphyritic basalt with small augite and altered olivine
phenocrysts identical to rocks on Lucille Island at Grand Portage.
Note pillows subtly outlined by small vesicles and color zones.



—97-.

GUIDE TO THE PRECAMBRIAN ROCKS
OF NORTHWESTERN COOK COUNTY

AS EXPOSED ALONG THE GUNFLINT TRAIL

Prepared by

Paul W. Weiblen
Department of Geology and Geophysics

University of Minnesota
Minneapolis, Minnesota

G. B. Morey
Minnesota Geological Survey
University of Minnesota

St. Paul, Minnesota

'1. G. Mudrey
Minnesota Geological Survey

University of Minnesota
St. Paul, Minnesota

-97-

GUIDE TO THE PRECAMBRIAN ROCKS
OF NORTHWESTERN COOK COUNTY

AS EXPOSED ALONG THE GUNFLINT TRAIL

Prepared by

Paul \~. Weiblen
Department of Geology and Geophysics

University of Hinnesota
Minneapolis~ Minnesota

G. B. Horey
Minnesota Geological Survey

University of Minnesota
St. Paul, Minnesota

H. G. Mudrey
Minnesota Geological Survey

University of Minnesota
St. Paul, Minnesota



—98—

Geology of Northwestern Cook County, Minnesota

INTRODUCTION

An exceptionally complete Precambrian section is exposed in
the vicinity of the Cunf lint Trail in northwestern Cook County.
Rocks of Early Precambrian age, represented by a volcanic
succession and the Saganaga Granite, are unconformably
overlain by the Middle Precambrian Animikie Group,coiLsisting of
the Gunflint and Rove Fotmations. A low anglular unconformity
separates the Middle Precambrian strata from the nverlying Puckwunge
Formation of Late Precambrian age. The Logan Intrusive Rocks and
the Duluth Complex, which intrude and truncate the Middle Precambrian
strata, comprise the major part of the Upper Precambrian section.
However, possible remnants of the North Shore Volcanic Group occur
at the top of Duluth Complex rocks.

The geology of the area was summarized in 1959 by Grout and
others. Because geologic mapping since 1962 has considerably re-
vised the geologic history of the area, and because much of this
work is as yet unpublished, a comprehensive summary is presented
here. This discussion is meant to provide a framework for the
specific aspects of the geology which the chosen stops illustrate.

Lower Precambrian

Introduction

The Lower Precambrian rocks in Cook County are the eastern
extension of the Vermilion greenstone belt (Sims and others, 1971,
in press). Gruner (1941) has shown that the district contains many
major longitudinal faults that divide it into long segments or belts,
each with distinct characteristics. They cannot be connected
stratigraphically with each other in any simple way. One segment
extends from Gabimichigami Lake across the Gunflint Trail (Fig. 1).
It includes a metavolcanic assemblage consisting of metabasalt,
metaandesite, agglomerate and tuff, hornblende andesite porphyry,
and intercalated metagraywacke and slate. To the north, the Saganaga
Granite has intruded and metamorphosed the volcanic succession; it
is overlain to the south by younger rocks of Middle and Late Precambrian
age.
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The metavolcanic assemblage constitutes a homoclinal sequence
which dips southward toward what Grtiner inferred to be the axis
of a southeastward—plunging synclinorium. Pillow—top directions
indicate that the sequence alsO becomes stratigraphically younger
to the south. However, some pillows top to the north indicating
folding, but poor exposure precludes detailed evaluation of the
structure.

Previously, an unconformity was thought to separate the
mafic and more felsic rocks; thus the succession was subdivided
into two formations. The metabasalts were referred to as part of
the Ely Greenstone whereas the more felsic volcanic and clastic
rocks were placed within the Knife Lake Group. Recent mapping
(Fiorey and others, 1969) has shown these two lithologies to be
gradational, and nappin in other parts of the Vernilion district
(lorey and others, 1970; Green, 1970; Sims and others, 1968; 1971,
in press) has shown that specific rock types are not diagnostic
of any particular stratigraphic horizon—i.e., lithologic units
are not time—stratigraphic units — therefore no formal stratigraphic
nomenclature is now used for these rocks.

Descriptive Stratigraphy

Volcanogenic Rocks

Detailed mapping in the Long Island Lake quadrangle, reconnaissance
mappin as far west as Va>' Lake in the Cillis Lake quadrangle, and
Grunerts work in the area have indicated that the volcanigenic sequence
consists of approximately 60 percent inetabasalt and associated frag—
mental rocks, 30 percent netnandesitic agglomerate, conglomerate, tuff,
and flows, and 10 percent intercalated netagraywacice and slate.

IjuLLaaLs.st±1psis!; Over 95 percent of the meta—
basalt is extrusive; there are several tabular bodies of metadiabase,
too rLall to show at a scale of 1:24,000. Many of the metabasalts
exhibit pillow structure. The pillows are as much as three feet in
diameter, but many have been deformed so that they are now two or
three times as long as they are wide. Chilled rinds are well—developed
and are as much as one—half inch thick: typically they are lighter in
color than the dark green or dark greenish—gray interiors. Inter—pillow
material locally is well developed and co!nists of tuffaceous material
cEtert, or pillow—rind fragments.

The metaasalts shot: intense retrograde alteration; many thin
sections are nearly opaque. Recognizable minerals include relict
augite and calcic plagioclaso, and secondary sodic plagioclase,
actinolice, chlorite, epu'ote, calcite, quartz, leucoxene, and
opaques.

Property of

C. Patrick Ervin
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The tabular bodies of metadiabase have a relict poikilitic
texture — actinolite pseudomorphs after augite — and a mineralogy

much like that of the metabasalts.

Thin beds of texturally and mineralogically immature meta—
clastic rocks are locally intercalated with the metabasalt. Several

beds are crudely graded and have a texture suggestive of a pyroclastic
origin. Most layers, however, appear to be epiclastic with pebble—
to silt—size clasts of locally derived metadiabase in a finer—grained
matrix of chert, plagioclase, hornblende, chlorite, and sericite.

Hornblende andesite prophyry and related rocks: There are two
types of hornblende—biotlte phenocryst bearing rocks. Both are light
greenish—gray in color. One type lacks internal structure. The ground
mass consists of plagioclase, lesser amounts of biotite, opaques and
rare quartz and secondary calcite. The other type has similar
phenocryst and groundmass mineralogy but is composed of angular to
rounded, cobble—s,'ze clasts and is inferred to be a volcanic breccia
or agglomerate.

Metagraywacke and slate: In the vicinity of Fay Lake in the
Gillis Lake quadrangle, the felsic volcanic rocks apparently inter—
finger, or are infolded with agglomerate or conglomerate, meta—
graywacke, and slate.

Amphibolites: The metamorphic effects of the Saganaga Granite
on the metabasalts becomes apparent only within several hundred feet
of the contact. Away from the contact, the metabasalt contains
incipient hornblende; nearer the contact, the rock becomes granular
and consists of hornblende and calcic plagioclase; at the contact,
the rock is strongly schistose. The schistosity parallels the
granite contact, as does a well—developed foliation within the granite.

Saganaga Granite

General Statement: The Saganaga Granite (A. Winchell, 1888)
(Fig. 1) is a late—kinematic composite intrusion emplaced around
2,700 m.y. ago in older volcanic rocks and the Northern Light Gneiss.
Inch— to foot—sized inclusions of both rock types are found in the
granite. The main phase, which comprises 85 percent of the outcrop
area, is a medium—graineci "quartz—eye hornblende—bjotjte tonalite.
Other phases include: 1) a border phase, found along the southern
margin of the batholith and along the base of a roof pendant of
the Northern Light Gneiss; 2) a younger fine—grained tonalite which
lacks conspicuous tquartz_eyes?T; 3) a coarse—grained biotite—fluorite—
bearing granodiorite; and 4) a quartz—feldspar pegnatite which occursas veinlets as much as three feet wide in the main phase.
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:iain Phase: This phase is a "quartz eye"bearing tonalite
containing 20 percent quartz, 60 percent oligoclase, 1—6 percent
microcline, up to 8 percent biotite, 6 percent hornblende, and
1—4 percent epidote. Other minerals include clino—pyroxene,
muscovite, chlorite, sphene, apatite, zircon, calcite and opaque
oxides. Cataclastic deformation of the tonalite is indicated by
strong undulose extinction and granulation of the quartz and abun-
dant mortar and mylonite zones.

Border Phase: The border phase is a quartz bearing, hornblende
diorite that is gradational with the "quartz—eye" tonalite. This

phase is well developed along the southern edge of the batholith in
the Long Island Lake quadrangle where it is as much as 1000 feet wide,

and in the Moose Bay area in Ontario where it is found along the
underside of a roof pendant of the Northern Light Gneiss. Foliations

in the border phase and in the country rock are everywhere similar,
and it is inferred that the border phase was produced by partial
assimilation of country rocks of mafic composition (Halford, 1969).

Younger Tonalite: A tonalite characterized by a lack of
"quartz—eyes," a fine—grained equigranular texture, and abundant
hornblende and biotite crops out in the Horseshoe Island area of
Saganaga Lake. This tonalite is not sheared which indicates that
it was emplaced after deformation of the main phase.

Internal Structure: Linear structural elements marked by an
alignment of 'quartz eyes" and/or elongate hornblende grains are
well developed only in the border phase. Lineations in the border
phase plunge gently southeastward. In contrast, lineations in the
main phase are random.

Structure

All the minor structural elements in the pre—Saganaga rocks in
the Long Island Lake quadrangle reflect a southeasterly plunging
synclinorium. in addition, a major, northwesterly—trending fault
(Lookout Fault, Sims and others, 1969) separates rocks showing no
metamorphic effect of the Saganaga Granite frorn.those that do. The

fault is marked by a topographic low developed in a breccia zone
as much as 50 feet wide. The breccia consists of highly sheared
metabasalt in a matrix of massive quartz and calcite. Fracture
cleavage is present throughout the area and commonly parallels the
Lookout Fault. Southeastward plunging lineations formed by bedding/
cleavage intersections are locally well developed. These lineations
are consistent in orientation with mineral lineations developed in
the amphibolites and in the granite itself; obviously all of these
structures are related to the same tectonic event.
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cleavage intersections are locally well developed. These lineations
are consistent in orientation with mineral lineations developed in
the amphibolites and in the granite itself; obviously all of these
structures are related to the same tectonic event.
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The Lookout Fault also apparently was related to the final
emplacement of the Saganaga Granite. Previously it was assumed

(Grout, 1936) that the granite was emplaced into its present
position via a westward rotation of about 700 about a north—south
axis. This implies that the eastern part of the granite and the
Northern Light Gneiss represent roots of the batliolith that were once
as much as 25 miles deep. However, Goldich and others (1968) have
suggested that the granite was originally intruded at a shallow depth—
an observation more consistent with the regional Abukurna greenschist
facies metamorphism (Mudrey, 1969) — and brought to its present
relative position by dominantly vertical movements along several
westerly—trending border faults. The granite—greenstone contact
mapped by Harris (1968) on the north shore of Saganaga Lake was
interpreted to be the northern border fault, and it is here inferred
that the Lookout Fault is its southern analog.

The block was emplaced during E:ly Precambrian time, in as
much as detritus now found in the Knife Lake Group of Gruner (1941)
was derived from the Saganaga Granite. Although there has been later
movement on the Lookout Fault, it is dominantly a Lower Precambrian
structure.

MIDDLE PRECAMBRIAN

Introduction

The Animikie Groun consisting of the Gunflint and Rove Formations
comprises the entire Middle Precanibrian in this area. These rocks
unconformably overlie Lower Precambrian rocks and in turn are intruded
and truncated by gabbroic rocks of Niddle Keweenawan age.

The time of Animilcie deposition has not been completely documented.
Hurley and others (1962) have suggested that deposition of the iron—
formation occurred around 1,900 ± 200 x io6 years. Although this K—A
age includes an arbitrary and perhaps unnecessary correction of 20
percent assumed argon loss, it nevertheless has been widely quoted
in the literature. In contrast, Faure and Kovac (1969) obtained a
Rb—Sr whole—rock isochron age of 1,685 ± 24 x 10 years from the
Gunflint Iron—formation. They interpret this age to be the time of
diagenesis, however, it is similar to other ages obtained from rocks
metamorphosed during the Penokean orogeny. Later Misra and Faure
(1970) showed that argillite from three Gunflint Iron—formation
localities have Rb—Sr ages that decrease from '. . .1.7 b.y. at the eastern
end to 1.2 b.y. near... the western.. . this systematic variation of
apparent ages may be related to metamorphic effects caused by Keweenawan
diabase sills. . . . '. Thus there is no unequivical depositional age for
these rocks.
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suggested that the granite was originally intruded at a shallow depth­
an observation more consistent with the regional Abukuma greenschist
facies metamorphism (Mudrey, 1969) - and brought to its present
relative position by dominantly vertical movements along several
westerly-trending border faults. The granite-greenstone contact
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these rocks.
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Descriptive Stratigraphy

Gunflint Iron—formation

The Gunflint Iron—fori:iation crops out in a northeasterly—
trending belt that extends from Thunder Bay on Lake Superior to
a point in Minnesota 12 miles west of Gunflint Lake where it is

truncated by the Duluth Complex.

In Canada the iron—formation is only slightly, if at aF.,
metamorphosed and consists of silica, much of which is chalcedonic,
iron oxides, iron carbonates, and greenalite. Consequently, Goodwin
(1956) recognized six sedimentary facies which serve to subdivide
the iron—formation into four members. In Minnesota the oriina1
nature of the iron—formation is -obscured by metamorphism by the
Duluth Complex. The carbonates and greenalite are replaced by amphibole,
pyroxene, fayalite, and locally by garnet and other silicates. In

addition, many of the small—scale sedimentary textures have been
almost completely destroyed; however larger structures, and especially
complex bedding relationships are still preserved. Therefore the
four—fold nomenclatural scheme — originally outlined in the Biwabik
Iron—formation (Wolff, 1917) and later extended to the Gunflint Iron—
formation (l3roderick, 1920) — was retained by Morey and others (1969)
because it emphasizes various bedding aspects. Accordingly, four
members are recognized; Lower Cherty, Lower Slaty, Upper Cherty,
and Upper Slaty. Although the boundaries of these members do not
coincide with those recognized by Goodwin (1956), the two schemes can
be equated with only slight difficulty.

Lower ChertLMemhe.r: The Lower Chterty Member is thin, ranging
in thickness from 15 to 45 feet. Feldspathic quartzite that contains
granite and greenstone cobbles is present locally at Lie base of the
formation; these beds are equivalent to Goodwin's basal conglomerate
member. A persistent magnetite—rich, silicate—bearing unit five to
15 Feet thick occurs within this member and serves as an excellent
marker—horizon. :c'st commonly it lies directly upon basement rocks,
but locaii.v it overlies either the feldspathic qtiartzite or a chert—
cemented conglomerate containing fragr.ents of algal structures; it in
turn is overlain by a massive, chert—rich, magnetite—poor unit about
15 feet thick.

Lower Slaty Member: This member is 80 to 95 feet thick. The
lowermost, nearly magnetite—freo 10 feet is a black, thin—bedded
argillite composed dominantly of volcanically derived material. It
is equivalent to the intermediate slate on the 'esahi range and to
the lower tuffaccous shale f,icies in Canada. The beds immediately
aove the Intermediate slate are massive and clierty and resemble
the upor aert of the lower Chcrty :-;ember. This unit passes abruptly
ipuird into cherty s iJ.icate— carjn beds uith sparse inagnetite inter-
calated with a few thinly—laminated silicate—rich beds. The remaining
50 feet is a thiin—bndciel to laminated rock containing various silicates
and Cro 20 to 35 percent magnetite. A few cherty—silicate beds,
definitely subordinate in amount are intercalated in this interval.
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Upper Cherty Member: There is a complete gradation between

the Lower Slaty and Upper Cherty Members. The Upper Cherty Member,

as presently defined, is approximately 50 feet thick. The lower

part consists of irregularly bedded to lenticular cherty layers

intercalated with thinly—laminated silicate—rich layers that increase

in abundance upward. Thin irregular layers of magnetite are common
in the cherty beds near the bottom of the member, but become less

abundant upward. The top of the member—equivalent to Goodwin's
upper algal chert facies—is characterized by several granular

chert beds containing algal structures, conglomerate fragments,
and abundant magnetite.

Upper S1ay Member: The Upper Slaty Member is approximately

150 feet thick. Thick lenticular chert beds with disseminated

magnetite characterize the lower few tens of feet, but most of the
member consists of a thin—bedded to laminated quartz—silicate rock
interbedded with thinly laminated layers of graphitic argillite,
and one to two inch thick beds of relatively pure chert. The
upper 10 feet is nearly magnetite free and consists of limestone
and chert interbedded with argillite.

Rove Formation

The Rove Formation gradationally overlies the Cunflint Iron—
formation and is intruded by Logan Intrusive Rocks and truncated
by the Duluth Complex. A detailed description of the formation
is presented by Morey (1969). In the Long Island Lake, Gunflint
Lake, Southlake, and Hungary Jack Lake quadrangles, the formation
is characterized by intercalated black to grayish black, locally
carbonaceous argillite, argillaceous siltstone and fine—grained
graywacke. In general the silt and sandstone beds become coarse—
grained, thicker, and more abundant upward in the formation. tn

addition, there are several lenses and irregular bodies of lime-
stone, dolomite, and chert and a number of calcite—dolomite con—
cretions of various shapes and sizes, similar to those described
in the formation by Tanton (1931) and Moarhouse (1963) scattered
near the base of the formation.

Morey (1969) has suggested that deposition started in a deep
basin in which fine—grained sediment accumulated under reducing
conditions. The siltstone and sandstone beds contain many primary
sedimentary structures indicative of turbidite deposition. There
is also evidence of an increase infrequency of this type of deposition
upward in the section. The graywackes contain abundant framework
grains of quartz, feldspar and Igranitici rock fragments indicative
of a granitic source area. Sedimentary structures including cross—
bedding and various kinds of sole marks indicate that sediment
transport dominantly was from north to south. These observations
and the graywacke mineralogy led Morey (1969) to conclude that the
source area was the Lower Precambrian terrane now exposed north of the
outcrdp area of the Rove Formation.
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Horey (1969) has suggested that deposition started in a deep
basin in which fine-grained sediment accumulated under reducing
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sedimentary structures indicative of turbidite deposition. There
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Structure

The Animikie strata form a homocline that dips 1O—l5° SE
except where intrusive bodies and secondary structures have dis-
torted or disturbed the beds. For example, complex folding
commonly occurs in narrow zones adjacent to many of the Logan
Intrusive Rocks and is most likely related to the forceful em-
placement of the sills into restricted space. There is a fairly
regular increase in dip to as much as 600 near the Duluth Complex.
However, this structure is most likely pre—Duluth Complex in age.
Lack of marker beds in the Animikie strata inakestecognition of
faults difficult; however, a number of northwesterly— and northerly—
trending faults have been mapped.

Most faults have displacements of less than 50 feet; however,
the Lookout fault has a displacement in the iron—formation of at
least 200 feet. All faults so far recognized displace Logan
Intrusive rocks, but none extend into the Duluth Complex; thus
movement apparently occurred in Middle Keweenawan time prior to
emplacement of the Duluth Complex. The fault pattern is similar
to that in Canada (Moorhouse, 1960; Goodwin, 1960) near what can
be inferred to be the northern hinge of the Lake Superior syncline.
This structure must have formed at least in part prior to emp1acenen.t
of the Duluth Complex.

Movement on the Lookout fault during Keweenawan time duplicates
the iron—formation west of the Gunflint Trail, and a northerly—
trending segment of the fault separates the iron—Formation into two
structurally distinct terranes. East of the Gunflint Trail, the
Animikie rocks dip gently southward; accordingly the outcrop area
of the iron—formation is relatively wide and most of the apparent
irregularities in the map pattern result from the super—position
of a rugged topography on gently—dipping strata. The south side
of the Lookout fault is upthrown, and the Anirnikie strata on this
side dip steeply and thus form a narrow outcrop belt.

A number of smaller structures also can be recognized. Just
east of the Gunflint Trail the iron—formation and the sills are
folded into a southeasterly plunging anticline with a steeply
dipping north limb and a gently dipping south limb. This structure
which is obviously post—Logan in age has an anticlinal axis which
projects into the trace of the Lookout Fault.

Metamorphism

In the Animikie rocks there is no textural or atineralogic
evidence for a pervassive regional metamorphism beyond minor
recrystallization of the clay—size detritral. fraction. The obvious
metamorphic effects in the Animikie strata are associated with the
emplacement of the Duluth Complex and Logan Intrusive Rocks of Middle
Keweenawan age.
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The contact aureole of the Duluth Complex has not been studied
in detail in the Gunflint Trail Area. Preliminary work in the
Gunflint Iron—formation shows there are a number of metamorphic
facies similar to those described from the Biwabik Iron—formation
by French (1968) and Bonnichsen (1969). Unmetamorphosed iron—
formation like that described by Goodwin (1956) is found in Minnesota
only in a small area between Gunf lint and North Lakes. There the
iron—formation consists of chert, iron carbonates, greenalite, abundant
amounts of finely disseminated hematite, and traces of magnetite.
However, west of Gunf lint Lake, the iron—formation has been metamorphosed
and three metamorphic zones have been distinguished by changes in
mineralogy along tI strike of the formation toward the Duluth Complex.

Zone 1, or slightly metamorphosed iron—formation, occurs in the
area immediately west of Gunflint Lake. It consists of quartz, iron
carbonates, greenalite, minnesotaite, and stilpnomelane. Finely—
divided hematite occurs in the east end of the zone, hut disappears
mid—way in it. Disseminated and interlocking grains of magnetite are
abundant, especially as rims around granules. This part of the iron—
formation is much like that described by French (1968) in 'unmetaniorphosed
Biwabik Iron—formation.

Zone 2, or moderately metamorphosed iron—formation, is about 1.2 miles
wide and extends to within 0.3 miles of the Duluth Complex. Grunerite—
cummingtonite, hornblende and actinolite, as well as quartz and magnetite
characterize this zone. As in zone 1, much of the magnetite is between
0.002 and 0.02 mm in diameter; a size—range similar to that observed in
various other Lake Superior iron—formations. Small—scale pre—metamorphic
sedimentary structures such as granules and oolites are partly destroyed,
but larger—scale primary structures and bedding features are little
affected.

Zone 3, or highly metamorpl-iosed iron—formation, occurs adjacent
to the Duluth Complex and is characterized by a wholly metamorphic
fabric. The rock is composed chiefly of quartz, magnetite, iron—rich
pyroxenes, and fayalite. Very commonly, euliedral or subliedral grains
of magnetite are poikilitically enclosed 'Tithin large silicate grains;
they are of essentially the same size as in the lower grade rocks.
However a significant part of the ragnetite is extensively recrystallized,
and grains as much as a millimeter in diameter are concentrated along
bedding planes. Actinolite is common in magnetite—rich layers, and
both prograde and retrograde cummingtonite :Ls±un(lantly oresent. In

general this zone is very similar to that described in the J)unka Piver
area on the I'lesabi range by Bonnichsen (1)69).

Preliminary work on the contact aureole o the Duluth Complex in
the Rove Formation indicates a complex mixture of rock tyPes suggesting
partial melting, and mineral and textural variations due to original
inhoinogenities and degree of netainorphilari. Tue metamorphosed rocks are
commonly layered and have a granoblastic texture. Individual layers
contain; 1) cordierite and Iyperstliene with minor hiotite and ilmenire,
2) hypcrsthene, plagioclase, hiotite, and ilmanite, 3) augite,
plagioclase ± minor olivine, biotite, and ilmentte, or 4) hvperstliene,

plagioclase, K—feldspar, and hiotite. Calcareous beds near the contact
have a skarn—minera.logy consisting of wollastonite, diopside, tremolite,
and grossularite garnet. Away from the contact and from piece to eLace
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this distance varies from several tens to several hundreds of feet —
most peletic rocks are rich in biotite, and cordierite may or may
not be present.

The Logan Intrusive Rocks also have metamorphosed the Gunf lint
and Rove Formations. The width of the metamorphic aureoles are related
to sill thicknesses and range from less than one foot to more than 30
feet. In the Gunflint Iron—formation it is difficult to recognize
unique metamorphic assemblages adjacent to sills. In zone 2, mineral
assemblages characteristic of zone 3 occurs in aureoles around the sills.
Similarly In zone 1, ininnesotaite, which is characteristic of zone 2
metamorphism is found next to the sills.

In the Rove Formation thick sills have assemblages that can be
assigned to the pyroxene—hornfels facies whereas thinner sills have
assemblages characterisitc of the hornblende—hornfels facies. Locally
andalusite (Morey, 1969) and chloritoid (Grant, 1971) have been identified
in certain beds.

UPPER PRECAMBRIAN

Introduction

In northeastern Minnesota two units are recognized in the Upper
Precambrian: the Lower Keweenawan represented by the Puckwunge
Formation and the Middle Keweenawan which consists of the Logan Intrusive
Rocks, the North Shore Volcanic Group (Green, this volume), and the
Duluth Complex.

Puckwunge Formation

The Puckwunge Formation consists of conglomerate and sandstone
which unconformably overlie the Rove Formation and underlie the North
Shore Volcanic Group. The type locality was described by N. N. Winchell
(1897) on the Stump River in Sec. 25, T. 64 N., R. 3 B. where about 18
feet of section is exposed. Exposures of similar lithology are frnind in
the Grand Portage area (Grout and others, 1959).

If these isolated exposures are equivalent to the Sibley Series
in Canada (Tanton, 1931) they represent a period of sedimentation around
1376 * 36 m.y. ago (Franklin and Kustra, 1970) followed by possible
uplift and erosion prior to the onset of volcanic activity in Middle
Keweenawan time.

Logan Intrusive Rocks

The name Logan sills was applied to tabular, diabase intrusive
rocks in the Rove Formation (Lawson,. 1893, p. 48). Similar intrusive
rocks in Animikie and Lower Keweenawan formations are currently
referred to as Logan Intrusive Rocks. As now defined, they include
sills and dikes of diabasic gahhro which range in measured age from
1300 n.y. (hanson and [alhotra, 1971) to 963 m.y. (Franklin, cited
Ln Wanless and others, 1970, p. 57). Thus the Logan Intrusive Rocks,
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this distance varies from several tens to several hundreds of feet
most peletic rocks are rich in biotite, and cordierite mayor may
not be present.

The Logan Intrusive Rocks also have metamorphosed the Gunflint
and Rove Fonnations. The width of the metamorphic aureoles are related
to sill thicknesses and range from less than one foot to more than 30
feet. In the Gunflint Iron-formation it is difficult to recognize
unique metamorphic assemblages adjacent to sills. In zone 2, mineral
assemblages characteristic of zone 3 occurs in aureoles around the sills.
Similarly in zone 1, minnesotaite, which is characteristic of zone 2
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In the Rove Fonnation thick sills have assemblages that can be
assigned to the pyroxene-hornfels facies whereas thinner sills have
assemblages characterisitc of the hornblende-hornfels facies. Locally
andalusite (Horey, 1969) and chloritoid (Grant, 1971) have been identified
in certain beds.

UPPER PRECAMBRIAN

Introduction

In northeastern Minnesota two units are recognized in the Upper
Precambrian: the Lower Keweenawan represented by the Puckwunge
Formation and the Middle Keweenawan which consists of the Logan Intrusive
Rocks, the North Shore Volcanic Group (Green, this volume), and the
Duluth Complex.

Puckwunge Fonnation

The Puckwunge Formation consists of conglomerate and sandstone
which unconfonnably overlie the Rove Fonnation and underlie the North
Shore Volcanic Group. The type locality was described by N. H. Winchell
(1897) on the Stump River in Sec. 25, T. 64 N., R. 3 E. where about 18
feet of section is exposed. Exposures of similar lithology arefuund in
the Grand Portage area (Grout and others, 1959).

If these isolated exposures are equivalent to the Sibley Series
in Canada (Tanton, 1931) they represent a period of sedimentation around
1376 ± 36 m.y. ago (Franklin and Kustra, 1970) followed by possible
uplift and erosion prior to the onset of volcanic activity in Middle
Keweenawan time.

Logan Intrusive Rocks

The name Logan sills was applied to tabular, diabase intrusive
rocks in the Rove Formation (Lm"rson, 1893, p. 48). Similar intrusive
rocks in Animikie and Lm.,rer Keweenawan formations are currently
referred to as Logan Intrusive Rocks. As now defined, they include
sills and dikes of diabasic gabbro which range in measured age from
~300 m.y. (Hanson and Ha1hotra, 1971) to 963 m.y. (Franklin, cited
In Hanless and others, 1970, p. 57). Thus the Logan Intrusive Rocks,
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units of the Duluth Complex, and the North Shore Volcanic Group may
have overlapping time—stratigraphic relationships.

In Cook County the predominant exposed volume of the Logan rocks

is sill—like, and the present sawtooth topography results from the

differential erosion of the inclined sills and Rove Formation. The

sills range in thickness from a few feet to over a thousand feet and

thick sills can be mapped along strike for several miles. In three

dimensions they form a boxwork pattern, their emplacement having been
nntrolled by bedding, joint and possibly fault plane connections between
sills but in the Grand Portage in northeastern Cook County area there
are major northwest—trending dikes comparable in size and extent to the

sills (Grout and Schwartz, 1933, P. 36—59).

Early detailed studies of the petrogenesis of the Logan Intrusive
Rocks were primarily restricted to the sill on Pigeon Point (Bayley,
1893; Daly, 1917; Grout and Schwartz, 1933). Reinvestigation of these

rocks is currently in progress and the following generalized descrip-
tion of textures, and mineralogy is based on the unpublished work of
J. A. Grant, E. Mathez, G. B. Morey, N. Mudrey and P. Weiblen.

Texture: Rock types include aphyric chilled margins, fine— to
medium—grained diabase with ophitic clinopyroxene enclosing plagioclase,
porphyritic diabase with plagioclase phenocrysts, plagioclase cumulates,
and granophyre. Chilled margins form sharp contacts with country rocks.
Diabase grades from fine to medium toward the center of sills. Clino—

pyroxene remains ophitic even though the grain size changes and enclosed
plagioclase crystals rarely exceed 5 mm in length. Plagioclase pheno-

crysts however are as much as 10 cms long in thick sills. Diabasic
rocks with plagioclase phenocrysts grade into accumulations of essentially
coarse—grained plagioclase. Such accumulations are found in the upper
parts of some large sills and their origin has been attributed to the
floating of plagioclase (Grout and Schwartz, 1933, p. 50).

M1neraly: Minor olivine is found in the lower part of some
sills. Plagioclase both as phenocrysts and as small grains enclosed in
pyroxene is generally highly seriticized. Clinopyroxene is altered to
amphibole within single oikocrysts. The remnant pyroxene varies in
composition from pigeonite through augite and has a mottled birefringence
which resembles that of the complex lunar pyroxenes. lirnenite and minor
magnetite appear at distinct horizons in some sills. The ilmenite is
commonly skeletal. Minor interstitial quartz is characteristic of
much of the diabase. Biotite is ubiquitous in the diahase and texturally
appears to be of both igneous and metamorphic origin. Granophyric
intergrowths are common in the upper part of the diabase where they
impart a pink mottling which can be recognized In hand specimen. Separate
occurrences of granophyre in mappable units are rare, except for the
Pigeon Point sill (Mudrey and Weiblen, 1971).
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units of the Duluth Complex, and the North Shore Volcanic Group may
have overlapping time-stratigraphic relationships.

In Cook County the predominant exposed volume of the Logan rocks
is sill-like, and the present smvtooth topography results from the
differential erosion of the inclined sills and Rove Formation. The
sills range in thickness from a fe\v feet to over a thousand feet and
thick sills can be mapped along strike for several miles. In three
dimensions they form a boXtVork pattern, their emplacement having been
~ntro11ed by bedding, joint and possibly fault plane connections between
sills but in the Grand Portage in northeastern Cook County area there
are major northwest-trending dikes comparable in size and extent to the
sills (Grout and Schwartz, 1933, p. 36-59).

Early detailed studies of the petrogenesis of the Logan Intrusive
Rocks were primarily restricted to the sill on Pigeon Point (Bayley,
1893; Daly, 1917; Grout and Sch\vartz, 1933). Reinvestigation of these
rocks is currently in progress and the follmving generalized descrip­
tion of textures, and mineralogy is based OIl the unpublished work of
J. A. Grant, E. Mathez, G. B. Morey, N. Mudrey and P. Weiblen •

.Texture: Rock types include aphyric chilled margins, fine- to
medium-grained diabase with ophitic clinopyroxene enclosing plagioclase,
porphyritic diabase with plagioclase phenocrysts, plagioclase cumulates,
and granophyre. Chilled margins form sharp contacts with country rocks.
Diabase grades from fine to medium toward the center of sills. Clino­
pyroxene remains ophitic even though the grain size changes and enclosed
plagioclase crystals rarely exceed 5 rom in length. Plagioclase pheno­
crysts however are as much as 10 ems long in thick sills. Diabasic
rocks with plagioclase phenocrysts grade into accumulations of essentially
coarse-grained plagioclase. Such accumulations are found in the upper
parts of some large sills and their origin has been attributed to the
floating of plagioclase (Grout and Schwartz, 1933, p. 50).

Mineralogy: Minor olivine is found in the lower part of some
sills. Plagioclase both as phenocrysts and as small grains enclosed in
pyroxene is generally highly seriticized. Clinopyroxene is altered to
amphibole within single oikocrysts. The remnant pyroxene varies in
composition from pigeonite through augite and has a mottled birefringence
which resembles that of the complex lunar pyroxenes. Ilmenite and minor
magnetite appear at distinct horizons in some sills. The ilmenite is
commonly skeletal. Minor interstitial quartz is characteristic of
much of the diabase. Biotite is ubiquitous in the diabase and texturally
appears to be of both igneous and metamorphic origin. Granophyric
intergrowths are common in the upper part of the diabase \vhere they
impart a pink mottling which can be recognized in hand specimen. Separate
o~currences of granophyre in mappable units are rare, except for the
P~geon Point sill (Hudrey and Weib1en, 1971).
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Structure: In plan view the Duluth Complex truncates the various
Logan sills along strike at a low angle (Fig. 3). Where exposed, the
base of the Duluth Complex dips gently southward, whereas both the
Logan sills and country rocks may dip as much as 60° to the south.
Drilling in the vicinity of the contact indicates that the base of the
Complex steepens to as much as 60° and levels off to about 30° 1 km.
down—dip (Johnson, 1970, p. 82). This structural configuration i
zuch like that described by Mancuso and Dolence (1970) in the East
?Iesabi district. They suggested that the emplacement of the Duluth
Complex in that area was in part controlled by a pre—Complex structure.

>inera1ization: :1inor hydrothermal mineralization is found within
the Logan Intrusive Rocks. The mineralization is probably similar to
the Thunder Bay silver deposits, but no commercially important occurrences
have been found in Minnesota. On Susie Island where a shaft was sunk
along a fracture zone filled with calcite—barite and lesser amounts of
quartz, bornite, chalcocite, chalcopyrite, pyrite, covellite and
malacite, ore was recovered which contained 6.22 percent copper and
trace amounts of silver (Grout and Schwartz, 1933, p. 64). At Loon
Lake, S. Blankenburg has investigated a prospect in a quartz—calcite
vein that contains arsenopyrite with minor cobalt (Johnson, 1968).

Duluth Complex

The Duluth Complex consists of a variety of anorthositic, troctolitic,
granodioritic, and granophyric rocks which crop out in an arcuate belt
from Duluth to east of the Gunflint Trail (Fig. 1). A brief review of
the early literature and recent work up to 1969 is given by Phinney
(1969). The results of subsequent mapping and study of the northeastern
limb of the Complex are presented by Nathan (1969), Morey and others
(1969), Johnson a970), and Davidson (1970).

Nathan (1969) mapped a layered series of sheet—like intrusions across
the Gunflint, South Lake and Hungry Jack Lake quadrangles (Fig. 2). To

the west, in the Long Island quadrangle, Nathan's layered series is
truncated by the Tuscarora Intrusion and other associated rocks.

Layered Series of Nathan

The layered series extends from the east edge of the Hungry Jack
Lake quadrangle across the South Lake quadrangle and into the Gunflint
Lake quadrangle where it is truncated by the Tuscarora Intrusion. This
truncation is marked by an irregular northwest trending scarp (Fig. 3).
For the most part, the series consists of a sequence of conformable
sheets having a regional dip of 15—25° to the south. The sheets thicken
to the west and are locally interrrupted by minor crosscutting stock—
and dike—like bodies. On the east side of the Hungry Jack Lake
quadrangle a northwest trending fault offsets the series with an unknown
amount of displacement, but as much as 140 feet of vertical displacement
of the northeast side is inferred (Fig. 3).
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Structure: In plan view the Duluth Complex truncates the various
Logan sills along strike at a low angle (Fig. 3). Where exposed, the
base of the Duluth Complex dips gently southward, whereas both the
Logan sills and country rocks may dip as much as 60° to the south.
Drilling in the vicinity of the contact indicates that the base of the
Complex steepens to as much as 60° and levels off to about 30° 1 km.
down-dip (Johnson, 1970, p. 82). This structural configuration is
much like that described by Hancuso and Dolence (1970) in the East
Mesabi district. They suggested that the emplacement of the Duluth
Complex in that area was in part controlled by a pre-Complex structure.

Mineralization: Hinor hydrothermal mineralization is found within
the Logan Intrusive Rocks. The mineralization is probably similar to
the Thunder Bay silver deposits, but nO commercially important occurrences
have been found in Minnesota. On Susie Island where a shaft was sunk
along a fracture zone filled with calcite-barite and lesser amounts of
quartz, bornite, chalcocite, chalcopyrite, pyrite, covellite and
malacite, ore was recovered which contained 6.22 percent copper and
trace amounts of silver (Grout and Schwartz, 1933, p. 64). At Loon
Lake, R. Blankenburg has investigated a prospect in a quartz-calcite
vein that contains arsenopyrite with minor cobalt (Johnson, 1968).

Duluth Complex

The Duluth Complex consists of a variety of anorthositic, troctolitic,
granodioritic, and granophyric rocks which crop out in an arcuate belt
from Duluth to east of the Gunflint Trail (Fig. 1). A brief review of
the early literature and recent work up to 1969 is given by Phinney
(1969). The results of subsequent mapping and study of the northeastern
limb of the Complex are presented by Nathan (1969), Horey and others
(1969), Johnson Q970), and Davidson (1970).

Nathan (1969) mapped a layered series of sheet-like intrusions across
the Gunflint, South Lake and Hungry Jack Lake quadrangles (Fig. 2). To
the west, in the Long Island quadrangle, Nathan's layered series is
truncated by the Tuscarora Intrusion and other associated rocks.

Layered Series of Nathan

The layered series extends from the east edge of the Hungry Jack
Lake quadrangle across the South Lake quadrangle and into the Gunflint
Lake quadrangle \vhere it is truncated by the Tuscarora Intrusion. This
truncation is marked by an irregular northwest trending scarp (Fig. 3).
For the most part, the series consists of a sequence of conformable
sheets having a regional dip of 15-25° to the south. The sheets thicken
to the west and are locally interrrupted by minor crosscutting stock­
and dike-like bodies. On the east side of the Hungry Jack Lake
quadrangle a nortlnvest trending fault offsets the series with an unknown
amount of displacement, but as much as 140 feet of vertical displacement
of the northeast side is inferred (Fig. 3).
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The series consists of troctolitic, gabbroic, and associated
felsic rocks. Several of the major units represent uniqud occur-
rences in the Duluth Complex of oxide—rich gabbros and two—pyroxene
gabbros. For the most part, fine—grained rocks are not chilled
margins but occur principally as separate intrusions or inclusions
of mappable size. Planar orientation of minerals is common,
indicating flow or crystal setting. Differentiation resulting from
these processes can be demonstrated within some units, however the
layered series does not form a regular stratigraphic sequence.
Intrusive relationships for 27 different units were established
using cross—cutting structs, fine—grained margins, inclusions
and thermal effects, the latter being principally a development
of dark clouded plagioclase near intrusive contacts, Nathan (1969,

p. 99). On the basis of field relationships, mineralogy, and composi-
tion, Nathan concluded the 27 units could be combined into eight
cogenetic groups.

Detailed rock descriptions and interpretations are given by
Nathan (1969, p. 38—185) and are summarized here using his nomen-
clature. The descriptive rock names have several textural prefixes
that characterize the primary mineral assemblages. A size class-
ification for these rocks, based on visually—estimated mean grain
diameters, is: >10 mm, very coarse—grained; 4—10 mm, coarse—grained;
1—4 mm, medium—grained; 1/2—1 mm, fine—grained; <1/2 mm, very fine—
grained. Four basic fabrics are recognized. A 'granular' rock has

only equidimensional minerals. If elongate grains are present and
are randomly oriented, the rock is "decussate," if the grains define

a plane, the rock is "foliated," and if the grains are aligned, the

rock is "lineated." All rocks are named by the characterizing
primary mineral assemblage, in order of increasing abundance; the
primary mineral assemblage refers to early crystallizing phases in

contrast to late interstitial phases. Modes are indicated by sub—

scripts. If a significant part of the primary assemblage was
transported in the magma the rock is referred to as an allocrystallate,

a cumulate being a special case in which gravity settling has occurred.

Rocks formed by crystallization in place are called autocrystallates.

Subscripts are used to indicate modal composition. Thus a descriptive

rock name for a troctolite formed by gravity settling could he a fine—

grained foliated olivine20—plagioclase70 cumulate with minor inter—

stitital augite5and oxides5.

Group 1 The oldest unit (da) in the layered series now appears
in the upper part of the section as dilated septa as

da much as 200 feet thick. It is a fine—grained foliated

olivine - —plagioclase63 cumulate with minor pigeonite9

and aug?e which are also cumulus in the middle of

the unit. his unit grades into a 1,000 foot—thick

sheet of medium—grained, foliated augite15—pigeonite26

db plagioclase59curnulate (dh). A very fine—grained

dc ollvine1 —augite27—plagioclase61 rock (dc) occurs as

masses o9 various shapes and sizes near the base of

the layered series. Nathan speculated that it might
represent a chilled margin of the Group 1 intrusive

rocks.
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The series consists of troctolitic, gabbroic, and associated
felsic rocks. Several of the major units represent unique occur­
rences in the Duluth Complex of oxide-rich gabbros and two-pyroxene
gabbros. For the most part, fine-grained rocks are not chilled
margins but occur principally as separate intrusions or inclusions
of mappable size. Planar orientation of minerals is cornman,
indicating flow or crystal setting. Differentiation resulting from
these processes can be demonstrated within some units, however the
layered series does not form a regular stratigraphic sequence.
Intrusive relationships for 27 different units were established
using cross-cutting structures, fine-grained margins, inclusions
and thermal effects, the latter being principally a development
of dark clouded plagioclase near intrusive contacts, Nathan (1969,
p. 99). On the basis of field relationships, mineralogy, and composi­
tion, Nathan concluded the 27 units could be combined into eight
cogenetic groups.

Detailed rock descriptions and interpretations are given by
Nathan (1969, p. 38-185) and are summarized here using his nomen­
clature. The descriptive rock names have several textural prefixes
that characterize the primary mineral assemblages. A size class­
ification for these rocks, based on visually-estimated mean grain
diameters, is: >10 mm, very coarse-grained; 4-10 rnrn, coarse-grained;
1-4 mm, medium-grained; 1/2-1 mm, fine-grained; <1/2 mm, very fine­
grained. Four basic fabrics are recognized. A "granular" rock has
only equidimensiona1 minerals. If elongate grains are present and
are randomly oriented, the rock is "decussate," if the grains define
a plane, the rock is "foliated," and if the grains are aligned, the
rock is l'lineated. II All rocks are named by the characterizing
primary mineral assemblage, in order of increasing abundance; the
primary mineral assemblage refers to early crystallizing phases in
contrast to late interstitial phases. Modes are indicated by sub­
scripts. If a significant part of the primary assemblage was
transported in the magma the rock is referred to as an allocrystallate,
a cumulate being a special case in which gravity settling has occurred.
Rocks formed by crystallization in place are called autocrystallates.
Subscripts are used to indicate modal composition. Thus a descriptive
rock name for a troctolite formed by gravity settling could he a fine­
grained foliated 01ivinezo-plagioclase70 cumulate \-lith minor inter­
stitital augitesand oxides S•

Group 1

da

db
de

The oldest unit (da) in the layered series now appears
in the upper part of the section as dilated septa as
much as 200 feet thick. It is 8 fine-grained foliated
01ivine~s-plagioclase63cumulate with minor pigeonite9
and aug1te which are also cumulus in the middle of
the unit. ~his unit grades into a 1,000 foot-thick
sheet of medium-grained, foliated augiteIS-pigeonite26­
piagioclase

S9
cumulate (dh). A very fine-grained

olivine o-augite27-plagioclaseGl rock (de) occurs as
masses ~f various shapes and Slzes near the base of
the layered series. Nathan speculated that it might
represent a chilled margin of the Group 1 intrusive
rocks.
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Groip2 This group comprises the major oxide—rich part of the
dg layered series. The main unit (dg) is a coarse—grained

foliated ilmenite—titanomagnetite —augite —olivine

plagioclase
6

cumulate. Within unit e following
sequence of5crystallization appears: (1) ilmenite—

olivine—plagioclase; (2) ilmenite—titanomagnetite—olivine—
augite—plagioclase; and finally (3) apatite—pigeonite—
titanoinagnetite—ilmenite—olivine—augite—plagioclase.

dd Very fine—grained foliated olIvine—oxide—augite—plagioclase
de (dd) and fine—grained granulo—decussate augite — plagioclase

(de) rocks occur in unit dg as inclusions as much as 400
feet across. A number of mappable units are gradational with
unit dg: (1) at the base of the complex, a fine— to coarse—
grained decussate augite—olivine—plagioclase autocrystallate

df (df) grades into rocks having a texture and mineralogy similar
to that in unit dg,and may be the base of the cumulates of
unit dg. Unit df shows sulfide mineralization similar to
unit ttf of the Tuscarora Intrusion (Johnson, 1970, p. 68).
(2) A fine—grained, olivine2Q—p1agioclase6—o1ivine90
cumulate with miner augite —oxide4—pigeonie —apatite1
occurs as a thin sheet within unit dg. (3) * fine—grained,
decussate, oxide2 —augite28—plagioclase

5
autocrystallate

containing minor livine2 and apatite2 tntrudes unit dg and
di is presumed to be a late differentiate (di). (4) Unit dg

grades upward into 100—200 foot—thick discontinuous sheets
of coarse—grained, foliated pigeonite4—titanomagnetite4—
augite6—plagioclase83 cumulatescontaining minor potassium

dj feldspar2 and quartz1 (dj). A fine—grained granular
dk plagioclase, quartz, orthoclase rock (dk) occurs as dikes

cutting other Group 2 rocks.

Groyp3 Unit din, the upper part of the layered se•:ies, is a

2,000 foot—thick sheet of coarse—grained decussate
din pigeonite11—augite24--plagioclase59 autocrystallates

and cumu1aes containing minor oxides2, quartz2
and potassium feldspar1. This unit is thought to
have been emplaced along foliation planes and thus to
have dilated the earlier units. Variations in grain
size and modal mineralogy suggest th.t this unit may
be a multiple intrusion. A related intrusion may be

dl unit dl, a inedluin—grained decussate pigeonite17—
augite20—plagioclase50 rock containing minor oxide,
quartz, and potassium feldspar, which occurs as a
small stock about 1—1/2 miles across in the central
part of the Hungry Jack quadrangle. Another related
intrusive unit is a fine—grainS granular oxide19—

dn plagioclase41—augite4 rock (dxi) which occurs as a
sheet 6 feet thick anI 4 miles long in the northern
part of the Souti Lake quadrangle. Felsic dikes which

do intrure unit dcL were given a separate designation (do)
and may represent a late—stage differentiate of unit dj
or partially fused country rock (Nathan, p. 115).

Group 2
dg

dd
de

df

di

dj
dk

dm

c..ll

dn

do
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This group comprises the major oxide-rich part of the
layered series. The main unit (dg) is a coarse-grained
foliated ilmenite-titanOmagnetitell-augitel~-olivineI4­

plagioclase
S6

cumulate. Within tff~s unit f e followrng
sequence of crystallization appears: (1) ilmenite­
olivine-plagioclase; (Z) ilmenite-titanomagnetite-olivine­
augite-plagioclase; and finally (3) apatite-pigeonite­
titanomagnetite-ilmenite-olivine-augite-plagioclase.
Very fine-grained foliated olivine-oxide-augite-plagioclase
(dd) and fine-grained granulo-decussate augite - plagioclase
(de) rocks occur in unit dg as inclusions as much as 400
feet across. A number of mappable units are gradational with
unit dg: (1) at the base of the complex, a fine- to coarse­
grained decussate augite-olivine-plagioclase autocrystallate
(df) grades into rocks having a texture and mineralogy similar
to that in unit dg,and may be the base of the cumulates of
unit dg. Unit df shows sulfide mineralization similar to
unit ttf of the Tuscarora Intrusion (Johnson, 1970, p. 68).
(Z) A fine-grained, olivinezo-plagioclase66-olivine20
cumulate with minor augite5-oxide4-pigeon~te4-apatiEel

occurs as a thin sheet ,vitfiin unit dg. (3) A fine-graine4,
decussate, oxideZ3-augite2S-plagioclase45 autocrystallate
containing minor olivineZ and apatitez intrudes unit dg and
is presumed to be a late differentiate (di). (4) Unit dg
grades upward into 100-ZOO foot-thick discontinuous sheets
of coarse-grained, foliated pigeonite4-titanomagnetite4­
augite

6
-p1agioclase

S3
cumulates containing minor potass~um

feldspar
2

and quartz
l

(dj). A fine-grained granular
plagioclase, quartz, orthoclase rock (dk) occurs as dikes
cutting other Group 2 rocks.

Unit dm, the upper part of the layered se~ies, is a
2,000 foot-thick sheet of coarse-grained decussate
pigeonite13-augite24-~lagi~clase59autocrystallates
and cumulates conta~n~ng nanor oX~desZ' quartz

2and potassium feldspar
l

. This unit is thought to
have been emplaced along foliation planes and thus to
have dilated the earlier units. Variations in grain
size and modal mineralogy suggest that this unit may
be a multiple intrusion. A related intrusion may be
unit dl, a medium-grained decussate pigeonite

17
­

augite20-plagioclase60 rock containing minor oxide,
quartz, and potassium feldspar, ''''hich occurs as a
small stock about 1-1/2 miles across in the central
part of the Hungry Jack quadrangle. Another related
intrusive unit is a fine-grained granular oxide

19
­

plagio~lase4l-a~gite40 rocl~ (dn) 1vhich occurs as a
sheet 6 feet tlack and 4 mlles long in the northern
part of the South Lake quadranp;le. Felsic dikes which
intrude unit dm \vere given a separate designation (do)
and may represent a late-stage differentiate of unit dj
or partially fused country rock (Nathan, p. 115).
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Group 4 The next intrusive unit (dp) occurs as a concordant
dp sheet as much as 1,200 feet thick between units dg and

db. It is a fine—grained foliated augite32—plagioclase58
cumulate with olivine3—hypersthene.7 and trace amounts of
oxides. Plagioclase and augite occur in a granular
fabric, hyperstheneas oikocrysts, and olivine as pheno—
crysts. The absence of late—stage interstitial material
suggests the unit formed by flow or crystal settling
with exchange between the magma and the inner cumulus
melt. Near the top of unit dp, a 100—foot—thick sheet
of medium—grained foliated olivine17—plagioclase83

dq cumulate (dq) is gradational with unit dp.

Group 5 In the southwestern part of the Gunf lint Lake quadrang!le
a heterogeneous assortment of pyroxene—plagioclase and
olivine—plagioclase rocks possibly related to unit tta
of the Tuscarora Intrusion truncate the layered series.
A typical example is a medium—grained decussate tironals5—

dr ollvine5—augite 5—plagioclase75 autocrystallate (dr).
Near the base o the layered series a medium—grained
foliated augite1 —plagioclase77 rock with minor oxide3—

ds pigeonite and oivine (ds) is intruded as a sheet
300 feet hick between units df and dg. Unit ds is
highly altered with montmorillonite after plagioclase,
and amphibole and chlorite after pyroxene. Locally
chalcopyrite and bornite occur within interstitial,
altered pyroxene.

Group 6 A number of oxide—rich stock— and dike—like bodies
3/4 miles across occur near the base of the Complex
in the South Lake quadrangle. Nathan recognized four
varieties: (1) medium—grained granular olivine16—
oxide73 rocks with a minor amount of plagioclase and

dt augite (dt). The ilmenite andtitanomagnetite occur
as primary phases; the latter generally has exsolved
coarse ilmenite lamellae with intra—titanomagnetite
granules which have in turn exsolved to a fine reticulate
intergrowth of magnetite and hercynite.(')On Little Iron
Lake in the South Lake quadrangle a mediunv-grained

du granular plagioclase 1—oxide24—olivine (du) rock
having minor hyperstLne and augite fogs a 1/2 mile
long composite sheet within unit dt.(3)A coarse--grained
granular plagioclase8—oxide23_pjgeonjt2, —augite
rock containing minor olivine occurs as inall di
cordant masses in the South Lake quadrangle. (4) Two
occurrences of a coarse—grained decussate oxide —

dw augite31_p1agioc autocrystallate (dw) wer0mapped
within unit dg. This unit exhibits an amphibole
alteration similar to that in unit ds, but is con-
sidered to be part of group 5 rocks because of its
large oxide content.
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Group 5
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Groupj Several fine—grained decussate rocks occur as
discontinuous thin sheets along the base of the com-

plex and as small stocks and dikes higher in the
section. They may represent either fused fractions
of country rock or contaminated melts, but all are
thought to be intrusive. They consist of: (1) fine—

grained decussate oxide7—augite2plagioclase66
dx rock having minor olivine2—quartz2 and potassium1

feldspar (dx); (2) fine—grained decussate oxideç

dy hypersthone —augite31—plagioclase55 autocrystallate
(dy); and (?Y fine—grained augite3—oxide9 decussate

dz quartz10—orthoclase15—hornblende29—plagioclase34 rock
(dz).

Group 8 The youngest intrusive unit within the layered series
occurs as dikes and stocks as much as 1—1/2 miles

across in the Hungary Jack Lake quadrangle. This unit,

a inedium-grained granular quartz18—alkali feldspar77
daa rock with minor augite and oxide2 (daa), truncates

unit din. Across an inerval over a mile wide at the

east end of unit din, there is a progressive increase in
the amount of late stage interstitial material that has
a composition similar to unit daa. This unit (dmaa)

dmaa might be a late stage differentiate of din. Nathan found
however that unit dx has been intruded and altered by daa.
Therefore, it is presumed that din was cold when unit daa
was intruded and that the gradational zone represents
melt from daa that was introduced into unit dm.

Tuscarora Intrusion and Associated Rocks

In the Long Island quadrangle (Fig. 2) a sequence of rock types
common to other parts of the Duluth Complex appear in the following
succession away from the base: (1) a fine—grained poikilitic augite
gabbro (tp), (2) a fine—grained granoblastic gabbro (hornfels) (th),
(3) a fine— to medium—grained troctolite (ttf—ttm), (4) interlayered
troctolite and poikilitic gabhro (tta), (5) anorthositic gabbro (ag),
(6) ferrograndiorite (tg), (7) granophyre (gr), and (7) metamorphosed
flows (:mv). Although the outcrop pattern suggests a simple differentiated
layered sequence, the stratigraphic position of units tp, ag, tg and gr
have not been unequivocally established. However, units ttf, ttn, and
tta are clearly parts of a separate troctolite intrusion that truncates
part of Nathan's layered series (Fig. 3).

Units tL,ad tta: The main unit of the Tuscarora Intrusion
is a niedium—grained troctolite (ttrn, Fig. 2), consisting of 65—70
percent cumulus plagioclase (An 56 and 10—15 percent cumulus
divine (Fo0). Relative amouns 09 poikilitic augite and iron—titanium
oxides varies locally. Orthopyroxene mantles olivine and occurs in
sitaplectic intergrowth with plagioclase. biotite is associated with
the iron—titanium oxides. Planar orientation of plagioclase and modal—
mineral layering are locally well—developed and mutually concordant.
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Group 8
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melt from daa that was introduced into unit dm.
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succession away from the base: (1) a fine-grained poikilitic augite
gabbro (tp), (2) a fine-grained granoblastic gabbro (hornfels) (th),
(3) a fine- to medium-grained troctolite (ttf-ttm), (4) interlayered
troctolite and poikilitic gabbro (tta), (S) anorthositic gabbro (ag),
(6) ferrograndiorite (tg), (7) granophyre (gr), and (7) metamorphosed
flows (kmv). Although the outcrop pattern suggests a simple differentiated
layered sequence, the stratigraphic position of units tp, ag, tg and gr
have not been unequivocally established. Hm.;rever, units ttf, ttm, and
tta are clearly parts of a separate troctolite intrusion that truncates
part of Nathan's layered series (Fig. 3).

ynits ttm, ttf, and tta: The main unit of the Tuscarora Intrusion
is a medium-grained troctolite (ttm, Fig. 2), consisting of 6S-70
percent cumulus plagioclase (An S-60)' and 10-lS percent cumulus
ol~vine (F~50). Relative amoun~s of poikilitic augite and iron-titanium
oXldes varles locally. Orthopyroxene mantles olivine and occurs in
simplectic intersrowth with plagioclase. Biotite is associated with
tile iron-titanium oxides. Planar orientation of plagioclase and modal­
mineral layering are locally well-developed and mutually concordant.
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The troctolite grades into an upper unit which consists of
interlayered poikilitic augite gabbro and troctolite (Fig. 3).
The poikilitic augite consists of about 70 percent plagioclase

15—20 percent augite, 5—10 percentilmenite and is
medium— to coarse—grained with well developed augite orthocrysts
as much as 1—1/2" across. The troctolite within the layered
interval is similar to that in unit ttm. Contacts between layers
are generally sharp and in gener& conformable with layering in
the troctolite. Interlayering occurs on a scale of several inches
to several feet, and is undulatory with wave lengths of ten to twenty
feet and amplitudes of two to three feet, but the gross structure
is nearly flat—lying.

Unit ttp; A belt of fine—grained rocks occur beneath unit
ttf. It consists of fine— to medium—grained augite troctolite
with 60—70 percent cumulus plagioclase (An50), 5—10 percent cumulus
olivine (Fo35), 15—20 percent poikilitic augite, .5—10 percent
iron—titanium oxides, and minor orthopyroxene—plagioclase simplecite.
As yet the upper contact of tins unit has not been observed and it
is not clear from outcrop data if it is a separate intrusion or the
basal unit of the overlying rocks. Johnson (1970, p. 76) concluded
from drill core data that it is a separate intrusion.

Unit th: Several areas of fine—grained, granoblastic gabbro
consisting of 50 to 60 percent short tabular plagioclase, 30 to
40 percent rounded augite, minor subhedral iron—titanium oxides,
olivine, and blades of biotite are exposed on topographic highs.
These rocks may be a remnant capping over the troctolite; however
there is no noticeable chilling of the troctolite next to the
hornfels and they more likely represent large inclusions.

Unit ap; A distinct break in plagioclase content separates
units tta and ag. Unit ag — an anorthositic gabbro — contains 75 to
S5 percent plagioclase An5560 ( contrast to the 50 to 70 percent
of unit tta). Plagioclase is the only cumulus phase, and inter-
stitial minerals, occurring in various proportions are augite,
olivine, and iron oxides in a poikilitic texture. Orthopyroxene
occurs in siciplectic intergrowth with late—stage plagioclase.
Biotite is associated with the iron—titanium oxides. Planar
orientation of plagioclase is developed locally. At the top of
unit ag, quartz and potassium feldspar occur interstitially.

Tue flat—lying outcrop pattern of the ferrogranodiorite (tg)
and granophyre (gr) is concordant with the structure within the
troctolite (ttm) and the anorthositic galibro could be just another
part of the layered intrusion. however some field evidence contra-
dicts this interpretation. llornfels inclusions and sulfide mineral-
ization are found in unit tta at several localities along the contact
with unit ag. Thus the troctolite may be intrusive into the
anorthositic gabbro as in the Gabbro Lake quadrangle (Green and
others, 1966). Phinney (1969) has extended the older anorthositic
gabbro from the Gabbro Lake quadrangle eastward and this extension
projects toward unit ag. Thus unit ag may be a thin wedge of an
areally extensive older anorthositic gabbro. In this case, units
fg and gr could be either related to the troctolite and intruded
into the ancirthositic gabbro or a differentiated part of the
anorthositic gabbro.

-114-

The troctolite grades into an upper unit which consists of
interlayered poikilitic augite gabbro and troctolite (Fig. 3).
The poikilitic augite consists of about 70 percent plagioclase
(AnSO- 60 )' 15-20 percent augite, 5-10 percent ilmenite and is
med1um- to coarse-grained with well developed augite orthocrysts
as much as 1-1/2 11 across. The troctolite \vithin the layered
interval is similar to that in unit ttm. Contacts between layers
are generally sharp and in general conformable with layering in
the troctolite. Interlayering occurs on a scale of several inches
to several feet, and is undulatory with wave lengths of ten to twenty
feet and amplitudes of two to three feet, but the gross structure
is nearly flat-lying.

Unit ttp: A belt of fine-grained rocks occur beneath unit
ttf. It consists of fine- to medium-grained augite troctolite
with 60-70 percent cumulus plagioclase (An

50
), 5-10 percent cumulus

~livin~ (F~35)' ~5-20 perce~t poikilitic augite, 5-10 percent .
1ron-t1tan1um oX1des, and mlnor orthopyroxene-plagioclase simplect1te.
As yet the upper contact of this unit has not been observed and it
is not clear from outcrop data if it is a separate intrusion or the
basal unit of the overlying rocks. Johnson (1970, p. 76) concluded
from drill core data that it is a separate intrusion.

Unit th: Several areas of fine-grained, granoblastic gabbro
consisting of 50 to 60 percent short tabular plagioclase, 30 to
40 percent rounded augite, minor subhedral iron-titanium oxides,
olivine, and blades of biotite are exposed on topographic highs.
These rocks may be a remnant capping over the troctolite; hOlvever
there is no noticeable chilling of the troctolite next to the
hornfels and they more likely represent large inclusions.

Unit ag: A distinct break in plagioclase content separates
units tta and ago Unit ag - an anorthositic gabbro - contains 75 to
85 percent plagioclase An

55
-

60
(in contrast to the 50 to 70 percent

of unit tta). Plagioclase is the only cumulus phase, and inter­
stitial minerals, occurring in various proportions are augite,
olivine, and iron oxides in a poikilitic texture. Orthopyroxene
occurs in sil:lplec tic intergrm-Jth W'i th late-stage plagioclase.
Biotite is associated \'lith the iron-titanium oxides. Planar
orientation of plagioclase is developed locally. At the top of
unit ag, quartz and potassium feldspar occur interstitially.

The flat-lying outcrop pattern of the ferrogranodiorite (tg)
and granophyre (gr) is concordant with the structure \vithin the
troctolite (ttm) and the anorthositic gabbro could be just another
part of the layered intrusion. IImvever some field evidence contra­
dicts this interpretation. Hornfels inclusions and sulfide mineral­
ization are found in unit tta at several localities along the contact
with unit ago Thus the troctolite may be intrusive into the
anorthositic gabbro as in the Gabbro Lake quadrangle (Green and
others, 1966). Phinney (1969) has extended the older anorthositic
gabbro from the Gabbro Lake quadrangle eastward and this extension
projects toward unit ago TIluS unit ag may be a thin wedge of an
areally extensive older anorthositic gabbro. In this case, units
fg and gr could be either related to the troctolite and intruded
into the anorthositic gabbro or a differentiated part of the
anorthositic gabbro.
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Unit f: This unit is restricted to a topographically high
area i the southwest corner of the Long Island Lake quadrangle
(Fig. 3). It is a medium—grained ferrogranodiorite which contains
50 to 60 percent cumulus plagioclase, 10 to 15 percent amphibole,
minor clinopyroxene, and varying amounts of quartz, potassium
feldspar, and magnetite. Contacts with the underlying anorthositic
gabbro and overlying granophyre are gradational over tens of feet.
The former could represent replacement by intrusive ferrograno—
diorite or differentiation within the anorthositic gabbro. Further
study is needed to clarify the stratigraphic relationships.

Unit gr: The ferrogranodiorite grades into and is cut by
fine— to medium—grained granophyre. It consists of quartz,
plagioclase, potassium feldspar and magnetite. The texture ranges
from granophyric to granitoid.

Unit kmv: The granophyre intrudes black fine—grained meta—
volcanic rocks whch are interpreted to be remnants of Middle
Keweenawan flows. The groundmass is highly altered. Acicular
blades of ilmenite are common and plagioclase phenocrysts are
clouded similar to intruded rocks it'. the layered series.

Mineralization: Two types of mineralization are found in
the Duluth Complex in this area: (1) low grade copper—nickel
concentrations are associated with the basal rocks of the
Tuscarora Intrusion and several of the layered series intrusions
(Johnson, 1970), (2) Ilmenite— and titanomagnetite—rich rocks
occr in several units of Nathan's layered series.

With regard to the mineralization, the unpublished Ph.D.
thesis of Johnson (1970) warrants special mention. The thesis
summarizes the results of an exploration program conducted by
the Cleveland—cliffs Iron Company and the Amerada—Hess Corporation
Company from 1966 to 1969. This program assessed the economic
potential of the base of the Duluth Complex in a 38 km corridor
along the Gunflint Trail adjacent to the Boundary Waters Canoe
Area. The drilling program (10 holes) provides an unique opportunity
to assess the effects of drilling on the area in comparison with other
activities such as logging and recreation. More importantly the re-
lease of geophysical, drill core, and assay data, along with Johnson's
study represents a major contribution by a mining company to the
concern for the environment of the area. The correlation of geo-
physical and drill core data, discussed below, makes possible a
more accurate evaluation of mineral resources in adjacent areas
and in other areas of similar geology using less expensive and
disruptive preliminary investigations.

Coç—Nicke1_Iinera1izatjon: Discontinuous areas of gossanand visible sulfide mineralization within unit ttf have been mappedacross the Long Island quadrangle. Similar isolated exposures havebeen found in unit tta at the contact with anorthositic gabbro. Thesulfide assemblage, consisting of cI:alcopyrjte,pyrrhoi, and minorpentlandjte occurs interstitially to plagioclase and olivine. Becauseof the smaller grain size of the troctolite a distinct interstitialtexture, like that found in the sulfide mineralization in the iCawishiwiarea in the Gabbro Lake quadrangle, is not apparent in hand specimen.
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Drilling across the quadrangle (Johnson, 1969) has indicated a
tabular, possibly continuous volume of low grade ore (0.3% combined
copper—nickel) about 50 feet thick in the unit ttf. A thinner 10—20

foot—thick zone, 50—100 feet above the lower mineralized zone, has
a higher combined copper—nickel content that approaches one percent
(Johnson, p. 84). The mineralization can be correlated3with a
detectable resistivity anomaly on the order of 700 x 10 ohmcentimeters

in the troctolite (ttf, ttm).

Titanium Mineralization: The primary titanium oxide phases
are i].menite solid solution (Fe20 —MgTiO —FeTiO3) and titanomagnetite
(Fe304—Fe TiO ). Subsolidus exsoLtion as resulted in the complex
intergrosAhs âescribed above. Johnson (1970, p. 87) estimates
that Ti recovered from ilmenite In unit ttf in the Tuscarora Intrusion
could add $1.50 per ton to sulfide ore from this unit.

The largest titanium concentrations however are in units dt and du
at Little Iron Lake in the Gunflint Lake quadrangle and other isolated
exposures in the South Lake quadrangle. Unfortunately, most of these
occurrences at the surface do not exceed about 35 feet in maximum
dimension.

A large low—grade titanium resource also is contained within
unit dg (Fig. 3). Oxide—rich layers as much as 5 feet thick are
common, although individual layers seem too thin and discontinuous
to be mined separately. Unit dg should he considered in its entirety
for commercial evaluation with the potential of developing a very
large tonnage of low—grade ore. The unit is very heterogeneous and
field exposures are scarce and discontinuous, so only widespread
systematic drilling will reveal which parts have the greatest promise.
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FIELD TRIP GUIDE TO THE PRECAMBRIAN ROCKS, i'u.._
COOK COUNTY ALONG THE GUNFLINT TRAIL

Stop 1 End of Trail Campground - Main Phase of Saganaga Granite

The main phase of the Saganaga Granite at this stop is a
medium—grained hornblende—"quartz—eyet' tonalite having quartz2o—
plagioclase (An27)60_lO—hornblende6—microljne3_5 and accessory
muscovite, biotite, chlorite, epidote, sphene, apatite, allanite
and magnetite. The apparent lineation of the "quartz—eyes" is
25_300 ENE. This structure is parodied in the hornblende—biotite
inclusions. These inch--sized inclusions are probably related to
the greenstones to the south of Seagull Lake.

The bay leading north to Saganaga Lake was considered by
Grout (1936) to be a shatter zone. It is here interpreted as a
fault in the granite. At this stop, a minor secondary east—
northeast trending foliation is marked by shears and epidote
veinlets, and may be related to faulting.

Stop 2 Gunf lint Trail near the Campground — Lamprophyre dike in Saganaga
Granite

The lamprophyre dike at this stop is 50 feet wide, and can be
traced to the north shore of Saganaga Lake where it is found to cut
the northern boundary fault (Harris, 1968, p. 21). This observation
sets a lower age limit for faulting and uplift to the west for the
Saganaga Granite. Goldich and others (1961, p. 52) date the biotite
(KA—70B)fromasmall island to the north at 1.75 h.y.

Sundeen (1936) reviewed the petrography of the larnprophyre
dikes in the Saganaga Lake area and found biotite, hornblende,
and pyroxene as the mafic phenocrysts in a groundmass of either
plagioclase or "orthoclase" This dike contains plagioc1ase5—
pyroxenel5_20—pyroxenei5_20—biotite513 and hornblende5. Accessory
minerals include quartz, apatite, magnetite, chlorite, carbonate,
sphene, pyrite, zircon, serpentine, talc and perovskite.

Stop 3a Saganaga Granite — Border Phase

The strongly foliated hornblende diorite exposed at this stop
is typical of the border phase of the Saganaga Granite. The foliation
is defined by a layering characterized by various proportions of dark
and light minerals; it is nearly vertical and strikes N70°W. Elongate

hornblende needles within the foliation plane define an elongate
ilneation that plunges gently to the east.

A transition from the border to the main phase involving an
increase in quartz with the development of 'quartz—eye' structure

— and a decrease in hornblende can be seen in a number of outcrops
on either side of the Gunf lint Trail to the north of this stop.

Stop 1

Stop 2
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Stop 3b Ietabasalt and associated rocks

In the general vicinity of this stop, vaguely pillowed meta—
basalt and thin—bedded to laminated pyroclastic material typical
of the nafic part of the volcanic succession are exposed. Layering
is nearly vertical and strikes in a northwesterly direction. Fracture

cleavage also is near vertical and strikes in a northeasterly direction
parallel to the trace of the Lookout fault.

The mafic rocks are cut by conformable layers of fine—grained
graphic feldspar granite. Locally a thin layer of iron—formation
composed of magnetite and chert unconformably overlies the older
rocks.

Iron—rich strata typical of the lower part of the Cunflint
Iron—formation are exposed on the steep north—facing slope immediately
to the south of these exposures.

Stopj Along Magnetic Rock Trail — metamorphosed Gunf lint Iron—formation

of Zone 2

Thin—bedded, fine—grained, chert—axnphibole—inagnetitebearing
strata assigned to the upper part of the Lower Slaty member are
exposed along Magnetic Rock Trail at this locality. These exposures

are near the transition between moderately and strongly metamorphosed
iron—formation; small, poorly developed pyroxene porphyroblasts
can be seen,pecially in the more massive beds at the top of the
member.

Along the power line trail to the south, the iron—formation is
locally deformed with beds dipping northward at 15°.

Approximately 75 feet farther to the south a northwesterly—
trending, medium—grained diabase sill cuts slaty iron—formatin.
Approximately 200 feet to the south the slaty beds again dip to
the south and are interlayered with coarse—grained, magnetite—rich
cherty beds. On the same knob, algal chert—bearing beds characteristic
of the Upper Cherty Member also are exposed.

Stop 5 Along the Kekabeic Trail — Metamorphosed Gunflint Iron—formation at
Zone 3.

The Kekabeic Trail more or less parallels the base of the Gunflint
Iron—formation and the north—facing slope immediately south of the trail
contains exposures of the Lower Slaty Member. The iron—formation every-

where in this area has been extensively metamorphosed and now consists
of various assemblages of quartz—cummingtonite—grunerite—fayalite—
magnetite and quartz—cummingtonite—grunerite—pyroxene—magnetite.
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Test pits can be seen along the Trail. IIost are in the lowe.:

magnetite—rich part of the Lower Cherty Member. Various sulfides,
especially pyrrhotite, also are associated with the magneti:e.

Stop 6 Along the Paulson Mine railcut — Basal Contact of the Duluth
Complex

The Paulson Mine railcut exposes the base of the Duluth Complex
from the Kekabeic Trail to the Tuscarora Lodge road, a distance of
about 1—1/4 miles. Contacts between beds of the Upper Cherty Memhe:
of the Gui-if lint Iron—formation and fine—grained poikilitic augite
troctolite, unit tp of the Duluth Complex, are exposed at the west
end of the railcut. Also at the west end truncation of a thin sill
of the Logan Intrusive Rocks can he seen. About half—way along the
railcut, argillite and graywacke of the Rove Formation are in contact
with the base of the Duluth Complex. The contact aureole here is
narrow with no visible recrystallization of Rove Formation rocks
except within a few feet of unit tp. This is inferred to be a
reflection of the thickness of unit tp 100—1,000 feet. The dip
of the Gunf lint and Rove Formation varies from 15—60° to the south
along this part of the contact.

Stop 7a Scenic overlook on the Gunf lint Trail above Gunf lint Lake — Copper—
nickel mineralization at the base of the Tuscarora Intrusion

The base of unit ttf of the Tuscarora Intrusion is exposed on
the northeast side of the Gunf lint Trail at the overlook. The fine—
to mediuin—grairied troctolite shows no regular increase in grain size

away from a contact with unit tp and the upper part of a Logan sill.
Visible chalcopyrite, pyrrhotite, pentlandite occur interstitial
to plagioclase and olivine in the troctolite. This is a typical
example of the copper—nickel mineralization of unit ttf, which was
found by Cleveland—Cliffs Iron Company (in five holes along the base
of the Complex) to occur constantly in a 150 feet thick interval near
the base of unit ttf. The combined nickel—copper content is about
0.3 percent in this interval. A slightly richer zone 10 to 20 feet
thick was intercepted about 50—150 feet above the lower zone.

Stop7b 2000 feet northeast of Stop 7a — Logan Intrusive Rocks and
the Rove Formation

Thin bedded argillite is exposed on the north face of a ridge
capped by diabase. The argillite is recrystallized to a biotite—
bearing hornfels over an interval of a few inches at the contact.
The diabase is typical of fine— to medium—grained diabase in thin
sills and in the lower parts of thick sills.

Stop 6
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magnetite-rich part of the Lower Cherty Member. Various sulfides,
especially pyrrhotite, also are associated with the magnetL:e.

Along the Paulson Mine railcut - Basal Contact of dIe Duluth
Complex.

The Paulson Mine railcut exposes the base of the Duluth Complex
from the Kekabeic Trail to the Tuscarora Lodge road, a distance of
about 1-1/4 miles. Contacts bet\veen beds of the Upper Cherty Hembe:.:
of the Gunflint Iron-formation and fine-grained poikilitic augite
troctolite, unit tp of the Duluth Complex, are exposed at the west
end of the railcut. Also at the west end truncation of a thin sill
of the Logan Intrusive Rocks can be seen. About half-l'1ay along the
railcut, argillite and graywacke of the Rove Formation are in contact
,-lith the base of the Duluth Complex. The contact aureole here is
narrow with no visible recrystallization of Rove Formation rocks
except within a few feet of unit tp. This is inferred to be a
reflection of the thickness of unit tp 100-1,000 feet. The dip
of the Gunflint and Rove Formation varies from 15-60° to the south
along this part of the contact.

Stop 7a Scenic overlook on the Gunflint Trail above Gunflint Lake - Copper­
nickel mineralization at the base of the Tuscarora Intrusion

The base of unit ttf of the Tuscarora Intrusion is exposed on
the northeast side of the Gunflint Trail at the overlook. The fine­
to medium-grained troctolite shows no regular increase in grain size
away from a contact with unit tp and the upper part of a Logan sill.
Visible chalcopyrite, pyrrhotite, pentlandite occur interstitial
to plagioclase and olivine in the troctolite. This is a typical
example of the copper-nickel mineralization of unit ttf, which was
found by Cleveland-Cliffs Iron Company (in five holes along the base
of the Complex) to occur constantly in a 150 feet thick interval near
the base of unit ttf. The combined nickel-copper content is about
0.3 percent in this interval. A slightly richer zone 10 to 20 feet
thick was intercepted about 50-150 feet above the lower zone.

Stop 7b 2000 feet northeast of Stop 7a - Logan Intrusive Rocks and
the Rove Formation

Thin bedded argillite is exposed on the north face of a ridge
capped by diabase. The argillite is recrystallized to a biotite­
bearing hornfels over an interval of a few inches at the contact.
The diabase is typical of fine- to medium-grained diabase in thin
sills and in the lower parts of thick sills.
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Stop 8 Northwest arm of Poplar Lake on the Gunflint Trail

At this stop typical exposures and intrusive relationships of
four of Nathads units will be examined. On the north side of the
unit df, a fine—grained decussate augite—olivine—plagioclase rock
(troctolite) similar to unit ttf of the Tuscarora Intrusion intrudes
unit dc, a very fine—grained granular olivine—augite—plagioclase
rock (gabbro) which may represent a chilled margin of the oldest
unit of the layered series (da). About 50 feet north of the Trail
at the east end of the northwest arm of Popular Lake, a small mass
of unit dt, a medium—grained granular olivine oxide rock, occurs
within unit dc. A small isolated exposure of unit ds with uncertain
contact relationships occurs between units dc and df about 500 feet
northwest of Popular Lake and 400 feet north of the Gunflint Trail.
South of the Gunflint Trail there are exposures of the large oxide—
rich sheet unit dg (coarse—grained, foliated oxide, augite, olivine,
plagioclase rock).

Sto2j Cunflint Trail south of Bear Club Lake — Late granitic rocks
of the Duluth Complex

Unit daa, a medium—grained granular quartz—feldspar rock, is
exposed as a dike in unit dm on the north side of the Gunflint Trail.
The main mass of daa occurs south of th Trail as a stock 1—1/2 miles
across. Unit dm, a cumulate sheet of pigeonite—augite—plagioclase
rock has visible interstitial quartz and alkali feldspar in an
aureole as much as 1 mile wide around the stock of daa. This inter-
stitial material is interpreted as replacement associated with the
intrusion of unit daa.

Stop 8

Stop 9
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Northwest arm of Poplar Lake on the Gunflint Trail

At this stop typical exposures and intrusive relationships of
four of Nathans units will be examined. On the north side of the
unit df, a fine-grained decussate augite-olivine-plagioclase rock
(troctolite) similar to unit ttf of the Tuscarora Intrusion intrudes
unit dc, a very fine-grained granular olivine-augite-plagioclase
rock (gabbro) which may represent a chilled margin of the oldest
unit of the layered series (da). About 50 feet north of the Trail
at the east end of the north~vest arm of Popular Lake, a small mass
of unit dt, a medium-grained granular olivine oxide rock, occurs
within unit dc. A small isolated exposure of unit ds with uncertain
contact relationships occurs between units dc and df about 500 feet
northwest of Popular Lake and 400 feet north of the Gunflint Trail.
South of the Gunflint Trail there are exposures of the large oxide­
rich sheet unit dg (coarse-grained, foliated oxide, augite, olivine,
plagioclase rock).

Gunflint Trail south of Bear Club Lake - Late granitic rocks
of the Duluth Complex

Unit daa, a medium-grained granular quartz-feldspar rock, is
exposed as a dike in unit dm on the north side of the Gunflint Trail.
The main mass of daa occurs south of the Trail as a stock 1-1/2 miles
across. Unit dm, a cumulate sheet of pigeonite-augite-plagioclase
rock has visible interstitial quartz and alkali feldspar in an
aureole as much as 1 mile wide around the stock of daa. This inter­
stitial material is interpreted as replacement associated with the
intrusion of unit daa.
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Figure 2 Generalized geologic map of part of northwestern Cook County. The Gunflit-it

Iron—formation is stippled. Only the major units of the Layered Series of
Nathan in the Duluth Complex are shown. The area designated df also includes
dc,de,dk,ds,du,dy,dx, and dz; similarly ds includes dc,de,dg,dk,dt,du,dv,dw;
dg includes dc,dd,dh,di,du,dv,dt, and dz; dp includes dg,dj,and dq; db includes
da,dd, and dm; and dm includes da,dd,de,dn,do, and dx. (Nathan, 1969).
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Figure 3 Block diagrams showing the irif erred geologic relation-
ships of rock units in the Long Island Lake and Gunflint
Lake quadrangles (location of diagrams shown in Figure 2).
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Mesabi Range Magnetite Taconite

May 8, 1971

by

R. W. Narsden
University of Minnesota, Duluth

Duluth, Ninnesota
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Hesabi Range Nagnetite Taconite
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by
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MESABI RANGE FIELD TRIP

INTRODUCTION

The Mesabi Range field trip starts at the Auburn Mine in Virginia,
Minnesota and proceeds to the Erie Mine near Aurora, the Reserve Mine
at Babbitt and ends at the Dunka Pit at the east end of the Mesabi Range
near Birch Lake. The trip is designed to show the metamorphic changes
in the Biwabik iron formation caused by the intrusion of the Duluth
Complex. The trip plan is shown on the index map.

The esabi Range trip is made possible by the cooperation of the
Minnesota Ore Operations, United States Steel Corporation, the Erie
Mining Company and the Reserve Mining Company. Maps and other infor-

mation were furnished by the mining companies. Leaders for each part of
the trip are shown in the trip log.

Stop 1. AUBURN MINE
Leader: Wayne L. Plummer

The accompanying map, section and description of the

stratigraphic sequence gives the geologic setting of the
Auburn Mine. The unit numbers shown on the stratigraphic
sequence are painted on the rock to aid recognition of the
horizons. The upper part of the Pokegama quartzite and the
Lower Cherty, Lower Slaty and 3*5 feet of the Upper Cherty
members of the Biwabik formation are exposed. Oxidized
and partly leached Biwabik formation is exposed on the west
pit wall and the Upper Slaty member and leached Virginia
formations are exposed in the slump structure at the north
end of the pit.
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MESABI RANGE FIELD TRIP

INTRODUCTION

The Mesabi Range field trip starts at the Auburn Mine in Virginia,
Minnesota and proceeds to the Erie Mine near Aurora, the Reserve Mine
at Babbitt and ends at the Dunka Pit at the east end of the Mesabi Range
near Birch Lake. The trip is designed to show the metamorphic changes
in the Biwabik iron formation caused by the intrusion of the Duluth
Complex. The trip plan is shown on the index map.

The Mesabi Range trip is made possible by the cooperation of the
Minnesota Ore Operations, United States Steel Corporation, the Erie
Mining Company and the Reserve Mining Company. Maps and other infor­
mation were furnished by the mining companies. Leaders for each part of
the trip are shown in the trip log.

Stop 1. AUBURN MINE
Leader: Wayne L. Plummer

The accompanying map, section and description of the
stratigraphic sequence gives the geologic setting of the
Auburn Mine. The unit numbers shown on the stratigraphic
sequence are painted on the rock to aid recognition of the
horizons. The upper part of the Pokegama quartzite and the
Lower Cherty, Lower Slaty and 145 feet of the Upper Cherty
members of the Biwabik formation are exposed. Oxidized
and partly leached Biwabik formation is exposed on the west
pit wall and the Upper Slaty member and leached Virginia
formations are exposed in the slump structure at the north
end of the pit.
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AUBURN MINE

The Auburn Nine is one of a group of open pits located near the
city of Virginia, Minnesota. It was originally developed as an underground
mine by the Minnesota Iron Company during the period from 1894—1902 and pro-
duced 2,143,000 tons of ore prior to closing in 1902 when ownership passed
to the Oliver Iron Mining Company, a subsidiary of United States Steel 'Cor-
poration. Reopened as an open pit by Oliver in 1951, the mine produced an
additional 11,219,000 tons of ore by the end of 1969 when the mine hecirne
inactive because remaining ore is under the approach traccs to the Viridrtia
crushing and rescreening plant located just west of the nine. Most of the
open pit ore was loaded by electric shovels into side dump cars and hauled to
the plant by electric locomotives, but in the last few years, ore from the
lower benches was loaded into trucks, hauled to a stockpile beside the track
in the upper part of the pit and reloaded into railroad cars. The Auburn
Nine and other former Oliver Iron Mining Company mines on the Mesabi Rance are
now operated by U. S. Steel Corporation, Minnesota Ore Operations.

The rocks exposed in the mine starting at the bottom are the
Pokegama Quartzite and the lower three members of the Biwabik iron formation:
Lower Cherty, Lower Slaty and part of the Upper Cherty. These dip from
5 degrees to 20 degrees to the northwest as the formatcy lies on the north
side of the gently southwestward plunging Eveleth anticline and the center
fold known as the Virginia Horn.

The Auburn ore body was formed in the Biwabik formation by removal
of silica from iron bearing rock by leaching ground waters, leaving less
soluble iron Oxides. The ore body follows down the dip of the formation for
about 3000 feet. Beginning as a Slr::. ii fissure scarcely 50 feet

wide at the southwestern part of the mine, the ore body gradually widens
toward the northwest into a larger trough with a maximum width of about
500 feet. In the vertical walled fissure at the southwestern end of the mine,
the ore extends from slightly above the Ouartzite (here reduced to a wite
sand) through 115 feet of the Lower Cherty memher, whereas near the west end
of the mine, the ore extends to a depth of about 260 feet from the surface
to the Lower Cherty-Lower Slaty contact. Due to the leaching of
silica, ore zones are commonly slumped into structures resembling synclinal
folds. Where slumping occurs adjacent to taconite walls, sltnp faults may
occur.

Glacial deposits consisting of reddish—gray—brown till containing
numerous boulders of granite and greenstone covered the entire area to a
depth of 10 to 35 feet.

An earth slide in the northwestern bank of the mine several years
ago was stabilized with a rock fill which now covers much of previously
exposed formation in this area.
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AUBURN MINE

The Auburn Mine is one of a group of open pits located near the
city of Virginia, Minnesota. It was originally developed as an underground
mine by the Minnesota Iron Company durin?, the period from 1894-1902 and pro­
duced 2,143,000 tons of ore prior to closing in 1902 when ownership passed
to the Oliver Iron Nining Company, a subsidiary of United States Steel 'Cor­
poration. Reopened as an open pit by Oliver in 1951, the mine produced an
additional 11,219,000 tons of ore by the end of 1969 when the mine became
inactive because the remaining ore is under the approach tracks to the Virr,inia
crushing and rescreening plant located just west of the mine. Most of the
open pit ore was loaded by electric shovels into side dump cars and hauled to
the plant by electric locomotives, but in the last few years, ore from the
lower benches was loaded into trucks, hauled to a stockpile beside the track
in the upper part of the pit and reloaded into railroad cars. The Auburn
Mine and other former Oliver Iron }Iining Company mines on the Mesabi Ran?,e are
now operated by U. S. Steel Corporation, Minnesota Ore Operations.

The rocks exposed in the mine startin~ at the bottom arc the
Pokegama Quartzite and the lower three members of the Biwabik iron formation:
Lower Cherty, Lower Slaty and part of the Upper Cherty. These dip from
5 degrees to 20 degrees to the northwest as the formation lies on the north
side of the gently southwestward plunging Eveleth anticline and the center
fold known as the Virginia Horn.

The Auburn ore body was formed in the Biwabik formation by removal
of silica from iron bearing rock by leaching ground waters, leaving less
soluble iron oxides. The ore body follows drnvn the dip of the formation for
about 3000 feet. Beginning as a small fissure scarcely 50 feet
wide at the southwestern part of the mine, the ore body gradually widens
toward the northwest into a larger trough with a maximum width of about
500 feet. In the vertical walled fissure at the southwestern end of the mine,
the ore extends from slightly above the Quartzite (here reduced to a white
sand) through 115 feet of the Lower Cherty member, whereas near the west end
of the mine, the ore extends to a depth of about 260 feet from the surface
to the Lower Cherty-Lower Slaty contact. Due to the leaching of
silica, ore zones are commonly slumped into structures resembling synclinal
folds. Where slumping occurs adjacent to taconite walls, slump faults may
occur.

Glacial deposits consisting of reddish-fray-brown till containinff
numerous boulders of granite and greenstone covered the entire area to a
depth of 10 to 35 feet.

An earth slide in the northwestern bank of the mine several years
ago was stabilized with a rock fill which now covers much of previously
exposcd formation in this area.
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Figure 3 GEOLOGTC MAP OF AUBURN M:rE AND VICINITY
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Table 1

STRATIGRAPRIC SEQUENCE IN THE BIWABflC ThON FORMATION

AUBURN ICIE

Thickness
UPPER CHERTY MEMBER in feet1

16.2 Jaspery, conglorieratic and algal chert (a and $ submember x) 10 (eat.)

Covered interval 10 (eat.)

15. Nodular hematitic chert beds interbedded with laminated
hematite-eilicate-magnetite beds 48 +1'

14. Laminated heniatite-ailicate-magnetite beds with subordinate
jaspery chert beds and lenses 31

13. Jaspery, conglcaneratic chert beds interbedded with sub-
ordinate laminated heinatite-ailicate-magnetite beds 28

12. liberty taconite with thin irregular magnetite beds, mqgfl*
tite mottles and disseminated 'retite 16

143

LUiQER $LATY MEMBER3

U. Laminated silicate magnetite taconite with subordinate
silicate chert lenses 101

10. Laminated non-magnetic silicate taconite, fissile in part.
6' of fissile "intermediate slate" at bottom (a and S
submember Q) 37

138

LO CHERTY ER
9. liberty taconite with irregular rnngnetite beds. Upper 10'

has dark-colored silicate rich beds instead of magnetite
beds, mak4 ng base of lower slaty somewhat indefinite 37

8. Mottled silicate-magnetite chert with chert "pebbles" and
abundant coarse granules. U

7. liberty taconite with thick (i"±) magnetite beds and mottles 84

6. Mottled cherty taconite with thin, very irregular magnetite
beds. 14

5. Thick jaspery chert beds interbedded with varying propor-
tions of thin, regular laminated inngnetite-hematite-. ilicate-
carbonate beds • 66
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Table 1

G'mATIGRAPHIC SEQUENCE IN THE BIWABIK IRON FORMATION

AUBURN KmE

48 +f

'l'h1ckness
UPPER CHERTY MEMBER in teetl

16.2 Jaspery, conglomeratic and algal chert (G and S submember I) 10 (est.)

Covered interval 10 (est.)

15. Nodular hematitic chert. beds interbedded with laminated
hematite-silicate-magnetite beds

14. Laminated hematite-uilicate-magnetite beds with subordinate
Jaspery chert beds and lenses 31

13. Jaspery, conglomeratic chert beds interbedded with sub-
ordinate laminated hematite-silicate-magnetite beds 28

12. Cherty taconite with thin irregular magnetite beds, magne-
tite mottles and disseminated mBgnetite ....,;;1;;,;;6__--=~

11. Laminated silicate magnetite taconite with subordinate
silicate chert lenses 101

138

10. Laminated non-magnetic silicate taconite, fissile in part.
6' of fissile "intermediate slate" at bottan (G and S
6ubmember Q) .....3;.;7_--=~

LC1WER CHERTY MEMBER

9. Cherty taconite with irregular magnetite beds. Upper 10'
has dark-colored silicate rich beds instead of magnetite
beds, making base of lower slaty somewhat indefinite 37

8. Mottled silicate-magnetite chert with chert "pebbles" and
abundant coarse granules. 11

7. Cherty taconite with thick (1 1ft) magnetite beds and mottles 84

6. Mottled cherty taconite with thin, very irregular magnetite
beds. 14

5." Thick jaspery chert beds interbedded with varying propor­
tions of thin, regular lBDlinated magnetite-hemat1te-s1l1cate-
carbonate beds. 66
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Thickne on

Lover Cherty Member (ConYd) in feet1

Fflyft, henicstitic chert beJa with subordinate laminated
zonos. Seine elastic sand grains near bottcn. Much
carbonate. 8

3. Jaspery, conc'lomeratic and algal ehert with subordinate
laminated zones. Sand graino common. 4

2. l'lassive chioritic (or hematitic) sandstone 8

1. Jaspery, conglomeratic and algal chert 4

236

Total, thickness exposed

P0iGAl4A QUARTZ ITE Base not exposed

* * * * * *

1. Units 15 and 16 measured on bank between truck road, and railroad near entrance
to pit. Units 1 - 5 measured on SW bank, at end, of pit. Remainder measured.
above railroad.

2. Unit nwubers correspond to numbers painted on the walls of the Atthun Mine and
are not Intended to be a new stratigraphic system.

3. The lower slaty-upper cherty contact is not well—marked, and disagreement exists
as to its position.

* * * * * *

The Auburn ore body is of the fissure or trough type and its location and
orientation appear to be controlled by a fracture set striking about N 400 W, nearly
at right angles to the strike of the iron formation. At the SE end. of the mine the
trough is only 50' wide and the ore extended upward from the quartzite through about
U5' of the Lower Cherty member. At the northwest end the trough is 500 feet wide
and ore occurs for about 260 feet frcmt the Lover Slaty-Lcwer Cherty contact to the
outcrop. Exceflent examples of ore slump structures can be seen in the ends of the
pit, especially at the northwest end..
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Ldwer Cherty Member (Cont'd)

4.. 'rhi c k hem~~ti tic chert beis witb sulJordinate laminated
zones. Some clastic sand grains near bottan. Much
carbonate.

3. Jaspery, conglomeratic and algal chert with subordinate
lnminnted zonea. Sand graino common.

z. l-lilsslve chlorit1c (or hematitic) sandstone

1. Juapcry, conglomeratic and algal chert

Thlckneoo
in feetl

a

4:

8

4:
236

Total thickness exposed 5I7

Base not exposed

* * * * * *
1. Units 15 and 16 measured on bank between truck roed and railroad near entrance

to pit. Units 1 - 5 measured on S\rl bank, at BE end of pit. Remainder measured
above railroad.

2. Unit numbers correspond to numbers painted on the walls of the Auburn Mine and
are not intended to be a new stratigraphic system.

3. The lower slaty-upper cherty contact 1s not well-marked and disagreement exists
as to its position.

* * * * * *

The Auburn ore body is of the fissure or trough type and its location and
orientation appear to be controlled by a fracture set striking about N 400 W, nearly
at right angles to the strike of the iron formation. At the SE end. of the mine the
trough is only 50' wide and the ore extended upward from the quartzite through about
115' of the Lower Cherty member. At the northwest end the trough 1s 500 feet wide
and ore occurs for about Z60 feet fran the Lower Slaty-Lower Cherty contact to the
outcrop. Excellent examples of ore slump structures can be seen in the eDds ot the
pit, especially at the northwest end.
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ERIE MINE — The stops in the Erie Mine are sLown on the accompanying
map. The Erie geologists designate units in the Biwabik formation
as follows:

A—F Upper Slaty member — .av. 110'

G—O Upper Cherty member - av. 185'

P—Q Lower Slaty member — av. 105'

R—W Lower Cherty member — av. 125'

Leader: Forrest W. Boyce

Stop 2. Erie — Pit 1 West

This stop is in the upper part of the Lower Cherty member
(units are designated T and S layers by Erie). The Biwabik
formation is composed of tine Stilpnomelane, I!innesotaite, magnetite
and cherty quartz and contains bands, mottles and blotches of' pink
to yellow carbonate.

Stop 3. Erie Pit 2 West

This stop is in middle to upper part of the Upper Cherty
member and the lower part of the Upper Slaty member (F) with the
algal layer (I) well exposed. (Units in this pit are designated
F, (Upper Slaty), G, H, I, J and K by Erie). A diabase sill about

3 feet in thickness occurs near the bottom of the exposed iron
formation in the K layer. Some green mottles of cuminingtonite
occur in the I layer and carbonate mottles in the K layer.

Stop . Erie Pit 3

This stop is in the western part of Pit 3 in T, S. and B
layers in the middle part of the Lower Cherty member. The
rock is a cherty, silicate taconite with layers of cummingtonite.

Stop 5. Erie Pit 3

This stop is in the eastern part of pit 3 in the T, C and F

layers of the Lower Cherty member in about the same stratigraphic
zone as stop 4. Much of the chert in the Biwabik formation has
gone to form actinolite and cumniingtonite. The rock is termed
a magnetite—sflicate taconite. Locally pyrrhotite occurs in the
iron formation.
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as follows:
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Leader: Forrest W. Bovee
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This stop is in the upper part of the Lower Cherty member
(units are designated T and S layers by Erie). The Biwabik
formation is composed of fine Stilpnomelane, Minnesotaite, magnetite
and cherty quartz and contains bands, mottles and blotches of pink
to yellow carbonate.

Stop 3. Erie Pit 2 West

This stop is in middle to upper part of the Upper Cherty
member and the lower part of the Upper Slaty member (F) with the
algal layer (I) well exposed. (Units in this pit are designated
F, (Upper Slaty), G, H, I, J and K by Erie). A diabase sill about
3 feet in thickness occurs near the bottom of the exposed iron
formation in the K layer. Some green mottles of cummingtonite
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Stop 4. Erie Pit 3

This stop is in the western part of Pit 3 in T, S. and R
layers in the middle part of the Lower Cherty member. The
rock is a cherty, silicate taconite with layers of cummingtonite.

Stop 5. Erie Pit 3

This stop is in the eastern part of pit 3 in the T, S and R
layers of the Lower Cherty member in about the same stratigraphic
zone as stop 4. Much of the chert in the Biwabik formation has
gone to form actinolite and cummingtonite. The rock is termed
a magnetite-silicate taconite. Locally pyrrhotite occurs in the
iron formation.
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RESERVE MINING COMPANY

The Reserve Miniqg Company mine is situated in a zone with a
considerable range in mineralogy and texture shown by the Biwabik
formation. The Reserve geologists designate units of the Biwabik
formation as follows:

A—G Upper Slaty member — 100130 av.—120
11—0 Upper Cherty member — 120—160' av.—140
P—Q Lower Slaty member — 75—120' av.'90
H—V Lower Cherty member — 30'—50' av.—30

Stop 6. Reserve Mine (Peter Mitchell Mine)
Leader: James i1. Emanuelson

This stop is in the western part of the mine, northwest of
Crusher No. 2 in the middle part of the Upper Cherty member in the
J, K and L zones. The rock is a magnetite — silicate taconite with
abundant cuznnhingtonite.

Stop 7. Reserve Mine

This stop is in same general stratigranhic zone as stop 6. with
layers from F to 0 exposed. The rock is a magnetite—quartz—silicate
taconite with hedenbergite, ferro—hypersthene, and garnet. There are
local areas of pegmatite.

Stop 8. Dunka Pit

The Dunka pit of the Erie ['lining Company is situated near the
eastern end of the Nesabi Range where the Biwabik formation is
intruded by the Duluth Complex. This stop will, show the upper
part of the Upper Cherty member, the lower part of the Upper Slaty
member, and gabbro of the Duluth Complex.

The taconite is composed of quartz, magnetite, hedenbergite,
fayalite with andradite garnet and locally some hessingerite

The gabbro in this area contains suiphides, chalcopyrite and
pyrrhotite with pentlandite.

The iron formation and gabbro will be observed in the pit and
in outcrops north of the pit.
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RESERVE MINING COMPANY
The Reserve Minil1g Company mine is situated in a zone ~vith a

considera~le range in mineralogy and texture shown by the Biwabik
formation. The Reserve geologists designate units of the Biwabik
formation as follows:

A-G Upper Slaty member - 100'-130' av.-120
H-O Upper Cherty member - 120-160' av.-140
P-Q Lower Slaty member - 75-120' av.-90
R-V Lower Cherty member - 30'-50' av.-30

Stop 6. Reserve Mine (Peter HitcheE Hine)
Leader: James W. Emanuelson

This s top is in the ~ves tern part of the mine, northwest of
Crusher No.2 in the middle part of the Upper Cherty member in the
J, K and L zones. The rock is a magnetite - silicate taconite with
abundant cummingtonite.

Stop 7. Reserve Mine

This stop is in same general stratigraphic zone as stop 6. Hith
layers from F to 0 exposed. The rock is a magnetite-quartz-silicate
taconite with hedenbergite, ferro-hypersthene, and garnet. There are
local areas of pegmatite.

Stop 8. Dunka Pit

The Dunka pit of the Erie Mining Company is situated near the
eastern end of the Hesabi Range where the Bhvabik formation is
intruded by the Duluth Complex. This stop Hill show the upper
part of the Upper Cherty member, the lower part of the Upper Slaty
member, and gabbro of the Duluth Complex.

The taconite is composed of quartz, magnetite, hedenbergite,
fayalite with andradite garnet and locally some hessingerite

The gabbro in this area contains sulphides, chalcopyrite and
pyrrhotite with pentlandite.

The iron formation and gabbro will be observed in the pit and
in outcrops north of the pit.
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Guide to the Geology of the Vermilion Metavolcanic—
Metasedimentary Belt; Northeastern Minnesota

INTRODUCTION

The Vermilion district is a belt of metavolcanic—metasedimentary
rocks more than 100 miles long and as much as 20 miles wide. It is
bordered on the north and south by younger granitic batholiths (Fig. 1)
of Algoman (Kenoran) age. The region is typical of Lower Precambrian
(>2,500 m.y.) greenstone—metasediment--granite complexes of the Superior
province.

The metavolcanic—metasedimentary sequence constitutes a complex
volcanic pile, characterized by interfingering of lithologies and local
repetitions of volcanism. Most of the metasediinents are composed of
volcanic detritus, and probably include volcaniclastic and epiclastic
rocks. Numerous coeval and younger igneous rocks occur locally within
the sequence.

The stratified sequence was metamorphosed and deformed before and
during emplacement of the bordering granitic rocks of the Giants Range
batholith and the Vermilion batholith. Pervasive greensehist facies
assemblages were developed except adjacent to the intrusive bodies where
metamorphism attained aniphibolite grade. Deformation consisted of two
major foldings and of later faulting on a major scale.

ST RATIGRAPHY

The metavolcanic and metasedimentary rocks are assigned to five
formations (Morey and others, 1970). The oldest formation, the Ely
Creenstone — composed mainly of mafic metavolcanic rocks — is overlain
stratigraphically in the west by the Lake Vermilion Formation and
locally, the Soudan Iron—formation, and in the central part by the
Knife Lake Group (Figs. 2 & 3). Both the Lake Vermilion Formation and
the Knife Lake Group are composed mainly of intermediate—felsic pyro—
clastic deposits and volcanogenic sandstones. The Newton Lake Formation,
a younger mafic to intermediate—felsic metavolcanic unit, overlies the
Knife Lake Group in the central part of the district and interfingers with
it to the east (Fig. 3). A generalized and idealized pre—deformational
stratigraphic sequence for the western part of the district is shown in
figure 4.

Ely Greenstone

The Ely Greenstone, as redefined (?Iorey and others, 1970), is an

elongate body of dominantly mafic metavolcanic rocks, on the average
2—4 miles wide, that extends from the vicinity of Tower eastward to
Moose Lake, a distance of about 40 miles (Figs. 2 & 3). Pillowed or
massive metabasaltic lavas and metadiabase dominate the formation.
Pillowed lavas of andesitic comnosition, interinediate—felsic pyroclastic
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The Vermilion district is a belt of metavolcanic-metasedimentary
rocks more than 100 miles long and as much as 20 miles wide. It is
bordered on the north and south by younger granitic batholiths (Fig. 1)
of Algoman (Kenoran) age. The region is typical of Lower Precambrian
(>2,500 m.y.) greenstone-metasediment-granite complexes of the Superior
province.

The metavolcanic-metasedimentary sequence constitutes a complex
volcanic pile, characterized by interfingering of lithologies and local
repetitions of volcanism. Most of the metasediments are composed of
volcanic detritus, and probably include volcaniclastic and epiclastic
rocks. Numerous coeval and younger igneous rocks occur locally within
the sequence.

The stratified sequence was metamorphosed and deformed before and
during emplacement of the bordering granitic rocks of the Giants Range
batholith and the Vermilion batholith. Pervasive greenschist facies
assemblages were developed except adjacent to the intrusive bodies where
metamorphism attained amphibolite grade. Deformation consisted of two
major foldings and of later faulting on a major scale.

STRATIGRAPHY

The metavolcanic and metasedimentary rocks are assigned to five
formations (Morey and others, 1970). The oldest formation, the Ely
Greenstone - composed mainly of mafic metavolcanic rocks - is overlain
stratigraphically in the west by the Lake Vermilion Formation and
locally, the Soudan Iron-formation, and in the central part by the
Knife Lake Group (Figs. 2 & 3). Both the Lake Vermilion Formation and
the Knife Lake Group are composed mainly of intermediate-felsic pyro­
clastic deposits and volcanogenic sandstones. The Newton Lake Formation,
a younger mafic to intermediate-felsic metavolcanic unit, overlies the
Knife Lake Group in the central part of the district and interfingers with
it to the east (Fig. 3). A generalized and idealized pre-deformational
stratigraphic sequence for the western part of the district is shown in
figure 4.

Ely Greenstone

The Ely Greenstone, as redefined (Horey and others, 1970), is an
elongate body of dominantly mafic metavolcanic rocks, on the average
2-4 miles wide, that extends from the vicinity of Tower eastward to
Moose Lake, a distance of about 40 miles (Figs. 2 & 3). Pillowed or
massive metabasaltic lavas and metadiabase dominate the formation.
Pillowed lavas of andesitic composition, intermediate-felsic pyroclastic
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deposits, maf ic—intermediate epiclastic deposits, chert and banded
iron—formation, and siliceous carbonaceous tuff (?) comprise the
remainder. Andesite and dacite porphyry are conmion hypabyssal
intrusive rocks. The green color of most of the rocks is due to
abundant secondary chlorite and green amphibole.

The ruaxinul exposed thickness of the Ely is estimated at about
15,000 feet; the tops of separate flows are consistently to the north,
as indicated by pillows.

Soudan Iron—formation

The Soudan Iron—formation, the thickest and most continuous banded
iron—formation in the sequence, extends from Tower and Soudan eastward
for a distance of about 16 miles (Fig. 2).

In the Tower—Soudan area it is overlain directly by intermediate—
felsic volcaniclastic rocks of the Lake Vermilion Formation, whereas east
of Armstrong Lake (Fig. 2) it is overlain directly by at least 7,000 feet
of mafic—interinediate metavolcanic rocks with lenses of banded iron—
formation, which are assigned to the Ely Greenstone. Thus, the Soudan,
which represents a time—stratigraphic unit, is a useful indicator of the
essential contemporaneity of intermediate—felsic volcanism in the west
(Lake Vermilion Formation) and mafic volcanism in the east (Ely Greenstone).

The Soudan Iron—formation, as redefined (Morey and others, 1910),
consists of several types of ferruginous cherts that are interbedded
with fine—grained carbonaceous and sericitic tuffs (?) and local meta—
basalt; all are intruded by metadiabase and dacitic porphyries. The

thickness of the formation has not been determined accurately because
of complex folding, but probably is less than 1,000 feet. It should be
noted that the iron—formation in the Ely trough (Reid, 1956), which has
yielded large quantities of high—grade hematite iron ore, probably is
not equivalent to the Soudan Iron—formation. The high—grade hematite
ores that were mined in the Soudan Iron—formation at Soudan (Klinger,
1956) and in the banded iron—formation at Ely (Machamer, 1968) are
considered to have been formed by hydrothermal processes (Gruner, 1926).

Lake Vermilion Formation

In the extreme western part of the district (Fig. 2), the Lake
Vermilion Formation overlies either the Ely Greenstone or the Soudan
Iron—formation. Until recently these strata were assigned to the
Knife Lake Group. They were reassigned (Morey and others, 1970) to
the Lake Vermilion Formation because they are not demonstrably con-
tinuous with strata exposed in the type area of the Knife Lake, in the
eastern part of the district.

The Lake Vermilion is a heterogeneous formation which has been
divided (Morey and others, 1910) into four informal members — a feldspathic
quartzite member, a metagraywacke—slate member, a volcaniclastic member,
and a mixed metagraywacke—felsic conglomerate member.
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deposits, mafic-intermediate epiclastic deposits, chert and banded
iron-formation, and siliceous carbonaceous tuff (?) comprise the
remainder. Andesite and dacite porphyry are common hypabyssal
intrusive rocks. The green color of most of the rocks is due to
abundant secondary chlorite and green amphibole.

The maximum exposed thickness of the Ely is estimated at about
15,000 feet; the tops of separate flows are consistently to the north,
as indicated by pillows.

Soudan Iron-formation

The Soudan Iron-formation, the thickest and most continuous banded
iron-formation in the sequence, extends from Tower and Soudan eastward
for a distance of about 16 miles (Fig. 2).

In the Tower-Soudan area it is ov~rlain directly by intermediate­
felsic volcaniclastic rocks of the Lake Vermilion Formation, whereas east
of Armstrong Lake (Fig. 2) it is overlain directly by at least 7,000 feet
of mafic-intermediate metavolcanic rocks with lenses of banded iron­
formation, which are assigned to the Ely Greenstone. Thus, the Soudan,
which represents a time-stratigraphic unit, is a useful indicator of the
essential contemporaneity of intermediate-felsic volcanism in the west
(Lake Vermilion Formation) and mafic volcanism in the east (Ely Greenstone).

The Soudan Iron-formation, as redefined (Morey and others, 1970),
consists of several types of ferruginous cherts that are interbedded
with fine-grained carbonaceous and sericitic tuffs (7) and local meta­
basalt; all are intruded by metadiabase and dacitic porphyries. The
thickness of the formation has not been determined accurately because
of complex folding, but probably is less than 1,000 feet. It should be
noted that the iron-formation in the Ely trough (Reid, 1956), which has
yielded large quantities of high-grade hematite iron ore, probably is
not equivalent to the Soudan Iron-formation. The high-grade hematite
ores that were mined in the Soudan Iron-formation at Soudan (Klinger,
1956) and in the banded iron-formation at Ely (Machamer, 1968) are
considered to have been formed by hydrothermal processes (Gruner, 1926).

Lake Vermilion FO~lation

In the extreme ~~estern part of the district ~Fig. 2), the Lake
Vermilion Formation overlies either the Ely Greenstone or the Soudan
Iron-formation. Until recently these strata were assigned to the
Knife Lake Group. They were reassigned (Morey and others, 1970) to
the Lake Vermilion Formation because they are not demonstrably con­
tinuous with strata exposed in the type area of the Knife Lake, in the
eastern part of the district.

The Lake Vermilion is a heterogeneous formation which has been
divided (Morey and others, 1970) into four informal members - a fe1dspathic
quartzite member, a metagraywacke-slate member, a volcaniclastic member,
and a mixed metagra~vacke-felsicconglomerate member.
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The feldspathic quartzite member, composed dominantly of
volcanogenic minerals and rock fragments of dacitic composition, -ts

in contact with the Ely Grenstone at the fold nose southwest of Tower
(Fig. 2), and is older than the metagraywacke—slate member, as indicated
by graded beds. The metagraywacke—slate member, which Is areally the
most extensive member, directly overlies the Ely Greenstone locally, as
on the south limb of the fold at Tower, but for the most 'part Is in contact
with the older quartzite. The graywacke generally are well bedded and
commonly are graded; like the feldspathic quartzite, they consist mainly
of volcanogenic debris. A chioritic fades occurs on the shores of the
eastern part of Lake Vermilion, but a biotitic fades, containing scattered
amphibole, is dominant elsewhere. The member contains several interbedded
lenses of metabasalt that are sufficiently large to be shown on figure 2.

The volcaniclastic member is of interest because it was interp:eted
previously to be mainly a conglomerate (Clements, 1903) related to the
Laurentian orogeny. Instead, it is dominantly tuff and agglomerate of
dacitic composition, with lesser dacitic lavas, banded iron—formations,
and euxenic black slates. Locally, dacite porphyry intrudes the various
rock types. The agglomerates, which are interbedded with tuffs, consist
of sub—rounded felsite to felsite porphyry cobbles and boulders in a
fine—grained matrix of similar composition. txotic rock fragments, mainly
iron—formation and greenstone, constitute only one or two percent of the
rock.

The mixed metagraywacke—felsic conglomerate member, which occupies
an area of about 30 square miles on the south limb of the fold south of
Tower, interfingers with and is stratigraphically overláin by the meta—
graywacke—slate member (Fig. 2). It consists of a maximum of about
10,000 feet of felsic to mafic volcaniclästic rocks, felsite flows, several
types of conglomerates and agglomerates, and metagraywacke (Griffin, 1969;
Griffin and Morey, 1969).

The thickness of the Lake Vermilion Formation and its constituent
members is poorly known because of complex folding and faulting and
rather poor exposures. In the Tower quadrangle, the quartzite member
is estimated to be 1,500—2,000 feet thick and the volcaniclastic member
to be a maximum of about 4,000—5,000 feet thick. The metagraywacke—slate

member is at least 3,000 feet thick and is probably much thicker.

Knife Lake Group

Rocks of the Knife Lake Group directly overlie the Ely Greenstone
from the vicinity of Ely, where the Knife Lake terminates against a fault,
eastward to Moose Lake (Fig. 3). The Knife Lake Group, as redefined
(Morey and others, 1970), consists dominantly of graywacke, slate, and
phyllite but includes substantial amounts of pyroclastic rocks, lava

flows, and conglomerates. Gruner (1941, p. 1624) estimated that the

Knife Lake near the eastern end of the district is about 15,000 feet

thick, but this figure may be conservative.
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Rocks of the Knife Lake Group directly overlie the Ely Greenstone
from the vicinity of Ely, where the Knife Lake terminates against a fault,
eastward to Moose Lake (Fig. 3). The Knife Lake Group, as redefined
(Morey and others, 1970), consists dominantly of gra~vacke, slate, and
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Knife Lake near the eastern end of the district is about 15,000 feet
thick, but this figure may be conservative.
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Newton Lake Formation

The Newton Lake Formation was mapped earlier (Clements, 1903)
as Ely Greenstone, but has been renamed (Morey and others, 1970; Green,
l970)because it is stratigraphically younger than the Knife Lake Group
(Fig. 3). The formation is truncated on the north by the Vermilion
fault and along strike to the northeast by granitic rocks of the
Vermilion batholjth. At its western extremity, near :olf Lake, the
formation is truncated by a fault (Fig. 2).

The western part of the Newton Lake formation is composed princi-
pally of mafic volcanics and the eastern part of intermediate—felsic
volcanic members, which interfinger in the vicinity of Newton Lake.
The mafic volcanic member consists dominantly of metabasalt and meta—
andesite lavas, some of which are pillowed, and fine—to—coarse—grained
metadiabase and tuff or tuff—breccia. Several small bodies of serpen—
tinized peridotite are associated spatially with the metabasalt and
metadiabase. Small lenses of siliceous marble and banded iron—formation
occur locally in the formation. The felsic member, east of Newton Lake,
is composed of felsic—intermediate volcanics, dominantly tuff—breccia
deposits and lesser flows. At places, metabasalt is interbedded with
the dominantly felsic volcanics.

Intrusive Rocks

Five distinct episodes of intrusive activity are recognized in the
region. In order of inferred age, from oldest to youngest, these are
(1) synvolcanic bodies, including hypabyssal porphyries, which have a
wide range of composition, metadiabase and metagabbro, and serpentinized
peridotite, (2) lamprophyres and related hornblende—bearing rocks, (3)

plutonic rocks of the Giants Range and Vermilion batholiths, which are
syntectonic, (4) altered diorite—gabbro which forms large dikes that are
post—tectonic, and (5) basalt, which forms small, discontinuous, scattered
dikes. In addition, the Saganaga Granite of Winchell (1888) at the eastern
end of the district (Fig. 1) is approximately equivalent in age to the
rocks of the two batholiths and intrudes the older rnetavolcanics (Grout,
1929; Hanson and Goldich, 1970).

The plutonic rocks of the Vermilion and Giants Range batholiths pro-
foundly affected the volcanic—sedimentary sequence. Granitic rocks of the
composite Giants Range batholith, on the south, irregularly intrude the
sequence or are in fault contact with it, and have cut out an unknown amount
of section at the base of the Ely Greenstone. Where the granite is not in
fault contact with the lower—grade volcanic—sedimentary rocks, it has normal
intrusive relationships to the older strata, with the development of
amphibolite—facies assemblages adjacent to the contact. The Vermilion
batholith, on the north side of the district, transects the upper strati—
graphic part of the supracrustal sequence. This leucocratic biotite granite
includes wide zones of abundant inclusions of biotite schist and amphibolite
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homoclinal, northward—younging sequence in the central part of the district,
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Newton Lake Formation

The Newton Lake Formation was mapped earlier (Clements, 1903)
as Ely Greenstone, but has been renamed (Morey and others, 1970; Green,
1970)because it is stratigraphically younger than the Knife Lake Group
(Fig. 3). The formation is truncated on the north by the Vermilion
fault and along strike to the northeast by granitic rocks of the
Vermilion batholith. At its western extremitYt near Wolf Lake, the
formation is truncated by a fault (Fig. 2).

The western part of the Newton Lake formation is composed princi­
pally of mafic volcanics and the eastern part of intermediate-felsic
volcanic members t which interfinger in the vicinity of Newton Lake.
The mafic volcanic member consists dominantly of metabasalt and meta­
andesite lavas t some of which are pillowed, and fine-to-coarse-grained
metadiabase and tuff or tuff-breccia. Several small bodies of serpen­
tinized peridotite are associated spatially with the metabasalt and
metadiabase. Small lenses of siliceous marble and banded iron-formation
occur locally in the formation. The felsic member, east of Newton Lake t
is composed of felsic-intermediate volcanics, dominantly tuff-breccia
deposits and lesser flows. At places, metabasalt is interbedded with
the dominantly felsic volcanics.

Intrusive Rocks

Five distinct episodes of intrusive activity are recognized in the
region. In order of inferred age, from oldest to youngest, these are
(1) synvolcanic bodies, including hypabyssal porphyries, which have a
wide range of composition, metadiabase and metagabbro, and serpentinized
peridotite t (2) lamprophyres and related hornblende-bearing rocks, (3)
plutonic rocks of the Giants Range and Vermilion batholiths, which are
syntectonic, (4) altered diorite-gabbro which forms large dikes that are
post-tectonic, and (5) basalt, which forms small, discontinuous, scattered
dikes. In addition, the Saganaga Granite of Winchell (1888) at the eastern
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whereas they are both complexly folded and faulted in the western and
eastern parts. Deformation was not pervasive, and primary structures
remain in most of the rocks. Graded bedding and other primary features
remain in the graywacke—slate successions, and pillow structu:es and
variolites are remarkably well preserved in the mafic metavolcanic rocks.
At places, however, a penetrative deformation, mainly shearing, has
obliterated the bedding.

In the western part of the area the rocks are complexly folded as
a result of two distinct episodes of deformation. The younger folds and
a pervasive accompanying cleavage largely obscure the older folds, al-
though the older folds were important in determining the distribution
of the rocks. Detailed studies in the Tower quadrangle and adjacent areas
(Hooper and Ojakangas, 1971) indicate that the metasedimentary strata,
and to a lesser degree the metavolcanic rocks, first were folded on west-
northwest—trending axes. These (F1) folds were tight to isoclinal, had
steep axial planes, and probably had gentle or moderate plunges. Major
fold axes, as determined by consistently facing or opposing tops of beds,
were spaced from 700 to 1,500 feet apart. The younger (F2) folds, which
comprise most of the mappable ones, are strongly asymmetric and have
steep axial planes that trend eastward. In most of the area the (F2) folds
are dominantly Z—folds, and the northwest—trending limbs are two or more
times longer than the southwest—trending limbs; plunges are generally
steep. The intersection of a pervasive, mild, axial plane cleavage with
bedding is parallel to F2 fold axes. In biotite— and higher—grade rocks,
new minerals are aligned parallel to the cleavage—bedding intersection.
In the Tower area, several nearly vertical structures — faults, joints,
and kink bands of a third deformation displace the cleavage of the F2
deformation.

High—angle faults of two trends, longitudinal and transverse, break
the metavolcanic—metasedimentary sequence into a number of blocks or
segments and separate it in part from the marginal batholithic rocks.
The Vermilion fault (Sims and others, 1968), a longitudinal fault with
an inferred length of 300 miles (Sims, 1970) generally separates the
Vermilion batholith and associated amphibolite facies schists from lower—
grade rocks of the district. The amount and directionof the horizontal
component of movement is not known, but possibly is several miles. The
vertical displacement is inferred to be on the order of a mile, to bring
higher—temperature--facies rocks on the north against lower—temperature—
facies rocks in the district. Other longitudinal faults, some of which
appear to be strands from the Vermilion fault, slice the northern part
of the district into separate segments. The transverse faults trend
northeastward or north—northeastward and have dominantly left lateral
displacements; the principal faults of this Set have measureable
displacements of about 3—4 miles (Griffin and Morey, 1969).

The major faults of the area are expressed commonly as narrow,
linear topographic depressions. Where exposed, they are seen to
consist either of wide zones of crushed and altered rock or of intensely
silicified and altered rocks.
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Figure 1. Generalized geologic map of the Vermilion district, Minnesota (Morey & cthers, 1970)
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Figure 2. Geology of the western part of Vermilion district, Minnesota (Norey & others, 1970).
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Figure 4.

Basalt—andesite

GENERALIZED AND IDEALIZED PRE—DEFORMATIONAL VOLCANIC PILE,
WESTERN VERMILION DISTRICT

(Not to scale. Numbers indicate approximate stratigraphic positions
of field trip stops.)
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(Not to scale. Numbers indicate approximate stratigraphic positions
of field trip stops.)
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VERMILION DISTRICT FIELD TRIP

INTRODUCTION

This field trip is designed to be a one—day trip, starting near Ely
and ending a few miles west of Tower. Representative outcrops of most
of the major rock types in the Vermilion district are included. Most

stops are in the Lake Vermilion Formation, the Ely Greenstone, and the
Soudan Iron—formation. None are in the Knife Lake Group because good
exposures are not easily accessible; however, the Knife Lake rocks are
similar to those in the Lake Vermilion Formation.

Stop 1 Any of several roadcuts 2—10 miles South of Ely on Hwy. 1.

Giants Range bathalith

Most abundant facies in this area ('Farm Lake Fades' of Green, 1970) is
medium—grained, porphyritic hornblende—biotite quartz—poor adainellite with
pink K—spar phenocrysts. Hornblende and K—spar are commonly aligned in flow
structure. Monzonitic, granodioritic, and dioritic phases also occur; all
have been cut by shear zones locally.

Stop 2 South of Ely on Hwy 1. Outcrops under powerline on E side of Hwy 1, 1.4

mi. S of junction with Hwy 169.

Ely Greens tone

Dacitic to andesitic, pillowed lavas characteristic of a zone within the

Ely Greenstone that trends E—W south of Ely. Pillow shapes show tops face

north, as in most of the formation. These volcanics are cut by aplitic

dikes related to the Giants Range batholith; the hidden contact lies in
the slope to the southwest, and granite outcrop can be seen near the base
of the slope.

StoRj Roadcuts on Hwy 169, at curve about 0.25 ml. 14. of Ely.

Ely Greenstone

Pillowed metabasalt that is typical of the màflc lavas of the Ely Creenstone

is exposed in road cut on north side of highway. The pillow structures have

smoothly rounded tops, nearly flat bases, and are somewhat drawn out in

vertical dimension. The chilled rinds are a fraction of an inch thick. The

pillow structures strike approximately N.20° U., dip 800 SE , and face
southeastward. The long dimension of the pillows is subparailel to the
intersection of cleavage and bedding and plunge-s steeply northeastward.
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VERMILION DISTRICT FIELD TRIP

INTRODUCTION

This field trip is designed to be a one-day trip, starting near Ely
and ending a few miles west of Tower. Representative outcrops of most
of the major rock types in the Vermilion district are included. Most
stops are in the Lake Vermilion Formation, the Ely Greenstone, and the
Soudan Iron-formation. None are in the Knife Lake Group because good
exposures are not easily accessible; however, the Knife Lake rocks are
similar to those in the Lake Vermilion Forma.tion.

Stop 1 Any of several roadcuts 2-10 miles South of Ely on Hwy. 1.

Giants Range batholith

Most abundant facies in this area C'Farm Lake Facies" of Green, 1970) is
medium-grained, porphyritic hornblende-biotite quartz-poor adamellite with
pink K-spar phenocrysts. Hornblende and K-spar are con~only aligned in flow
structure. Monzonitic, granodioritic, and dioritic phases also occur; all
have been cut by shear zones locally.

Stop 2 South of Ely on Hwy 1. Outcrops under pmverline on E side of Hwy l, 1. 4
mi. S of junction with Hwy 169.

Ely Greenstone

Dacitic to andesitic, pillowed lavas characteristic of a zone within the
Ely Greenstone that trends E-W south of Ely. Pillow shapes show tops face
north, as in most of the formation. These volcanics are cut by aplitic
dikes related to the Giants Range batholith; the hidden contact lies in
the slope to the southwest, and granite outcrop can be seen near the base
of the slope.

Stop 3 Roadcuts on Hwy 169, at curve about 0.25 mi. W. of Ely.

Ely Greenstone

Pillmved metabasalt that is typical of the mafic lavas of the Ely Greenstone
is exposed in road cut on north side of higlmay. The pillow structures have
smoothly rounded tops, nearly flat bases, and are somewhat drawn out in
vertical dimension. The chilled rinds are a fraction of an inch thick. The
pillmv structures strike approximately N. 20° Eo, dip 80° SE., and face
southeastward. The long dimension of the pillows is subparallel to the
in~ersection of cleavage and bedding and plunges steeply northeastward.
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The exposures are on the northwest limb of a tight syncline, the axis
of which passes through the Ely trough. The Ely trough contains an
iron—formation that was largely altered to hematite, and which was a
substantial source of direct—shipping hematite ore.

On the south side of highway, fine—to—medium—grained metadlabase is
exposed in road cut and on hill to south. The metadiabase intrudes and
crosscuts the pillowed metabasalt. A contact can be seen in the southern part
of the crest of the hill.

Stop 4. About 2.5 ml. W of Stop 3 on Hwy 169, turn N (right) on road to Burntside
Lodge (Co. 88). Continue on road past bridge over Burntside River and
past junction with Van Vac road (on left). About 1.4 miles past Van Vac
road, turn left (on curve) on private road. Stop in about 0.2 miles
north on private road, at curve to right.

Newton Lake Formation

Serpentinized metaperidotite and associated gabbroic rocks are exposed
from base of hill northward to crest.

Serpentinized peridotite is exposed at base of hill. It is about 150
feet thick, is nearly black, and contains some poikilitic augite.
Iniinediately north of serpentinized periodite and apparently gradational
into it is a coarse—grained hypersthene (?) gabbro, which grades in turn
into a gabbro (higher on hill). The gabbro appears to have some crude
compositional layering and is in part diabasic. On crest of hill, part
of the gabbro (or diorite) contains coarse, radiating pyroxene crystals,
as much as an inch long. There is some interstitital quartz and feldspar
granophyric material in this phase of the rock. Pyrite is widely scat-
tered through the gabbroic rocks.

The ultramafic—mafic body at this stop is near the southwestern end of an
intrusive sheet that is about 3.5 miles long and 1,000 feet or more thick,
and which underlies little Long Lake. The sheet appears to be a differ-
entiated body, from peridotite at the base to gabbro at the top. North
of the eastern end of Little Long Lake, a small body of serpentinized
peridotite, within metadiabase, is exposed in a roadcut along the Echo
Trail. The top of the body is truncated by the Vermilion fault.

Stop 5 Roadcut about 13.0 miles W of Ely and about 2.5 ml. W of Eagle's Nest
Lake road (Co. 408) on Hwy 169. Other outcrops of similar rocks are also
present along the highway.

Soudan Iron—formation and cross—cutting dacite.

Roadcut in Soudan Iron—formation. A quartz—feldspar (dacite)
porphyry dike and Ely Creenstone are exposed at east edge of outcrop.
The iron—formation is composed of interlayered red and white chert and
opaque iron oxide layers; it is deformed into drag folds that plunge
500_600 N.E. Beyond a covered interval of 0.1 miles to the east, the
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The exposures are on the northwest limb of a tight syncline, the axis
of which passes through the Ely trough. The Ely trough contains an
iron-formation that was largely altered to hematite, and which was a
substantial source of direct-shipping hematite ore.

On the south side of highway, fine-to-medium-grained metadiabase is
exposed in road cut and on hill to south. The metadiabase intrudes and
crosscuts the pillowed metabasalt. A contact can be seen in the southern part
of tile crest of the hill.

Stop 4. About 2.5 mi. \oJ of Stop 3 on Hwy 169, turn N (right) on road to Burntside
Lodge (Co. 88). Continue on road past bridge over Burntside River and
past junction with Van Vac road (on left). About 1.4 miles past Van Vac
road, turn left (on curve) on private road. Stop in about 0.2 miles
north on private road, at curve to right.

Newton Lake Formation

Serpentinized metaperidotite and associated gabbroic rocks are exposed
from base of hill northward to crest.

Serpentinized peridotite is exposed at base of hill. It is about 150
feet thick, is nearly black, and contains some poikilitic augite.
Immediately north of serpentinized periodite and apparently gradational
into it is a coarse-grained hypersthene (?) gabbro, which grades in turn
into a gabbro (higher on hill). The gabbro appears to have some crude
compositional layering and is in part diabasic. On crest of hill, part
of the gabbro (or diorite) contains coarse, radiating pyroxene crystals,
as much as an inch long. There is some interstitital quartz and feldspar
granophyric material in this phase of the rock. Pyrite is widely scat­
tered through the gabbroic rocks.

The ultramafic-mafic body at this stop is near the southwestern end of an
intrusive sheet that is about 3.5 miles long and 1,000 feet or more thick,
and which underlies little Long Lake. The sheet appears to be a differ­
entiated body, from peridotite at the base to gabbro at the top. North
of the eastern end of Little Long Lake, a small body of serpentinized
peridotite, within metadiabase, is exposed in a roadcut along the Echo
Trail. The top of the body is truncated by the Vermilion fault.

Stop 5 Roadcut about 13.0 miles W of Ely and about 2.5 mi. W of Eagle's Nest
Lake road (Co. 408) on H\vy 169. Other outcrops of similar rocks are also
present along the highway.

Soudan Iron-formation and cross-cutting dacite.

Roadcut in Soudan Iron-formation. A quartz-feldspar (dacite)
porphyry dike and Ely Greenstone are exposed at east edge of outcrop.
The iron-formation is composed of interlayered red and white chert and
opaque iron oxide layers; it is deformed into drag folds that plunge
50 0 -60 0 N.E. Beyond a covered interval of 0.1 miles to the east,the



iron—formation consists of thin to thick, black, red and white chert
beds interlayered with black argillaceous beds that contain abundant
veins, stringers, and beds of euhedral pyrite. The beds trend about
N.85° and W. and dip 80°N.

This dacite is representative of the felsic volcanic rocks
which apparently provided the detritus for most of the sedimentary
and tuffaceous rocks of the district.

Stop 6 Outcrop just W of Stuntz Bay road at crest of Soudan Hill, at the N, edge
of village of Soudan, 1,000 ft E. of Soudan mine. Conserve this outcrop.

Soudan Iron—formation

This is a much—visited classic exposure of folded Soudan Iron—formation
comprised of alternating beds of hematite and jasper. The nearby Soudan
mine was opened in 1884, and operated continuously until 1962. when it was
deeded to the state by U. S. Steel for the development of Tower—Soudan State
Park. It was the first iron ore mine in Minnesota; 15.5 million tons of
high grade ore (63—66% Fe) were shipped.

Most of the small folds are the result of the second deformation in
the area, and these (F2) folds plunge to the east at steep angles. However,

evidence of an earlier set of folds is provided by structures such as
these in the sketches below.

F1 AND F2 INTERFERENCE PATTERNS

F1 fold axis

F2 fold axis

F1 FOLD MODIFIED BY F2

DEFORMATION

Approximate
N

1
H

One Foot

Approximate Scale
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iron-formation consists of thin to thick, black, red and white chert
beds interlayered with black argillaceous beds that contain abundant
veins, stringers, and beds of euhedral pyrite. The beds trend about
N.85° and W. and dip 80 o N.

This dacite is representative of the felsic volcanic rocks
which apparently provided the detritus for most of the sedimentary
and tuffaceous rocks of the district.

Stop 6 Outcrop just W of Stuntz Bay road at crest of Soudan Hill, at the N. edge
of village of Soudan, 1,000 ft E. of Soudan mine. Conserve this outcrop.

Soudan Iron-formation

This is a much-visited classic exposure of folded Soudan Iron-formation
comprised of alternating beds of hematite and jasper. The nearby Soudan
mine was opened in 1884, and operated continuously until 1962, when it was
deeded to the state by U. S. Steel for the development of Tower-Soudan State
Park. It was the first iron ore mine in Minnesota; 15.5 million tons of
high grade ore (63-66% Fe) were shipped.
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Stqpl Several outcrops on peninsula in Lake Vermilion, east of McKinley
Bay, I and W of development road.

Lake Vermilion Formation, Volcaniclastic Member

White dacitic tuff, white dacitic agglomerate, black carbon—
iferous (?) slate and minor chloritic graywacke, all of the volcani—
clastic member, are interbedded in this area. The westernmost exposures
of the Soudan Iron—formation also occur here. Good exposures of the
agglomerate are best reached by boat; therefore, we shall only see some
large glacial erratics of this rock type which are virtually in place.

The dacitic tuff is very difficult (arid commonly impossible) to
distinguish from dacite flows. Study of thin sections is usually
necessary to resolve the question. It is some thmfort to know that
Clements (1903) and numerous other workers had similar difficulties.
The tuff is composed of three main components — dacitic volcanic rock
fragments, plagioclase, and volcanic quartz. Recrystallization causes
the volcanic rock fragments to appear as a fine—grained quartz—
plagioclase matrix.

stop 8 Large roadcuts 0.3 mi. W of Tower on Hwy 169,

Lake Vermilion Fornation, Felds athic Quartzite Member

This is a limonite—stained exposure of the conglomeratic facies
of the feldspathic quartzite member. Bedding and clasts are best
observed on the glaciated surface at the western end of the south
roadcut. Pyrite and pyrrhotite are the major sulfides present, and
appear to have replaced slaty fragments .in the conglomerate. Most
clasts are volcanic rocks, probably mostly dacitic. The matrix is
similar to the feldspathic quartzite of Stop 10. Note the strong
development of F2 lineation which plunges easterly at about 600.

5t229 Small outcrop S of Hwy 169, in and across ditch, 1.1 mi. W of Tower.
(optional)

Lake Vermilion Formation, FeljIiicQuartzite Member

Lapilli tuff (?) in the basal part of the feldspathic quartzite
newiber. This is the only exposure of this rock type in the immediate
area; it appears to be transitional in texture between the dacitic
tuffs and dacitic agglomerates.

Stop 8
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Several outcrops on peninsula in Lake Vermilion, east of McKinley
Bay, E and W of development road.

Lake Vermilion Formation, Volcaniclastic Member

Hhite dacitic tuff, white dacitic agglomerate, black carbon­
iferous (?) slate and minor chloritic graywacke, all of the volcani­
clastic member, are interbedded in this area. The westernmost exposures
of the Soudan Iron-formation also occur here. Good exposures of the
agglomerate are best reached by boat; therefore, we shall only see some
large glacial erratics of this rock type which are virtually in place.

The dacitic tuff is very difficult (and commonly impossible) to
distinguish from dacite flows. Study of thin sections is usually
necessary to resolve the question. It is some comfort to know that
Clements (1903) and numerous other workers had similar difficulties.
The tuff is composed of three main components - dacitic volcanic rock
fragments, plagioclase, and volcanic quartz. Recrystallization causes
the volcanic rock fragments to appear as a fine-grained quartz­
plagioclase matrix.

Large roadcuts 0.3 mi. W of Tower on Hwy 169.

Lake Vermilion Formation, feldspathic Quartzite Member

This is a limonite-stained exposure of the conglomeratic facies
of the feldspathic quartzite member. Bedding and clasts are best
observed on the glaciated surface at the western end of the south
roadcut. Pyrite and pyrrhotite are the major sulfides present, and
appear to have replaced slaty fragments ,in the conglomerate. Most
clasts are volcanic rocks, probably mostly dacitic. The matrix is
similar to the feldspathic quartzite of Stop 10. Note the strong
development of F2 lineation ~vhich plunges easterly at about 60°.

~t.-<?.p_J_ Small outcrop S of thvy 169, in and across ditch, 1.1 mi. W of Tower.
(optional)

Lake Vermilion formation, feldspathic ~uartzite Member

Lapilli tuff (?) in the basal part of the feldspathic quartzite
melilber. This is the only exposure of this rock type in the immediate
area; it appears to be transitional in texture between the dacitic
tuffs and dacitic ap,glomerates.



Note:

Stop 10
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South of the highway in the woods on West Two Rivers is tte folded
western end of the Ely Greenstone. The fold nose points Wbut the
fold plunges E at about 55°. This is an antiformal mass cored by
older, mafic volcanics whose fold axis plunges toward the older rocks
the wrong way. Some small folds at Stop 11 exhibit the same structure.

Roadcuts N & S of Hwy 169, 1.85 mi W of Tower.

Lake Vermilion Formation, Feldspathic Quartzite Member

Feldspathic quartzite is an unfortunate choice of field terms,
as the rock is largely composed of plagioclase and volcanic rock
fragments with only minor large quartz grains (see below). Faint
bedding and lamination are visible on some parts of the outcrop, and
a sericitic phyllite band occurs on the north cut. At the east end of
the south cut, felsic volcanic fragments up to an inch in diameter are
visible. The 20 ft.-thick dike of diabasic gabbro at the tvest end
of the outcrop is the youngest rock in the area. It has a minimum
K-Ar age of 1570 m.y., and similar dikes a few miles away have ages
of 1520 and 1685 m.y. (Hanson & Malhotra, 1971). The dike exhibi~s

excellent chilled contacts and some inclusions of the quartzite.

The feldspathic quartzites contain 20-30% plagioclase; 15-30%
felsic volcanic rock fragments; 30% fine recrystallized quartz and
plagioclase which probably represents, in large part, recrystallized
volcanic rich fragments, plagioclase and quartz; 5-10% micaceous matrix;
and 5-10% quartz, including some quartz which is definitely of volcanic
origin.
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Stp_11 Long roadcut S of Hwy 169, 2.5 rid. W of Tower. Conserve these folds.

Lake Vermilion_Formation jjrwacke—Slate Member

Strongly folded biotitic metagraywacke and slate. (The composition
of this rock is described at Stop 12, where the rocks are evenly bedded
and relatively undeformed.) The complex folding results from two deforma-
tions, as sketched below and as described in the text accompanying this
field trip log. Some geologists have speculated that the folding is soft
sediment deformation, rather than tectonic. However, these stnictures
are unique in the area, this exposure is located near a major anticlinal
axis, and well—preserved sedimentary structures nearby are not chaotic.
Note the excellent grading.

Approximate

Approximate
Scale

One Foot

5Q0

axial plunge

F1 fold axis

F2 Cleavage

OVERTURNEJ) F2 FOLD F1 FOLD ANT) F2 CLEAVAGE

P2 cleavage

/-7

1
fold axis

F FOLD 1ODIFIED BY F "EYE STRUCTURE" DUE TO EROSION
DkFORMATION.

2
OF F FOLDS WHICH WERE DEFOR1€1)
BY F FOLDS.
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_~t...2.E..-.l1. Long roadcut S of H\vy 169, Z. 5 mi. W of Tm.]er. Conserve these folds.

Lake Vermilion Formation, Metagraywacke-Slate Member

Strongly folded biotitic metagraywacke and slate. (The composition
of this rock is described at Stop lZ, where the rocks are evenly bedded
and relatively undeformed.) The complex folding results from two deforma­
tions, as sketched below and as described in the text accompanying this
field trip log. Some geologists have speculated that the folding is soft
sediment deformation, rather than tectonic. However, these structures
are unique in the area, this exposure is located near a major anticlinal
axis, and well-preserved sedimentary structures nearby are not chaotic.
Note the excellent grading.
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;Lposure NJ of bridge across Pike River an Co. 77, 0.55 mi N of
'I •. .r:S'Y 169. (Junction of Co. 77 and Hwy 169 is 2.4 miles W of Tower).

-. C ... conserve this
.;:

Lake Vermilion Formation, Metagraywacke—s]ate Member

This is an exposure of biotitjc metagraywacke and slate, having
excellent grading. Two—thirds of the 200 graywacke beds on this
exposure are graded and nine percent of the 100 siltstone beds are
graded. Beds here are thin, but graywacke beds are as much as 12 feet
thick.

North—trending kink bands were formed by the latest (F ) deformation.
Small scale faults are common. A NNE—trending fault with aout 1000 feet
of left—lateral displacement forms the S side of the river channel at
this locality, and extends for several miles to the north and south.

The biotitic graywackes contain l0—20 plagioclase; 15—25% felsic
volcanic rock fragments; 30—50% fine recrystallized quartz and plagio—
clase which probably represents, in large part, recrystallized volcanic
rock fragments, plagioclase, and quartz; 2—5% quartz, and lO—15
biotitic matrix.

Stop 13 Exposures about 10 mi N of Hwy 169 on Co. 77, at Gruben's Resort on
(Optional) Arrowhead Point. Best exposures are just E of wooden bridge to Isle

of Pines.

Lake Vermilion Formation, Metagrywacke—Slate Member

Exposures of chloritic graywackes and slates. Both east and west
of this locality, pillowed greenstones are interbedded with the graywacke—
slate. This locality is near the axis of the Arrowhead Point fold. This

is an ENE—trending (F2) anticline, the axis of which plunges steeply to
the west although the beds at the fold nose are younger to the east.

The chloritic graywackes contain 40—50% plagioclase (albite—oligoclase),
20—25% felsic volcanic rock fragments, 10—20% chioritic matrix, 2—6X quartz,
some of which is definitely of volcanic origin.

Stop 14 Roadcuts between lanes of Hwy 169 on "Confusion Hill" (the Continental
(Optional) Divide) about 3 mi N of Virginia and about 23 miles W of Tower.

Giants Range Granite

This exposure illustrates the complexity of the south edge of the

Giants Range batholith. A gray granite gneiss contaLning ailiphiholite
inclusions is cut by diorite, and minor pink granites cut the above rocks.

At the top of the exposure between the ttro lanes of the hichway are
remnants of Lower Precanl,rian thinly bedded sediments (tuffaceous?), mafic
lapilli tuffs (fl, and massive amphibolites.
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Stop 12 Exposure NW of bridge across Pike River on Co. 77, 0.55 mi N of
Hwy 169. (Junction of Co. 77 and Hwy 169 is 2.4 miles W of Tower).
Please conserve this outcrop.

Lake Vermilion Formation, Metagraywacke-Slate Member

This is an exposure of biotitic metagraywacke and slate having
excellent grading. Two-thirds of the 200 graywacke beds on ~his ­
exposure are graded and nine percent of the 100 siltstone beds are
graded. Beds here are thin, but graywacke beds are as much as 12 feet
thick.

North-trending kink bands were formed by the latest (F ) deformation.
Small scale faults are common. A NNE-trending fault with aiout 1000 feet
of left-lateral displacement forms the S side of the river channel at
this locality, and extends for several miles to the north and south.

The biotitic graywackes contain 10-20% plagioclase; 15-25% felsic
volcanic rock fragments; 30-50% fine recrystaliized quartz and plagio­
clase which probably represents, in large part, recrystallized volcanic
rock fragments, plagioclase, and quartz; 2-5% quartz, and 10-15%
biotitic matrix.

Stop 13 Exposures about 10 mi N of Hwy 169 on Co. 77, at Gruben's Resort on
(Optional) Arrowhead Point. Best exposures are just E of wooden bridge to Isle

of Pines.

Lake Vermilion Formation, Hetagr~acke-Slate i'lember

Exposures of chloritic graywackes and slates. Both east and west
of this locality, pillowed greenstones are interbedded with the graywacke­
slate. This locality is near the axis of the Arrowhead Point fold. This
is an ENE-trending (F 2) anticline, the axis of ,,,hich plunges steeply to
the west although the beds at the fold nose are younger to the east.

The chloritic gra~vackes contain 40-50% plagioclase (albite-oligoclase),
20-25% felsic volcanic rock fragments, 10-20% chloritic matrix, 2-6% quartz,
some of which is definitely of volcanic origin.

Stop 14 Roadcuts bet\veen lanes of Hwy 169 on "Confusion Hill" (the Continental
(Optional) Divide) about 3 mi N of Virginia and about 23 miles W of Tower.

Giants Range Granite

This exposure illustrates the complexity of the south edge of the
Giants Range batholith. A gray granite gneiss containinh amphibolite
inclusions is cut by diorite, and minor pink granites cut the above rocks.

At the top of the exposure het\\'een the tHO lanes of the higlmay are
remnants of LOvIer PrecanlHian thinly bedded sediments (tuffaceous?), mafic
lapilli tuffs (?y, and massive amphibolites.






