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MINERAL RESOURCE ASSESSMENT OF THE
U.S. PORTION OF THE INTERNATIONAL FALLS
1°x2° QUADRANGLE, NORTHERN MINNESOTA

By Terry L. Klein, Warren C. Day, Robert J. Horton, J. Robert Clark,
and James E. Case

ABSTRACT

The International Falls 1°x2° quadrangle in northern
Minnesota and southern Ontario has been studied in cooper-
ation with the Minnesota Geological Survey as part of the
U.S. Geological Survey Conterminous United States Min-
eral Assessment Program. This report summarizes the min-
eral resource assessment that was carried out between 1984
and 1990 by a team from the U.S. Geological Survey. New
information, including geologic mapping, a high-resolution
aeromagnetic survey, a surficial geochemical exploration
survey, and a bedrock petrology and lithogeochemistry
study, was combined with older data to locate and charac-
terize the known metallic mineral resources in the quadran-
gle and to determine the potential for existence of
undiscovered resources. The resource potential is consid-
ered only for economic, marginally economic, or subeco-
nomic metallic resources of a conventional type that might
be found in this area.

The study area straddles the international border sepa-
rating Minnesota and Ontario and lies within the southern
part of the Archean Superior province of the Canadian
Shield. The Superior province is composed, in part, of sever-
al northeast-trending subprovinces of alternating greenstone-
granite terranes and metasedimentary rock-gneiss terranes.
Three of these major subprovinces, the Wabigoon, Quetico,
and Wawa-Shebandowan occur within the study area. These
subprovinces are separated by major east-west trending,
high-angle faults (the Quetico, Rainy Lake-Seine River, Ver-
milion, and Silverdale faults) that have both a vertical and
dextral strike-slip component.

The northernmost terrane is the Wabigoon subprovince,
a greenstone-granite terrane that has undergone upper green-
schist to lower amphibolite-facies metamorphism. Rocks of
the Quetico subprovince, a metasedimentary rock-gneiss ter-
rane that has been metamorphosed to upper amphibolite-fa-
cies, make up the middle terrane in the map area. The
southern terrane, the Wawa-Shebandowan subprovince, is a
granite-greenstone terrane that has undergone greenschist-
facies metamorphism; the Vermilion district is located with-
in this subprovince, southeast of the study area.

Most of the bedrock in the study area is represented by
Late Archean supracrustal and plutonic rocks. The western
part of the area has been intruded by an extensive northwest-
trending, Early Proterozoic dike swarm that extends north-
westward for several hundred kilometers.

Quaternary surficial deposits as thick as 60 m, com-
posed of glacial till, glaciofluvial and glaciolacustrine sedi-
ments, flood-plain alluvium, and peat, unconformably
overlie Precambrian bedrock or saprolite developed on bed-
rock during pre-Pleistocene weathering. The entire area was
extensively glaciated by numerous glacial advances
throughout the Pleistocene.

Three groups of magnetic surveys were merged to pre-
pare a new aecromagnetic map of the International Falls quad-
rangle. Data for the eastern part of the area, were taken from
a high-resolution aeromagnetic survey of St. Louis County,
Minnesota (Chandler, 1983). This survey was flown along
flight lines spaced at about 0.4 km at an elevation of 150 m
above the surface. In Ontario, data were taken from north-
south surveys flown along lines spaced about 0.7 km apart at
an elevation of about 300 m by the Geological Survey of Can-
ada. In the southwestern part of the area, data were obtained
by the U.S. Geological Survey, in cooperation with the Min-
nesota Geological Survey, along north-south lines spaced 0.4
km apart at an elevation of 90 m above the ground. The mag-
netic data, supplemented with interpretations of gravity data,
provided the basis for geologic interpretation of the bedrock
where it is concealed by surficial deposits.

Geochemical analyses of B-horizon soils that were se-
lectively leached using an enzyme-based leach were used to
detect subtle patterns of hydromorphic trace element disper-
sion in areas where bedrock was covered by surficial depos-
its. Results of the geochemical survey indicated the extension
of areas of possible gold mineralization along the Rainy
Lake-Seine River fault and detected Ag-Co-As anomalies in
soils that may indicate the presence of vein deposits in the un-
derlying bedrock.

On the basis of projected known mineral occurrences
and analogies with similar geologic environments, five types
of deposits were assessed for their mineral resource potential.
These deposits types are volcanogenic massive sulfide,
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gabbro-hosted Ti, V, Ni, and Cu deposits, Algoma-type iron-
formation, lode-gold, and chemical sedimentary rock-hosted
gold. Five tracts, all within the volcanic rocks of the Wawa-
Shebandowan and Wabigoon subprovinces, are thought to
have moderate potential for volcanogenic massive sulfide
deposits. Even though several occurrences of Ti-V and Cu-
Ni and PGE enrichments in gabbro sills have been explored
in the adjacent area of Canada, no appropriate host rocks
were identified in the U.S. part of the in the U.S. portion of
the International Falls 1°x2° quadrangle. One thin layer of
Algoma-type iron-formation can be traced in the subsurface
for more than 10 km but is probably too thin to be exploited.
Potential for lode-gold deposits is high in two tracts along the
Rainy Lake-Seine River fault, near International Falls and
moderate along other segments of the Rainy Lake-Seine Riv-
er fault and the Vermilion fault. Potential for chemical sedi-
mentary rock-hosted gold deposits is moderate in
metavolcanic rocks of the Wawa-Shebandowan and Wabi-
goon subprovinces.

INTRODUCTION

The International Falls 1°X2° quadrangle in northern
Minnesota and southern Ontario has been studied in cooper-
ation with the Minnesota Geological Survey as part of the
U.S. Geological Survey Conterminous United States Mineral
Assessment Program (CUSMAP). Multidisciplinary studies
were used to evaluate the mineral resource potential of se-
lected 1°x2° quadrangles throughout the country. This re-
port summarizes the mineral resource assessment that was
carried out between 1984 and 1990 by a team of scientists
from the U.S. Geological Survey in cooperation with the
Minnesota Geological Survey. New information, including
geologic mapping (Day, 1990b; Day and others, 1990b), a
high-resolution aeromagnetic survey (Bracken and Godson,
1987), a surficial geochemical exploration survey (Clark and
others, 1990) and bedrock petrology and lithogeochemistry
studies (Day, 1990a; Klein and Day, 1989; Klein, 1988; and
Klein and others, 1987, 1988), were combined with older
data to locate and characterize the known metallic mineral re-
sources in the quadrangle and to determine the potential for
existence of undiscovered resources. This report only consid-
ers the resource potential for economic, marginally econom-
ic, or subeconomic metallic resources of a conventional type
that might be expected in this area. Products resulting from
this study are intended to provide regional mineral resource
assessment to aid in a long-range minerals resource manage-
ment plans by federal agencies and local land-use planning;
to provide data for mineral exploration; and to increase the
geologic understanding of the area.

The International Falls 1°x2° (fig. 1) quadrangle in-
cludes an area of approximately 16,000 km2 between lat 48°
and 49° N. and long 92° and 94° W. Elevations range from

approximately 330 to 490 m. Bedrock is exposed in the
northeastern and east-central sections of the quadrangle,
where a number of lakes fill depressions on the glaciated sur-
face. Areas of black spruce forest and peatlands are devel-
oped on the poorly drained Quaternary glacial deposits
which obscure the bedrock in the southwestern one-third of
the quadrangle. The Big Fork and Littlefork Rivers flow
northward into the eastward-flowing Rainy River, the major
river in the western part of the quadrangle. The Rainy River
flows into Rainy Lake, a large lake that straddles the United
States-Canada border.

In areas of extensive glacial cover, the bedrock geology
and structure were interpreted from aeromagnetic data, grav-
ity data, and drill holes that penetrated to bedrock. Because
of this Quaternary cover, information regarding deposit types,
favorable host rocks and structures, and estimates of metallic
concentrations was derived from descriptions of deposits in
western Ontario, north of the study area. Weathering has pro-
duced a saprolite layer of varied thickness along the interface
between the bedrock and the Quaternary deposits, further
complicating the interpretation of bedrock characteristics.

The Canadian part of the quadrangle (roughly 40 per-
cent of the land area) was not included in the mineral re-
source assessment. Approximately 10 percent of the land
area within the eastern United States part of the quadrangle
is within the Boundary Waters Canoe Area and the Voyagers
National Park. No new field studies were undertaken in these
areas. A large part of the remaining area in the eastern part of
the quadrangle is in the Superior National Forest and the Ka-
betogema State Forest. A large area in the southwestern part
of the quadrangle is in the Pine Island, Smokey Bear, and
Koochiching State Forests.

This bulletin summarizes the results of the component
geologic, geochemical, geophysical, and mineral resource
investigations; presents the criteria on which the mineral re-
source assessment was made; and summarizes the results of
the assessment.

GEOLOGIC SUMMARY

The International Falls 1°x 2° quadrangle straddles the
international border separating Minnesota and Ontario and
lies within the southern part of the Precambrian Superior
province of the Canadian Shield. As recently reviewed by
Ayres and others (1985) and Card (1990) the Superior prov-
ince includes several northeast-trending subprovinces of that
alternate between greenstone-granite terrane and metasedi-
mentary-gneiss terrane (fig. 2). The International Falls
1°x 2° quadrangle overlaps three of these major subprovinc-
es, which are also major lithotectonic terranes. Within the
map area, these terranes are separated by high-angle faults
that have both a vertical and dextral strike-slip component;
these boundary faults are now broad shear zones (fig. 3).
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The northernmost terrane in the quadrangle is the Wabi-
goon subprovince, a greenstone-granite terrane that has un-
dergone upper greenschist- to lower amphibolite-facies
metamorphism. Rocks of the Quetico subprovince, a
metasedimentary rock-gneiss terrane that has been metamor-
phosed to upper amphibolite-facies, make up the middle ter-
rane in the map area. The southern terrane, the Wawa-
Shebandowan subprovince which includes the Vermilion
district of Minnesota, is a greenstone-granite terrane that has
undergone greenschist-facies metamorphism.

Most of the bedrock in the map area is represented by
Late Archean supracrustal and plutonic rocks (pl. 1). The
western part of map area has been intruded by an extensive
northwest-trending, Early Proterozoic dike swarm that ex-
tends northwestward for several hundred kilometers (South-
wick and Day, 1983; Day and other, 1990b).

Location of the International Falls 1°X 2° quadrangle showing selected geographic features.

GEOLOGY
WABIGOON SUBPROVINCE

The northern part of the quadrangle lies within the
Wabigoon subprovince, a greenstone-granite terrane made
up of metamorphosed volcanic, metasedimentary, and plu-
tonic rocks ranging in age from 2,725 to 2,685 Ma (Davis and
others, 1989). The terrane is bounded on the south by the
Rainy Lake-Seine River fault. In the area bounded by the
Quetico fault on the north and the Rainy Lake-Seine River
fault on the south (fig. 3), the metavolcanic rocks, which
Lawson (1913) termed the Keewatin volcanics, are the oldest
of the supracrustal units. As noted by Goldich and Peterman
(1980) volcanism in this part of the Wabigoon subprovince
was predominantly bimodal. The mafic metavolcanic suite is
predominantly tholeiitic in composition, with both depleted
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Figure 2. Sketch map showing major lithotectonic terranes, subprovinces, and the Archean Superior province (modified from Card and
others, 1989). Sedimentary, volcanic, and most plutonic rocks are metamorphosed. International Falls 1°X 2° quadrangle shown by box.

low-TiO, and enriched high-TiO, varieties (Day, 1990a).
Although minor in abundance, calc-alkaline metabasalts have
been identified in the Rainy Lake area (Day, 1990a). Ultra-
mafic metavolcanic flows have been identified by Poulsen
(1984) in arestricted area east of the Rice Bay in Ontario. The
felsic metavolcanic suite is made up of both tholeiitic and
calc-alkaline dacites, rhyodacite, and rhyolite. Andesitic
metavolcanic rocks are conspicuously rare in the map area,
although they do occur in a few locations in the extreme west-
ern part of the map area in Minnesota (Klein and others,
1987). Rocks mapped as intermediate metavolcanics a short
distance to the east in Ontario are highly schistose and have
an uncertain origin, although Shirey and Hanson (1984) re-
ported two samples of high-magnesium trachyandesite near
Rice Bay in Ontario.

The metavolcanic rocks have been intruded by coeval
pretectonic gabbro and associated anorthosite, tonalite, and
trondhjemite. In the eastern part of the map area (fig. 3),

mafic intrusions occur as concordant sills interlayered with
supracrustal rocks. In the western part of the map area, near
Indus, Minn. and Emo, Ontario, deformation was less in-
tense, and mafic intrusions are medium-sized stocks that
crosscut lithologic contacts.

Lawson (1913) first described the stratigraphic relations
in the Wabigoon subprovince rocks near Rainy Lake. He de-
fined the pretectonic felsic plutonic rocks east of the Rainy
Lake area as the Laurentian granite. They occur as concor-
dant bodies that have been synkinematically deformed with
the supracrustal country rocks. Geochemical data support the
hypothesis that the mafic and felsic plutonic rocks are coge-
netic with their effusive equivalents (Ashwal and others,
1983; Shirey, 1984; Day, 1990a).

The supracrustal rocks are primarily metagraywacke
interlayed with minor amounts of mafic and felsic
metavolcanic rocks and iron-formation. The metagraywacke
is typically composed of fine- to medium-grained beds that
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Figure 3. Simplified geologic map of Late Archean rocks in the International Falls 1°X 2° quadrangle (modified from Day and others,
1990b). Sedimentary, volcanic, and most plutonic rocks are metamorphosed. Wabigoon subprovince is north of the Rainy Lake-Seine
River fault, the Quetico subprovince is between the Rainy Lake-Seine River fault and the Vermilion fault, and the Wawa-Shebandown

subprovince (including the Vermilion district) is south of the Vermilion fault.

are locally graded. Ojakangas and others (1977) suggested
that the metagraywacke was volcanogenic turbiditic sedi-
mentary rocks deposited in tectonically active basins distal
to contemporaneous volcanism.

The stratigraphic relations between the metavolcanic
rocks (Keewatin greenstones) and the metagraywackes
(Coutchiching series) of Lawson (1913) has been a focus of
controversy since the turn of the century (Ojakangas, 1972).
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Recent mapping (Ojakangas, 1972; Poulsen and others,
1980; Poulsen, 1984; Day, 1990b) has shown that most of the
contacts between metavolcanic rocks and metagraywackes
are faults, and therefore, the relative age of the two groups is
ambiguous. However, Poulsen and others (1980) did recog-
nize an area where the metagraywacke is clearly stratigraph-
ically younger than the metavolcanic rocks.

Iron-formation is interlayered with both metavolcanic
rocks and metagraywacke throughout the area north of the
Rainy Lake-Seine River fault. The iron-formation is generally
oxide-facies (chert-magnetite), but silicate-facies (cumming-
tonite-grunerite-actinolite) and sulfide-facies (pyrite-pyrrho-
tite) varieties do occur. The layers of iron-formation are
enfolded and synkinematically deformed with the host
supracrustal rock.

Following deformation of the supracrustal rocks and
pretectonic intrusive rocks (see below), quartz arenite and
polymict conglomerate of the Timiskiming type (which
Lawson (1913) termed the Seine Group) were deposited.
Both Ojakangas (1972) and Wood (1980) established that the
quartz arenite is feldspathic and immature, commonly
exhibits trough crossbedding, and probably was deposited in
a fluvial environment (Ojakangas and Olson, 1982). Clasts
within the conglomerate are thought to be locally derived.

After deformation of the supracrustal and pretectonic
intrusive rocks, the conglomerate was invaded by large
volumes of granitoid rocks and monzodiorite (Algoman
Group of Lawson(1913)) at about 2,686 Ma (Davis and
others, 1989). The weakly foliated, post-tectonic intrusions
formed composite batholiths that generally have an early
intermediate phase (monzodiorite to monzonite) that is cut
by a later, more felsic phase (granodiorite to granite).
Internal foliation within the batholiths generally cuts the
regional foliation of the country rock, which commonly
occur as roof pendants.

QUETICO SUBPROVINCE

Metasedimentary, migmatitic, and granitic rocks of the
Quetico subprovince lie south of the Wabigoon subprovince.
This terrane is bounded on the north by the Rainy Lake-Seine
River fault and on the south by the Vermilion fault (fig. 3).
The northern part of the terrane is composed of a broad
unnamed belt of folded graywacke that has been metamor-
phosed to sillimanite-bearing biotite schist, and intruded by
small bodies of leucogranite and monzonite. This belt of
biotite schist passes southward into rocks of the Vermilion
Granitic Complex (pl.1). The contact between the biotite
schist belt and the migmatite to the south is gradational and,
as defined by Southwick (1978), “is arbitrarily placed where
granitic rocks become sparse or absent from the flanking
unnamed biotite schist.”

Day and Weiblen (1986) described the Vermilion
Granitic Complex as “a granite-migmatite terrane consist-
ing of supracrustal rocks (metagraywacke and amphibolite)

that have been intruded by granitoid.” Large intrusions of
massive Lac La Croix Granite occur in the eastern and cen-
tral part; elsewhere, the Lac La Croix Granite has invaded
the supracrustal rocks, forming a granite-rich migmatite that
consists of a neosome of primarily Lac La Croix Granite
and a paleosome that itself is an early migmatite formed by
the intrusion of older tonalite, trondhjemite, and granodior-
ite into supracrustal rocks [graywacke], minor granofels,
and amphibolite (pl.1).

Schist-rich migmatite in the outer margins of the
complex has a paleosome of graywacke (now biotite schist)
and a neosome of leucogranite and granodiorite. The leucog-
ranite, a garnet-bearing two-mica granite, commonly occurs
as thin stringers in the graywacke, forming a stromatic
migmatite. The leucogranite is synkinematically enfolded
with the biotite schist and forms boudins and pods that
coalesce into small irregularly shaped bodies. Day and
Weiblen (1986) suggested that the leucogranite bodies were
anatectic melts remobilized into their present position within
the graywacke.

The oldest plutonic phases in the Vermilion Granitic
Complex include small tonalitic, trondhjemitic, and grano-
dioritic bodies that invade the metagraywacke host rock and
form migmatite (Southwick, 1972). This early migmatite
was deformed (see below) and then intruded by large bodies
of Lac La Croix Granite. The Lac La Croix Granite, which is
a magnetite-bearing biotite granite, has invaded both the
graywacke and early migmatite and forms the neosome of
late migmatite. In the eastern and central part of the map area
the Lac La Croix Granite forms large plutons in the cores of
regional folds (pl. 1). The late migmatite, termed a granite-
rich migmatite by Southwick and Ojakangas (1979), is
formed along the edges of the plutons (fig. 3).

WAWA-SHEBANDOWAN SUBPROVINCE

The rocks in the southwestern corner of the Internation-
al Falls 1°x 2° quadrangle lie within the Vermilion district, a
southwest extension of the Wawa-Shebandowan subprov-
ince. These rocks are separated from the rocks of the Quetico
subprovince by the Vermilion fault. This subprovince consti-
tutes a small, poorly exposed part of the quadrangle (fig. 3).

Rocks in the Vermilion district (Sims, 1976), typical of
greenstone-granite terranes throughout the Superior prov-
ince consist of metamorphosed bimodal volcanic rocks and
sedimentary rocks, and post-tectonic plutonic rocks. The
mafic metavolcanic rocks (flows in part) range in composi-
tion from ultramafic to tholeiitic with some calc-alkaline ba-
saltic flows and pillow lavas. The felsic metavolcanic rocks
are calc-alkaline dacite, rhyodacite, and rhyolite (Schulz,
1980). The metasedimentary rocks are chemical sedimentary
rocks (for example, iron-formation) and epiclastic sedimen-
tary rocks (for example, graywacke). Unlike in the Wabi-
goon subprovince, the stratigraphic relations between the
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supracrustal metasedimentary rocks and metavolcanic rocks
are fairly well preserved. In general the metavolcanic rocks
are the oldest units, but interfinger with and are overlain by
the metasedimentary units (Sims, 1972b).

The metavolcanic and metasedimentary rocks in the
Vermilion district have been extensively invaded by post-
tectonic granitoid rocks. The most voluminous intrusion is
the composite Giants Range batholith which contains tonal-
itic, granodioritic, and granite phases (Sims and
Viswanathan, 1972; Arth and Hanson, 1975).

In the study area, the dominant rock type in the Vermil-
ion district is metagraywacke; lesser amounts of mixed
mafic metavolcanic and metasedimentary rocks are present.
The metagraywacke south of the Vermilion fault may be
stratigraphically equivalent to the metagraywacke (now bi-
otite schist) north of the fault in the Vermilion Granitic Com-
plex (Bauer, 1986). This implies that the amphibolite-facies
metagraywacke and migmatite north of the Vermilion fault
were once at a deeper structural level in the crust than those
south of the fault, which are metamorphosed only to the
greenschist-facies, and that the rocks on the north side of the
fault have been uplifted relative to those on the south side.

STRUCTURAL HISTORY

The rocks in each of the three lithotectonic terranes or
subprovinces in the International Falls 1°x2° quadrangle
were complexly deformed during the Archean. Correlation
of the early tectonic events from one terrane to another, is
ambiguous. However, the effects of the latest episodes of
deformation are recognized throughout the entire map area.

WABIGOON SUBPROVINCE

Rocks in the Wabigoon subprovince have undergone at
least three episodes of deformation. The earliest (D)), in re-
sponse to a regional northwest-southeast directed compres-
sion, produced isoclinal and recumbent folds, a strong
bedding-parallel schistosity, and mineral lineations (Poulsen
and others, 1980; Day, 1987,1990b,). The D, fabrics are best
preserved in the graywacke units between the Quetico and
Rainy Lake-Seine River faults (fig. 3).

The second episode of deformation (D,) was in
response to a regional, dextral, transpressive, ductile-shear
regime. The major wrench faults, represented by the Quetico
and Rainy Lake-Seine River faults, were established during
D,. The D, episode produced numerous upright folds (both
large and small scale), a strong penetrative, ductile shear pla-
nar fabric, and mineral and intersection lineations.

Ductile deformation during D, along the boundary
faults, which now are broad shear zones (as wide as 1 km
wide), produced schist, phyllonite, and mylonite. Within
these wrench zones, many faults are subparallel to the major
boundary faults but then “horse-tail” as they diverge from
the shear zone boundary (fig. 3).

The regional D, shearing produced numerous fault-
bounded structural panels throughout the wrench zone (Oja-
kangas, 1972; Poulsen, 1984) that have an internally consis-
tent stratigraphy and metallogeny. Near the major shear
zones, however, the stratigraphic relations within the panels
are obscured by transportation of units along small, internal
shear zones that formed along lithologic boundaries.

The third episode of deformation (D;) within the
Wabigoon subprovince caused reactivation of the major
shear zones. The latest movement occurred during the Early
Proterozoic (Peterman and Day, 1989), at about 1,947 Ma,
causing brittle deformation along the earlier ductile or brit-
tle-ductile fault zones. Pseudotachylite, developed as a
result of frictional heating and fusion of the wallrock within
the fault zone, is present along both the Rainy Lake-Seine
River and the Quetico fault zones.

QUETICO SUBPROVINCE

The metasedimentary rocks and migmatite of the Quet-
ico subprovince have undergone three episodes of regional
ductile deformation. D; the earliest, produced a bedding-
parallel S; foliation, isoclinal and large-scale recumbent
folds, and small-scale intrafolial folds in the metagraywacke.
Early stringers and small bodies of tonalite, trondhjemite,
and leucogranite were emplaced syntectonically into the su-
pracrustal country rocks during Dy, forming an early migma-
tite (Southwick, 1972).

D, which was in response to a regional north-south di-
rected Cbmpressional regime, produced F, folds and strong
S, foliation (Bauer, 1986). Regional upper-amphibolite-fa-
cies metamorphism climaxed during D,, causing peak meta-
morphic minerals, as well as producing interlayered
leucogranite stringers aligned parallel to the S, foliation. L,
lineations, which formed at the intersections of S¢-S; and S-
S, planar elements, are coaxial with the F, folds (Bauer,
1986). The major plutons of the Lac La Croix Granite were
emplaced syn- to post-D, deformation (Southwick, 1978;
Bauer, 1986).

D3 folded the D, structural elements along broad, open
folds that have east-west axial traces as much as 85 km long
(fig. 3). As described by Bauer (1986), these F5 folds have a
locally developed axial-planar foliation, fold the S, foliation,
and fold the regional metamorphic isograds (Percival and
others, 1985) in the biotite schist belt in Ontario (Day and
others, 1990a).

Bauer (1985, 1986) has shown that the D, and D3 events
were caused by the same regional transpressive dextral shear
regime. The predominant D, structural fabric was refolded
during emplacement of the Lac La Croix Granite during late
D,. Progressive ductile deformation during D5 caused reori-
entation of the D, fabric and developed a mineral foliation
within parts of the plutons of Lac La Croix Granite, which are
along the axis of the east-trending F5 folds (fig. 3).
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WAWA-SHEBANDOWAN SUBPROVINCE

The metasedimentary and metavolcanic rocks in the
Vermilion district of the Wawa-Shebandowan subprovince
record two major episodes of ductile deformation. The oldest
(D) was produced by a north-south compression that pro-
duced large-scale recumbent, isoclinal, and small-scale
sheath-like folds (Hudleston and others, 1988). In a detailed
study of the strain history of the southern part of the Vermil-
ion district, Hudleston (1976) determined that the metasedi-
mentary rocks have been folded, but have no penetrative D,
fabric and record no associated strain. He concluded that D;
affected unlithified sediments and resulted in soft-sediment
deformation. In the northern part of the Vermilion district,
Bauer (1985) has shown that D; did produce folds with a
penetrative fabric and that rocks in the northern domain were
structurally downward-facing, whereas those in the southern
domain were upward-facing. Bauer (1985) suggested that a
large-scale F; nappe structure could account for the discrep-
ancy in the strain history, the southern domain rocks being on
the upper limb and the northern domain rocks being on the
lower limb of a south-verging F{ nappe.

D, in the Vermilion district, produced a strong foliation
and lineation and ductile shear zones with sigmoidal foliation
patterns. D, structural fabrics developed in a regional
transpressive dextral-shear regime, which refolded D; and
early D, structural fabrics and produced dextral wrench
faults (Hudleston and others, 1988).

SUMMARY OF THE STRUCTURAL HISTORY

The structural history of the three lithotectonic terranes
in the map area is complex, but the terranes are related in a
coherent regional pattern. Direct correlation of the oldest
tectonic events across the terrane boundaries is ambiguous;
however, each terrane did experience an early deformation
in response to a northwest-soytheast to north-south axis of
maximum compression. In the Wabigoon subprovince and
in the Vermilion district of the Wawa-Shebandowan sub-
province, D resulted in isoclinal folds and nappe structures.
In the Quetico subprovinte, D) resulted in isoclinal and
intrafolial folds and the development of a nappe fold along
its southern boundary.

D, was an event of regional transcurrent dextral shear-
ing, that can be correlated among each of the terranes. Drag
folds, small-scale folds of Z-symmetry, mylonite and shear
zones with sigmoidal foliation patterns are well developed in
parts of the Wabigoon subprovince and the Vermilion
district. Within the Quetico subprovince, D, produced large-
scale folds and was accompanied by the regional upper
greenschist-facies metamorphism. Continued transpressive
deformation resulted in the major east-west- trending Fj
folds, which reoriented the D, structural elements and pro-
duced dextral wrench faults.

The final Archean tectonic episode in each of the
terranes involved dextral slip on the major faults, which

formed the terrane boundaries. The metasedimentary rocks
and migmatite of the Quetico subprovince were uplifted rel-
ative to the flanking greenstone-granite terranes.

The rocks within the map area were also affected by
Proterozoic deformation. After stabilization of the Archean
terranes, high-angle northwest-trending faults cut the
Archean rocks within the southern part of the map area (fig.
3). These faults are filled, in places, with Proterozoic dia-
base dike swarms (Southwick and Day, 1983). Subsequent
movement along these faults locally produced pseudot-
achylite, which has been dated at about 1,947 Ma by Peter-
man and Day (1989).

QUATERNARY GEOLOGY

Quaternary surficial deposits in the International Falls
quadrangle, composed of glacial till, glaciofluvial and glaci-
olacustrine sediments, flood-plain alluvium, and peat, un-
conformably overlie Precambrian bedrock or saprolite
developed on bedrock during pre-Pleistocene weathering.
This area was extensively glaciated by numerous glacial ad-
vances throughout the Pleistocene. However, only surficial
deposits from the lastest glacial events are exposed.

Within the quadrangle, Quaternary deposits of late
Wisconsinan and Holocene age are the product of the
advances of two lobes of the Laurentide ice sheet (Horton and
others, 1989). Most of these lobes were fronted by proglacial
lakes. The area's oldest glacial deposits, composed of noncal-
careous till and glaciofluvial sediments, were produced by an
advance of the Rainy lobe from the northeast, which spread
from the Labradorian ice center in Quebec and Labrador
(Johnson, 1915). Rainy lobe till is composed of loose, unsort-
ed stony material in a sandy and silty matrix which generally
represents 50 percent of the volume. The stony component of
the till is composed of angular, subangular and subrounded
material ranging in size from pebbles to boulders that were
derived almost entirely from local Precambrian rocks.

The next advance was by the Koochiching lobe (Martin
and others, 1989), which spread from the Keewatin ice center
located northwest of Hudson Bay (Johnson, 1915). Calcare-
ous till was deposited by this advance, which came from the
west and north as shown by glacial striae. During the advance
and subsequent retreat of the Koochiching lobe, glaciolacus-
trine sediments were deposited in a proglacial lake that
formed along the front of the ice sheet. The Koochiching till
is predominantly composed of silt and clay containing small
amounts of stony material. The silt and clay component of the
till were derived from glaciolacustrine sediments deposited
in front of the advancing ice sheet and then incorporated into
the till as the glacier overrode them. The stony component of
the till, generally less than 15 percent, consists of angular,
subangular, and subrounded material ranging in size from
pebbles to boulders of locally derived Precambrian rocks and
Paleozoic and Mesozoic sedimentary rocks derived from the
northeastern flank of the Williston basin.
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The final glacial event was a re-advance of the Rainy
lobe from the northeast. The terminal moraine of this
advance is marked by several ice-contact deposits in the
northwest quarter of the quadrangle. Locally, deglaciation
began with a retreat of the Rainy lobe to the northeast corner
of the quadrangle, where it remained for a considerable
length of time, forming the Eagle-Finlayson moraine (Zoltai,
1961). Meltwater, dammed by the Koochiching lobe to the
northwest and the Rainy lobe to the northeast, formed glacial
Lake Agassiz. Lacustrine clays from 1 to 10 m thick (G.N.
Meyers, oral commun., 1990), were deposited from the Bel-
trami arm of Glacial Lake Agassiz over much of the quad-
rangle (Wright, 1972; Martin and others, 1989; Horton and
others, 1989).

The lake level of glacial Lake Agassiz dropped in
stages, creating numerous shoreline and beach deposits, as
successively lower outlets were created by melting ice and
erosion by lake water discharge. As the water level receded,
waves eroded large areas of the lake plain down to bedrock,
leaving isolated pockets of sediment and till. Peat bogs
formed in shallow, undrained depressions and over large
flat-lying parts of the lake plain which, had insufficient grade
to drain precipitation.

Glacial overburden ranges in thickness from less than
1 m to as much as 60 m. In the northeast part of the quad-
rangle, dominated by bedrock outcrops, overburden consists
of a thin, discontinuous veneer of till. However, it is not
uncommon to find 30 m or more of sediment filling narrow
valleys between bedrock exposures. The overburden is
thinnest in the northeast part of the quadrangle and becomes
thicker to the southwest (Horton and others, 1989). This
distribution is attributed to the regional northeast-to-south-
west slope of the bedrock surface, which exposed the higher
northeast part to more erosion and less deposition.

GEOPHYSICAL SUMMARY

As part of the mineral resource assessment of the Inter-
national Falls quadrangle, geophysical data was compiled by
the U.S. Geological Survey to produce magnetic (Bracken
and Godson, 1987) and gravity (Chandler and Horton, 1988)
maps. Most of the bedrock in the Minnesota part of the quad-
rangle is covered by Quaternary glacial deposits, swamps
and lakes. Information from available drill holes (Klein,
1988; Klein, 1991; and Klein and Day, 1989) and sparse out-
crop data were inadequate for regional-scale geologic map-
ping and mineral resource assessment. Therefore, the
geophysical data provided a critical element in the interpre-
tation of the bedrock geology and mineral resource assess-
ment of the quadrangle.

Magnetic and gravity surveys are commonly used to
evaluate large tracts of land to identify favorable areas for the
occurrence of mineral deposits. Magnetic anomaly maps re-
flect the spatial distribution of magnetic minerals present,

whereas gravity anomaly maps reflect variations in the den-
sities of surface and subsurface lithologic units. Geophysical
surveys provide information about subsurface structure and
lithology, and may be used to locate potential mineral
deposits that have physical properties significantly different
than those of the host rock.

AEROMAGNETIC STUDIES

The aecromagnetic map of the International Falls quad-
rangle (fig. 4) was produced by compiling data from three
different areomagnetic surveys (Bracken and Godson,
1987). Data for the Ontario part of the study area, approxi-
mately the northern half of the quadrangle, was obtained
from the Geological Survey of Canada. The Ontario survey
was flown in 1961 along north-south flightlines, spaced
about 680 m apart at an altitude of 305 m. Data for the Min-
nesota part of the study area, approximately the southern half
of the quadrangle, was obtained from the Minnesota Geolog-
ical Survey (MGS) and the U.S. Geological Survey. The
southeastern part of the quadrangle was flown in 1979 and
1980 for the MGS along north-south flightlines spaced 400
m apart at an altitude of 150 m (Chandler, 1983). The south-
western part of the quadrangle was flown in 1984 and 1985
by the U.S. Geological Survey along north-south flightlines
spaced 380 m apart at an altitude of about 90 m (Bracken,
1991; and Bracken and Petrafeso, 1991).

Due to the different survey altitudes, data reduction
techniques, and variations in geomagnetic reference fields,
gridded data from the individual surveys were leveled for
merging purposes to produce the best fit across survey
boundaries (Bhattacharyya and others, 1979). The merged
grid has a 0.25 km spacing interval. A shaded relief aero-
magnetic map (fig. 4) was generated using an unpublished
U.S.Geological Survey computer program (R. J. Horton, un-
pub. program).

It is important to note that the wavelengths of observed
magnetic anomalies are proportional to the distance between
the magnetic measurement and the magnetic source. Anom-
aly wavelength increases as the distance from the source
increases. Therefore, aeromagnetic data collected at 300 m
will have broader, longer wavelength anomalies than data
collected over similar geology at 90 m.

Variations in the observed magnetic field are produced
by magnetic minerals, primarily magnetite and ilmenite,
present in the different rock types. The anomalies observed
on the aeromagnetic map reflect variations in the content and
distribution of magnetic minerals, and the size, shape and
depth of the magnetic source rocks. At this latitude, approx-
imately 48° N., normally polarized magnetic bodies produce
dipole (paired negative-positive) anomalies with the nega-
tive pole of the anomaly on the north side of the body.

Within the mapped area, most of the magnetic anoma-
lies are produced by normally polarized magnetic bodies.
However, a few negatively polarized magnetic units are
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present, most notably a few mafic dikes, that produce
reversed anomalies with the negative magnetic response on
the south side of the body. These negatively polarized dikes
were emplaced during a period when the Earth's magnetic
field was reversed from the present polarity.

The magnetic properties of rock units in the mapped
area varies widely with rock type. Physical properties,
including magnetic susceptibility and density, were mea-
sured for numerous rocks samples collected within and
adjacent to the mapped area (J.E. Case, unpub. data). Locally,
iron-formation has the highest concentration of magnetic
minerals resulting in extremely high (>10,000 cgs units)
magnetic susceptibilities. Iron-formation produces positive,
very high-amplitude magnetic anomalies (>20,000
nanoTesla). Metamorphosed mafic and ultramafic rock units
have the next highest magnetic mineral content with resulting
magnetic susceptibilities as high as about 3000 cgs units. The
mafic and ultramafic units generally produce positive, high-
amplitude anomalies greater than 1000 nanoTesla.

In general, granitic plutons and migmatite terranes have
relatively low magnetic mineral compositions, compared to
iron-formations, mafic and ultramafic rocks. Within the
mapped area, granitic bodies usually produce positive, low-
amplitude magnetic responses. Migmatite terranes have
variable magnetic properties depending. on the percentage
and composition of paleosomatic inclusions. Amphibolite
migmatite phases with magnetite-rich paleosomatic inclu-
sions can produce positive, intermediate-amplitude magnet-
ic responses. Granite-rich migmatite phases generally have
low amplitude magnetic expressions.

Felsic to intermediate metavolcanic rocks generally
have a low magnetic mineral content and commonly produce
low-amplitude magnetic anomalies. However, some felsic
metavolcanic rock types, such as rhyolite, can have a rela-
tively high magnetite content and may produce moderate,
positive magnetic features. Schistose and metasedimentary
rock units generally have low magnetic mineral contents,
and therefore produce low-amplitude magnetic features or
have no magnetic expression at all.

GRAVITY STUDIES

The International Falls complete Bouguer gravity
anomaly map (fig. 5) was compiled from data obtained from
the Minnesota Geologic Survey, the Geological Survey of
Canada, the U.S. Department of Defense, and the U.S.
Geological Survey (Horton and Kucks, 1988). The complete
Bouguer anomaly was calculated using a reduction density of
2.67 glcm3, the 1967 gravity formula (International Associ-
ation of Geodesy, 1967) and observed gravity values relative
to the IGSN-71 datum (Morelli, 1974). Terrain corrections
were made using the method of Plouff (1977) in conjunction
with U.S. Department of Defense digital terrain data.

For the purposes of computer contouring, a data grid
with a 1 km interval was generated from the irregularly

distributed field data using a computer program (Webring,
1981) based on a minimum curvature algorithm (Briggs,
1974). The gridded data set was used to produce the gravity
anomaly map (fig. 5) using a computer program by Godson
and Webring (1982).

Variations in the observed gravity field are produced by
density contrasts within the underlying rock units. Sedimen-
tary rocks have relatively low densities, controlled primarily
by their porosity and degree of compaction. Igneous rocks
are generally more dense than sedimentary rocks. Igneous
rocks with mafic compositions usually have higher densities
than those with felsic compositions. Metamorphic rocks gen-
erally have higher densities than their protoliths due to pore-
filling and recrystallization. The density of metamorphic
rocks usually increases with metamorphic grade.

Gravity anomalies reflect the size, shape, and depth of
the source rocks. However, it is important to note that the
shape of a mapped gravity anomaly is a function not only of
the density and shape of the geologic source, but also the rel-
ative spacing of the gravity observations. Therefore, where
gravity stations are poorly distributed the shape of the anom-
alies may not accurately represent the underlying geology.

Densities of rock units in the mapped area vary widely.
Mafic and ultramafic rocks have the highest densities rang-
ing from 2.82 to 3.30 g/cm3. Iron-formations also have rela-
tively high densities, averaging about 3.00 g/cm3. These
dense rock types produce positive, high-amplitude gravity
anomalies. The dikes, composed of gabbro, diorite, and dia-
base, have an average density of 3.01 g/cm3. These dense in-
trusive units can significantly increase the bulk density of the
host rock terrane. Gravity observations made on or near
dikes may result in relatively high readings due to the dikes
high density composition.

Felsic to intermediate metavolcanic rocks and schistose
rocks have moderate densities averaging about 2.75 g/cm3.
These rock units produce positive moderate-amplitude grav-
ity anomalies. Migmatites have variable densities ranging
from 2.57 to 2.89 g/cm3. The density of the migmatites are
thought to be dependent on the percentage and composition
of the paleosomatic inclusions, resulting in the amphibolite-
rich phases being considerably denser than granitic-rich
phases.

Metasedimentary rocks generally have low densities
and produce broad areas with a low-amplitude gravity
response. Granitic rocks are the lowest density bedrock units
located within the quadrangle. Density measurements indi-
cate these rocks range from 2.57 to 2.90 g/cm3. Granitic
bodies generally produce broad, low-amplitude gravity
anomalies.
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