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ABSTRACT

Archean metasedimentary rocks of the eastern
Vermilion district consist primarily of "volcanigenic™
gfaywackes, siltstones, slates, and conglomerates with
minor interbeds of reworked tuffs and iron-formations.
Most of the metasediments indicate a dominantly volcanic
source area consisting of basalt-andesite-rhyolite
piles typicél of modern continental orogenic belts or
island arc systems. However, clasts and detritus of
Saganaga tonalite indicate that i£ was also an important
source rock. The Saganaga batholith, located at the
eastern terminus of the Vermilion district, may be
compared with more recent batholiths which have been
described aé igtruding and unroofing their bwnvvolcanic
ejecta. |

Bouma seguences and other sedimentary structures
typical of turbidites are common in the graywackes
indicating deposition in a deep water basin or trough.,.
Detritus in the graywackes and conglomerates probakly
originated as temporary accumulations on the slopes of
volcanic piles. Periodic slumpage cf the accumulations
generated turbidity currents which transported the
detritus to submarine fans. The graywackes were de-
posited as overbank spills while the coarser material

was ccenfined to long -sinuous channels forming lenses of



.conglomerate. Each congiomerate unit crudely represents,
from bottom to top, coarser conglomerate beds grading
upward into finer conglomerate beds indicating gradual
channéi abandonment and a migration of channels within
the fan system,

The transport direction was to the southwest along
the present tectonic strike, away from the Saganaga
batholith with most of the supply being at the north-
eastern end of an elongate basin or trough. Slates
and siltstones represent the background sediment of
the basin but theilr deposition was repeatedly blotted
out by the arrival of short-lived turbidity currents.

The present structural pattern appears to have
resulted from a combination of soft sediment deformation,
at least two periods of tectonic folding along north-
east and northwest axes, and late phase faulting.

Folds, resulting from downslope soft sediment slump
movements, rande from a few centimeters to over a meter
across and ére varied in their style and attitude,

often becoming chaotic. The major folds, defined by
reversals in top directions, were formed during the
-first period of tectonic deformation and trend north-
east with steep axial planes and near-horizontal plunges.
These folds appear to have been deformed by a later
tecteonic event. The later defcrmation formed minor
northwest-trending folds with steep axial planes and

plunges., Late phase faulting occurred on a regional



iv

scale deforming local areas of all rcck bodies and
divided the district intc several separate segments.
Deformation of the volcanic-sedimentary belt is
attributed to Algoman tectonism, 2.7 b.y. ago. Since
the Saganaga batholith appears to have been emplaced
slightly earlier than the other Algoman granites of
the Vermilion district, it may have acted as a bﬁttress
against which the younger sediments were folded, as

suggested by Gruner (1941).
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CHAPTER I

INTRODUCTION

Archean metasediments of the Vermilion district
have been interpreted as volcaniclastic'deposits de-
rived largely from erosion of volcanic piles. Plutonic
detritué present within metasediments in the eastern
terminus of the district was derived from the Saganaga
batholith which intruded the older part of the volcanic
pile. | |

The main purpose of this investigation was to deter-
mine the nature of the source rocks, the environment of
depositon, and the deformation of graywackes and conglo-
merates within a portion of the Knife Lake Group. The
area of study is located at the eastern end of the
Vermilion disfrict, approximately 65 kilometers nofth—
west of Grand Marais within the Boundary Waters Canoe
Area of northeastern Minnesota (Figure 1).

This investigation 1s one of four masters theses
conducted within the easterﬁ portion of the Vérmilion
district. Feirn (1977) studied an area adjacent to and
east of this investigationj; Duex (pending completion)
studied én area adjacent to the north; and Vihje (pending
completion) studied an area adjacent to the south,
McLimans (1971) conducted studies on four conglomerate

units within the eastern Vermilion district.







The relationships of the Saganaga batholith to
the surrounding metasedimentary-metavolcanic seqﬁénces
As currently under investigation by Dr. D.M. Davidson
and Dr. R.W. Ojakangas (NSF Grant -- "Emplacement,
Unroofing and Deformation of the Synvolcanic Saganaga
Batholith (Archean), Vermilion District; Northeastern
Minnesota").

DAamigmal Manlce-

The Vermilion district is located in the ncrthern
portions of St. Louis, Cook and Lake Counties, north-
eastern Minnesota. It is a belt approximately 16 kilo-
meters wide and more than 160 kilometers in length
extending from the west end of Lake Vermilion northeast
to Saganaga Lake on the International Boundary (Figure 2).
The belt is an'A:chean metasedimentary-metavolcanic
complex typical of the Canadian Shield. Rocks comprising
the belt are: mafic to felsic flows and pyroclastics,
volcaniclastic sediments (graywacke and slate), conglom-
erates, arkoses, and chemical sédiments (chert and iron-
formation), The district includes five forﬁations
(Morey and others, 1970). The Ely Greenstone at the
base is stratigraphically overlain ‘locally in the west
by the Soudan Iron-formation and the Lake Vermilion
Formation, and by the Knife Lake Group to the east.

The Knifé Lake Group is overlain by the Newton Lake
Fofmation. Thé surface upon which the Ely Greenstone

was deposited has not been found in the Vermilion
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district. The formations trend northeast, are steeply
inclined with dominant northwest topping directions,
and have been subjected to low grade metamorphiém
(generaily greenschist facies), tight isoclinal folding
and faulting.

The area is bounded by granitic batholiths (Vermilion
batholith to the north, Giants Range batholith to the
south, and Saganaga batholith to the east) which were
all emplaced at about the same time during the Algoman
orogeny, ca 2.,75-2.70 b.y. ago (Goldich, 1972). The
Saganaga batholith appears to have been intruded and
unroofed slightly earlier than the other batholiths and
shed detritus into the upper part of the Knife Lake Group.

Sedimentary rocks of this belt have been interpreted
as volcaniclastic with detritus suppliéd by erosion of
island-arc basalt-andesite-rhyolite piles (Green and
others, 1969; Green, 1970; Sims and others, 1968;
McLimans, 1971, 1972; Ojakangas 1972a, 1972b; Sims, 1972;
Sims and Morey, 1972). Similar conclusions have been
applied to other metasedimentary-metavclcanic belts of
the Lake Superior area (Bass, 1961; Goodwin, 1962;
Goodwin and Shlanka, 1967; Ayres, 1969; Anhaeusser and
others, 1969).

The graywackes and conglomerates were deposited
in a subaqueoug environment via turbidity currents, as
exemplified by sedimentary structures characteristic
of turbidites. A few clastic rocks within the Knife

Lake Group have plutonic detritus mixed with the




volcanic material. McLimans (1971, 1972) looked at
four separate conglomerates and determined that all the
granitic pebbles, which totaled from 7 to 100 percent
of the clasts of the four conglomerates, were derived
from the Saganaga batholith,

The Vermilion district is uncomformably overlain to
the south and east by Middle Precambrian rocks consisting
of dominantly clastic rocks and intercalatec iron-forr
ations. They are assigned to the Animikie Group (ca 2.0
b.y. 01ld) and are represented by the sedimentary sequences
of the Mesabi Range to the south and the Gunflint Range
to the east. |

Upper Precambrian rocks (ca 1.1 b.y. 0ld) assigned
to the Keweenawan include the North Shore Volcanic Group
which erupted into what is now called the Lakg Superior
basin, and the Duluth Complex which intruded near or at
the base of the volcanics. The Duluth Complex truncates
and metamorphoses the rocks of the eastern Vermilion
district.

Pr~-i-~-gs Work

The earliest investigations of the Vermilion district
were published in a series of ™Annual Report [S] on the
Geolcogy and Natural Historu Survey of -Minnesota" by
A, Winchell, H.,V, Winchell, N.A. Winchell, and Grant.
N.H. Winchell, in 1882, first noted the conglomerate
of-Ogishkemuncie Lake and recognizing that it contained

Saganaga granite clasts determined it was younger than




the Saganacga batholith. He later looked at the finer-
grained sediments in the area gnd called them "Knife
Lake Slates." Their relationship to the Saganaga
batholith was one of controversy. A.H. Winchell (1888)
deduced that the granite was YOunger than the sediments
and was derived from Fhem by progressive metamorphish.
Lawson (1891) thought the granite intruded the sediments
and had no connection with them. N.H. Winchell believed
the granite toc be older and-thus contributed material

to the "Knife Lake Slates.”" Grant (1893) when he first
observed arkoses at Cache Bay on Saganaga Lake on the
Ontario side of the border, thought that the granite. had
intruded the sediments and that the arkose beds were
thin sheets of altered granite. Upon a second visit
(1899) he noted the sedimentary characteristics of the
arkoses and the Saganaga boulder conglomerates and
concluded that they were derived from the Saganaga
batholith.

The above contributions are summarized in "The
Vermilion Iron-Bearing District of Minnesota," a U.S.G.S3.
monograph by Clements (1903). Clements decided that
the "Knife Lake Slates™ were younger and unconforhably
overlie the Ely Greenstone, Soudan Formation, and
Saganaga Granite. He placed the unit in the Lower
Middle Huronian and subdivided it intoj; 1) a basal
"Ogishke conglomerate," conformably overlain by

2) the "Agawa Iron-Bearing Pormation™” and 3) the "Knife




Lake Slates." The belief was that these sediments
were intensly folded; thus the conglomerate was exposed
in anticlines while the slate occupied the synclines.

In the "Precambrian Rocks of the Lake Superior
Region'" by Leith, Lund and Leith (1935) the rocks of the
Vermilion district were portrayed on the map as "Knife
Lake Series" without definite assignment of age. Th?
authors aetermined that the formation was older than
Huronian and younger than the Laurentian granites
(Saganaga) but its exact position on the time scale
was not designated. Stark and Sleight (1939) placed
the formation in the lower Algonkién system and sub-
divided the "Ogishke conglomerate'" into three separate
units

Gruner (1941) mapped the Knife Lake Area (eastern
Vermilion district) in order to determine the structural
geology. He showed that conglomerates occurred at
several stratigraphic horizons and since the "Knife
Lake Slates" were interstratified with what were called
"Ogishke conglomerate" and the "Agawa Formation", Gruner
called them all Knife Lake Series, as did Grout (1933),
and suggested that the two other names be dropped.
Gruner's map was the first in the state to show faults
(major longitudinal faults) which divided the folded
Knife Lake rocks into seven structurzl segments. Due
to a lack of correlation between the structural segments,

Gruner divided the Knife Lake Group into 21 lithologic




members which he estimated to tqtal 3500 to 6400 meters
in thickness. The rocks were officially termed the
"Knife Lake Group™" in 1951 (Grout and others); and
reassighed from Middle to Early Precambrian ten years
later (Goldich and others, 1961),

During the period 1966-1970, geological investigations
were conducted in the western Vermilion district and
summarized in a report by Morey and others (1970). .The
authors subdivided the rocks in the western part of the
district'into five members -- Ely Greenstone, Soudan
Iron-formation, Lake Vermilion Formation, Knife Lake
Group; and Newton Lake Formaticn. Each was determined
to be part of a complex volcanic pile accumulaticn.

Further work on the Vermilion district disclosed
that the western portion had been subjected to two
- phases of folding followed by faulting (Green, 1970;
Hooper and Ojakangaé, 1971).

The.Saganaga batholith appears to have been unroofed
early and may be slightly older_than the other batholiths
of the Algoman orogeny (Ojakangas, 1972a). The Saganaga
tonalite is apparently intrusive into older greenstones
and metasediments in the belt (Grout and others, 1951)
but also provided detritus to younger sediments which
lie unconformably upon the tonalite (Ojakahgas; 1972a).
McLimans (1971, 1972) studied three granite-bearing
conglomerate units peripheral to tbe area of this study

and noted that the source areas were mainly mafic to

\
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felsic volcanic piles'as well as the Saganaga tonalite.
He concluded that the conglomerates were deposited by
turbidity currents, -transport being from east to west
away from the Saganaga tonalite and épparently parallel
to the present strike of the conglomerates. He also
noted that the conglomerate of Ogishkemuncie Lake can
be divided into a lower non-~jasper~bearing facies and
an upper jasper-bearing facies.

Recent works on the Vermilion district are included
in "Geology of Minhesota: A Centennial Volume"(l97é)
which summarizes the current knowledge of all aspects
of the geoclogy of the state of Minnesota., Five observations
of particular interast to the Lower Precambrian rocks
of the Vermilion district follow: 1). Thé metasediments
and metavolcanics of the greenstone belt represent
volcanic complexes typical of modern island arcs and
continental borderlands (Sims and Morey, 1972; Sims,
1972; Cjakangas, 1972b). 2). There are at least two
felsic-intermediate volcanic centers in the district --
one in the vicinity of Lake Vermilion, and the other in
the vicinity of Knife Lake (Ojakangas, 1972b). 3). The
sediments are dominantly graywackes which were derived
by reworking of pyroclastics and deposited via turbidity
currents (Ojakangas, 1972b). 4). The Algoman orogeny
was restricted to a relatively short span of time, 2.75-
2.70 b.y. ago (Goldich, 1972), in which the three major

batholiths were emplaced at relatively shallow depths,




deforming and metamorphosing the rocks of the Vermilion
district. 5). The Saganaga batholith was unroofed while
the region was still unstable and contributed material
to yéunéer sediments. This has applicaticns to Hamilton
and Myer's (1967) statement that batholiths are commonly
emplaced under a thin cover of their own volcanic ejecta
(0jakangas, 1972b).

The most recent work, east of and adjacent to the
area of this study, was conducted by Feirn'(l9775 on an
older metavolcanic-metasedimentary portion of the Knife
Lake Group. The hetavolcanic—metasedimentary rocks of
the area have been intruded by the Saganaga tonalite and
are in fault contact with younger metasediments to the
west.

Based on the earlier works and revisions mentioned
above, the following geologic succession is offered as
a generalized column for the Vermilion district of
northeastern Minnesota (Figure 3).

Present W~+r»

An Investigation of graywackes and conglomerates
within part of the Knife Lake Group was undertaken to
gain information pertaining to the provenance, environment
of deposition,‘and deformaticn of these rocks. The area
studied is an irregularly shaped area of approximately
21 square kilometers located in porticns of the
Ogishkemuncie Lake and Ester Lake 7-1/2 minute quad-
rangles. It is in the Boundary Waters Canoe located eight

kilometers west of the end of the Gunflint Trail.




12

. BEvent X
i) L Int
ra ithology (approx. age) ntrusive rocks
o
©
ot
S Duluth Complex,
o 5 North Shore Volcs,
= o and small mafic
S8 intrusions.
A (1.1 b.y.)
1.6 .
~ —t~—unconformity—_l — @~ ———— s~
’g' Penokean
. orogeny(?2)
-E Rove Formation geny
ie)
[V
—~ .
= O Gunflint Iron-—
S8 Formation
= M
L2 _-unconfermity — ——— —— ]
b.ye. - Algoman Small syenitic
orogeny plutons, Giants
= NewﬁogmLiﬁen (2.75= Range, Saganaga
i ormat-.or 2.7 bey.) | and Vermilion
. Lake Vermilion batholiths
- Formation °
g d Knife Lake Group
& Soudan Iron-
oM Formation
Ely Greenstone i

Figure 3: Generalized geologic column for the
Vermilion district, northeastern Minnesota. After I us

and Morey, 1972.
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Figure 62: Stages in development of a closely

folded synclinorium underlain by a competent

floor. Length of arrows not proportional to

magnitudes of force (After Gruner, 1941).
in Figure 62, The more competent rock comprising the
floor of the basin resisted compression and steepening
of the walls resulted from slow flowage. The less
competent sediments were folded during this movement
anq eventually the contact with the tcnalite attained
a steep dipe

- The buttresses, according to Gruner, were the
Saganaga batholith and Gabimichigami Lake segment at
the southeastern end of the Vermilion district, the

Giants Range batholith on the south, and the Vermilion

batholith on the north.
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The structural theory of Gruner, encompassing
tangential compression, is similar fo the theory of
Anhaeusser and others (1969) in that the same end
result”is achieved. Anhaeusser and others postulated
that the structure and metamorphism of any greenstone
belt is a response of the belt to upwelling granites
and the concomitant downsagging of the heavy pile of
volcanics and sediments in the belt. The structures
produced in these belts are a result of essentially
vertical movements with compression induced by the
diapiric rise of granitic bodies.

-ﬁost of the faglting probably was concurrent with
or later than emplacement of the batholithi¢ rocks.
The faults appear as abundant in the granitic rocks as
in older metavolcanic-metasedimentary rocks, some are
continuous across both, and are considered a late
phase of the Algoman orogeny (Sims, 1972).

Similarily; two generations of folding and a
younger generation of deformation including bcth
faulting and later kinking have been recognized in the
western Vermilion district (Hooper and Ojakangas, 19723

Sims, 1972). Kink bands were not noted in the area of

this investigatione.
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CHAPTER VI

GECLOGIC HISTCRY

Deposition of the Ely Greenstone is the first
recorded event in the Vermilion district. The surface
upon which these volcanic rocks were deposited has not
been found. The presence of a few granitic cobbles in
conglomerates cf the central Vermilion district may
indicate the existence of a granitic basement as sug-
gested by Green (1970). However, no such evidence was
found in this investigation. Neither McLimans (1971)
nor Ojakangas (1972a, 1972b) found evidence of any
granitic terrain other.than the post-Ely Saganaga
tonalite.

The similarity of the greenstone belts to modern-
day iéland arcs may suggest that the greenstones origin-
ated on a thin sialic crust, the remnants of which were
consumed by later granites,(AnHaeusser and othérs, 1969).
Some of the greenstone belts of the Canadian Shield have
been assigned tc a largely granitic source area which
may have also been the basement (Donaldson and Jackson,
1965; Goodwin, 1968; Walker and Pettijohn, 1971).

Accumulation of the basaltic flows of the Ely
Greenstone took place mostly cor entirely under water,
along with some irregular intrusions and dikes of dacite

and rhyodacite porphyry that spanned from at least upper
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Ely to Newton Lake Formation time. Local erosion pro-
duced thin conglomerate lenses which becaﬁe more wide-
spread near the close of the basaltic volcanism (Green,
1970).

Termination of extrusion and intrusion of basaltié
magmas was fcllowed by uplift and some erosion, producing
& greenstone conglomerate on a surface of only slight
discordance, such as the greenstone conglomerate south-
east of QOgishkemuncie Lake (Gruner, 1941). These were
overlain by volcanigenic graywackes, conglomerates, and
argillites deéosited in water to form the upper Knife
Lake Group. Vclcanic activity ccntinued during sediment-
ation as evidenced by a few felsic to mafic lavas, tuffs,
and agglcmerates (Green, 1970).

The Saganaga batholith, dated at abcut 2.7 b.v.
(Goldich and others, 1970), appears to have been un-
rocfed early and may be slichtly older than the other
batholiths of the Algcman orogeny (Cjakangas, 1972a).
The Saganaga tonalite is intrusive into older greenstones
and metasediments of the belt (Gebimichigami Lake segment)
but alsc provided detritus to younger metasediments
which lie unconformably upon the tonalite. It appears
that the batholith intruded its own vclcanic ejecta and
that the source area for the sedimentary rocks of this
study consisted of both volcanic and plutonic rocks.

Physiographic conditions and topography changed
rapidly during Knife Lake time exerting an overall

control on the textures and compositions of the resultant
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sediments. Though graywacke and slate make up the bulk
of the accumulation, lenses of conglomerate are found

at many horizcns. Slumpage of unstable piles of sediment
along the flanks of the source area generated turbidity
currents which transported the detritus to a submarine
fan system. The graywackes were depostied as overbank
spills, while the coarse material was confined to long
sinuous channels that migrated within the fan system
forming lenses of conglomerate.

Most of the metasediments of this study indicate
a dominantly volcanic source; however, several horizons
contain a dominance of plutonic detritus illustrating
differences in the basin topography or'tectonic changes
in the source area.

The tonalite-bearing conglomerate of Cache Bay
(Figure 48) may represent depostition on a slope which
may not have been steep enough to give rise to slumping.
The tonalite-bearing conglomerate of Nawakwa Lake
(Unit X) may indicate a significant tectonic change in
the source area, perhaps by faultiﬁg. The largé size
of the tonalite boulders (up to 60 cm) at this site
suggests that the relief in the source area was high.
This, élong with the sudden transition from volcanigenic
graywacke to tonalite-boulder conglomerate (Unit X) in
the area, might indicate faulting (McLimans, 1971).

Following deposition of the Knife Leke Group,
volcanism commenced again with deposition of andesitic,
dacitic and basaltic lavas of the Newton Lake Formation

in the central Vermilion district (Green, 1970),













































